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1 Modules over rings

1.1 Foundational definitions

Rings will play a central role in this lecture. We thus recall some concepts:

Definition 1.1.1
1. A ring is an abelian group with group operation denoted additively (R, +), equipped with
a map

RxR — R
(xay) = TY=x-Y,

called multiplication, for which the associative law
(xy)z =z(yz) forall z,y,z € R
and the two distributive laws hold:
(v1+22) - y=x1-y+x9-y and z-(yi+v2) =T -y +T Yo

for all x,x1,22,y,y1,y2 € R. Note that (R, ) is an associative monoid. The existence of
multiplicative inverses is not required.

2. A ring with unit (or unital ring) is a ring with a unit element 1 € R, such that 1-z =
x-1=ua for all z € R holds. In this case, (R, ) is a unital associative monoid.

3. A ring (R, +, ") is called commutative , if the monoid (R, -) is abelian, i.e. for all z,y € R
the equation z - y = y - x holds.

4. If R, S are rings, then a ring homomorphism f: R — S is a map f: R — S, which
respects both the abelian group and monoid structures on R and S:

flx+y)=f(x)+ fly) and flay) = f(z) fy) forallz,y € R.

For unitary rings we additionally require morphisms of rings to send

f(lg) = 1g.

We denote the set of all ring homomorphisms by Hom(R, S).

In this lecture we adopt that convention that by a ring we mean an associative, not neces-
sarily commutative ring with unit.

Examples 1.1.2 Important examples for rings are:

1. The ring Z of the integers (and, more generally, the ring of integers in an algebraic number
field).

2. Fields such as the rational numbers Q, the real numbers R or the complex numbers C are
(commutative) rings.

3. For every commutative ring R, the polynomial ring R[X] is again a ring; more about this
later.

4. For every associative unital ring R, we also have the ring Mat,, (R) of n x n-matrices with
entries in R.



5. Let U C R"™ be an open subset. Then the real-valued functions on U as well as the
differentiable and analytic functions on U form rings. More generally, one can also consider
functions on manifolds.

6. The ring Z of integers is the initial unital ring: for every (unital) ring R there exists a
unique (unital) ring homomorphism f: Z — R and it is determined by f(1) = 1g. To
see the latter, note that

f)=fQt+.. . +D)=fD+...+[(Q1)

n—times n—times

determines the ring homomorphism uniquely.

7. The terminal unital ring is the null ring {0}, the unique unital ring in which 1 = 0 holds.
For every ring R there exists a unique ring homomorphism f: R — {0}

We will need the appropriate generalization of vector spaces and linear maps over rings
instead of fields. In the case of non-commutative rings we have to be more careful and distinguish
three concepts:

Definition 1.1.3
1. A left module over a ring R is an abelian group (M, +), equipped with a map

uw: R xM — M

(r,m) = u(r,m) =rm=rm
the (scalar-)multiplication, such that for all x,y € R and m,n € M we have:

wlx,m+n)=pu(x,m)+ p(z,n) resp. x.(m+n)=zx.m-+axn
(s + 4,m) = i, m) + iy, m) Te8D. (@ + ). = 20+
(e iy, ) = play,m) resp.  .(y.m) = (- y)m

The first two equations express that the scalar multiplication is bilinear (or rather: bi-
additive). The third equation is a mixed associativity law. For modules of unital rings we
additionally require

uw(l,m) = m resp. lm=m

for all m € M.

2. If M,N are left modules over the same ring, then we call a map f: M — N a
module homomorphism, if it is compatible with addition and scalar multiplication:

fm+n) = f(m)+ f(n)
frm) = r.f(m)

We also call such a map an R-linear map. A bijective homomorphism of modules is called
an isomorphism. We denote by Hompg (M, N) the set of all such morphisms. If the ring is
obvious from the context, we also write Hom(M, N).

3. A right module over a ring R is an abelian group (M, +), equipped with a (scalar) mul-
tiplication
w: M xR — M
(m,r) = pu(m,r) =mar =mr,



such that for all z,y € R and m,n € M we have:

p(m+n,z) = p(m,z) + pn,z) ie. (m+n)z=mz+nz
p(m,z +y) = p(m,z) + p(m,y) ie. m.(z+y)=mx+my
p(m, z - y) = p(p(m, x),y) ie. m.(z-y)=(m.x)y

For unital rings we additionally require
p(m,1) = m ie. m.1=m
for all m € M.

4. Let R, S be two rings, not necessarily distinct. An R-S-bimodule is an abelian group M,
that carries that structures of an R-left module (M, u) and an S-right module (M, 1),
such that the condition

fi(pla, m), B) = p(ev, i(m, B))
is satisfied for allm € M, € R, 3 € S. In other notation:

(em).f = a.(m.f) .
5. Morphisms of right modules and of bimodules are defined analogously as in the case of

left modules.

Remarks 1.1.4
1. We will use the familiar order of operations ”“multiplication/division before addi-

tion/subtraction”.

2. The ring multiplication exhibits every ring as a left module, a right module, and a bi-
module over itself. This module is called the regular left /right /bimodule.

3. If R is a field, then the left R-modules are exactly the R-vector spaces.
4. As in the case of vector spaces, one shows for all rings R and left modules M
Opm =0y forall me M
and deduces (—1)m = —m. Analogous equations hold for right modules and bimodules.

Linear maps form a vector space themselves. Now let R be a ring and let M and N be two
R-modules. The sum of two module homomorphisms ¢1, 9o € Homg(M, N) is defined (as in
the case of vector spaces) pointwise

(p1 4+ p2)(m) := p1(m) + pa(m) forall me M

which equips the set Homg(M, N) with the structure of an abelian group. In the following,
we will always consider Homg (M, N) as abelian group. One might be tempted to extend this
definition by

(r.p)(m) :=r.p(m) forall meMandreR

to a (left) R-module. But for A € R one has

(ro)(Am) = ro(Am) = rAp(m)
and this would have to equal
A(r.p)(m) = Are(m)

for r.¢ to be R-linear. Unless the ring R is commutative, this will not be true, in general. In
summary:



Theorem 1.1.5 Let R be a ring and M, N two R-modules. Then Hompg(M, N) carries
the structure of an abelian group. If R is commutative, then Homg(M, N) carries a natural
R-module structure.

We add a few remarks about the connection between left modules and right modules:

Remarks 1.1.6
1. For a ring R, we denote by R°PP the opposite ring : this is the ring with the same under-
lying abelian group, but with multiplication

(@,y) = ply,x) -
One can show: every R-right module (M, i) can be considered via

PP ROPP M s M
(r,m) = om.r = p(m,r)

as an R°PP-left module. Conversely, every R°PP-left module determines an R-right module.

2. If R, S are rings and f: R — S is a homomorphism of abelian groups, which satisfies

flzy) = f(y) f(z) for all z,y € R,

then f is called an antihomomorphism. An antihomomorphism is a homomorphism from
R°PP to S or, equivalently, a homomorphism from R to S°PP. The rings R and R°PP are
thus always anti-isomorphic.

3. A ring R is commutative, if and only if the identity is an isomorphism from R to R°PP.
For a commutative ring R, remark (1) implies that every R-left module is naturally an
R-right module and vice versa. Indeed, every R-left module has even the structure of an
R-bimodule. For commutative rings R, we thus often drop “left” or “right” and simply
speak of R-modules, see e.g. [['heorem 1.1.5]

4. There are non-commutative rings that are isomorphic to their opposite, albeit via a non-
trivial isomorphism. For example, the ring M (R, n x n) of quadratic n X n matrices over
a commutative ring R via the transposition, which switches the order of multiplication:

(AB)! = B'-A".
Modules already carry an addition by their definition; now we consider modules over a

commutative ring R with the additional structure of a multiplication of module elements:

Definition 1.1.7

1. Let R be a commutative ring. An (associative) R-algebra is an R-module A, which carries
the structure of an (associative but, not necessarily unital) ring, such that the ring addition
agrees with the module addition and the compatibility condition

r(zy) = (re)y = z(ry) (+)
holds for all z,y € A and r € R. We call such a ring multiplication R-bilinear.

2. An algebra A is called unital, if it is unital as ring.

Remarks 1.1.8



1. For example the polynomial ring K [X]| over a field K is a unital K-algebra. For a field
extension F /K, the field F is also a unital K-algebra.

2. The definition of a unital R-algebra A can also equivalently be expressed as: there exists
a ring homomorphism ®: R — A with the property that ®(r)a = a®(r) holds for all
r€ Rand a € A.

For a unital R-algebra A we may define ®(r) = r.14 and find

O(r)a &f (r.lA)-a(;)r.(lA-a) =ra=r.(a-14) © .. (r1la) = a-P(r) .

Conversely, given the ring homomorphism ®, we define an R-module structure on ring A
by
ra:=®(r)-a,

which is indeed R-bilinear, i.e. (x) holds
r.(ab) = ®(r)(ab) = a®(r)b = a(r.b) .

Examples 1.1.9
1. Every abelian group (G, +) can be seen as a Z-module with scalar multiplication given

by:

ZxG — G
r+...+x n>0
——

_ n—times
(n,z) — nx= 0 =0
—|nlz n<O0.

2. Let M be an R-module. Then the map

M — Hompg(R, M)
m = (g T = rm)

is an isomorphism of abelian groups. If the ring R is commutative, then Homg(R, M) also
carries an R-module structure and the above map is an isomorphism of R-modules since:

Orm(s) = s.(rm) = (s-r).m = (r-s).m=r.(s.m) =ron(s)
The inverse sends a morphism ¢ € Homg(R, M) to its image ¢(1) € M on the unit.

We now take a closer look at Example (1). For every abelian group (M, +) the group
endomorphisms End(M) form a ring, the endomorphism ring. The addition in this ring is
defined pointwise,

(o + ) (m) = o(m) + ¢(m).
The multiplication in the endomorphism ring is the composition of maps, @i := ¢ o ¢, with
unit given by the identity on M. Many endomorphism rings are non-commutative.

Lemma 1.1.10 Let M be an abelian group and R a ring.
1. If p: R — End(M) is a ring homomorphism, then

r.m = @(r).m

equips M with the structure of a (left) R-module.
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2. If M is even an R-module, then the map

p: R — Maps (M, M)
r = p(r) with (r)m=rm

defines a ring homomorphism with values in End(M). It is called the structure map of
the module M.

For a given abelian group M, there exists by [Examples 1.1.2/6 a unique (unital) ring homo-
morphism Z — End(M), so an abelian group carries a unique Z-module structure, namely the
one from [Examples 1.1.91.

Other important examples of rings are polynomial rings and power series rings. We recall:

Definition 1.1.11 Let R be a commutative ring with unit. A pair (A, X), consisting of a
unital R-algebra A and an element X € A is called a polynomial ring (or, more accurately:
polynomial algebra) in the indeterminate X over R, if every element f € A can be written
uniquely in the form

f=ro X’ +rX' +. . +r,X"

with ro,71,...,r, € R. Here we set X° = 1 € A and interpret uniqueness as follows: if we have
an equality
ro+mX 4. A X =by+ X b, X

in A with m > n, then r;, = b; for 0 < i <n and b; = 0 for i > n.
Note that polynomial algebras are always commutative. Their elements are called
polynomials.

A polynomial algebra over R is thus a pair, consisting of an R-algebra and an element in
this algebra, called the “indeterminate”.

Theorem 1.1.12 [Universal propery of the polynomial algebra] Let A be a polynomial ring
in the indeterminate X over R. For every R-algebra S and every choice of element s € S there
exists a unique homomorphism of R-algebras ¢s: A — S such that ¢4 (X) = s.

(Just like for algebras over a field, a morphism of algebras over R is an R-linear map that
intertwines the ring multiplications.)

Proof. e Uniqueness: Since every element f € A admits a unique expression

f = Zn: TiXi
=0

the value of 4 on f is determined as:
@s(f) = Z TzSOS(X)Z = Znsi (*)
i=0 i=0

e Existence: we may define ¢, using (x). Well-definedness is a consequence of the uniqueness
of the presentation of f. Clearly we have p4(X) = s and a straightforward check shows
that ¢ is indeed a morphism of R-algebras.

O

Remarks 1.1.13



1. Because of (x), the map ¢ is called the evaluation homomorphism associated to s € S.
For a polynomial f € A we also use the notation

2. In the special case of the polynomial ring, (S,s) = (A, X), the map px is the identity
and our convention above is compatible with the familiar notation

3. For S = R we get for every A € R

ea(f)=Ff(N) eR.

A polynomial thus defines a function R — R and this assignment constitutes a ring
homomorphism

A — Abb(R,R),

fo= .

In general this does not have to be injective, i.e. a polynomial cannot be identified with
its induced polynomial function:

for example, over the field R = F5 there are only 4 distinct functions R — R, but infinitely
many distinct polynomials. We only see them by evaluating polynomials on more general
R-algebras.

4. Any two polynomial rings A, A" over R in indeterminates X resp. X’ are isomorphic:
By [I'heorem 1.1.12| there are algebra morphisms

®: A A and U: A — A
with ®(X) = X' and ¥(X')= X .

Then
Vod: A— A and PoVU: A — A

are algebra morphisms satisfying

Vod(X)=X and Po¥(X') = X"

From the uniqueness part of [Iheorem 1.1.12| we deduce

\Ifoq):idA and CI)O\If:idA/.

Indeed, we have shown more: any two polynomial rings over the same ring R are unique
up to a unique isomorphism. This type of argument is a standard argument to show that
a mathematical object that is defined by a universal property up to unique isomorphism.

5. One also has to show that polynomial rings actually exist. An explicit construction in
terms of sequences of elements of R is typically covered in lecture courses on linear
algebra.



Example 1.1.14  Sometimes one also considers the commutative ring R[[X]] of formal power
series, whose elements are the power series > >~ 7, X* with r; € R. The multiplication is defined
as in the case of polynomials: note that every one of the infinitely many coefficients of the
product are expressed in terms of a finite sum. In general there is no notion of convergence
of such power series. Neither do we have general evaluation homomorphisms: a formal powers
series can typically only be evaluated at 0 € R, yielding the coefficient rg € R.

Lemma 1.1.15 [Polynomial rings and endomorphisms| Let K be a field.

1. If M is a K[X]-module, then M also carries the structure of a K-vector space, by re-
stricting to the constant polynomials, i.e. by pullback along the embedding K — K[X].
The multiplication with X € K[X] is a K-linear map M — M.

2. If M is a K-vector space and A: M — M a K-linear map, then the assignment
fm:=f(A)m forall me M, fe K[X]

with f(A) as in (1.1.13]) equips the K-vector space M with the structure of a K[X]-
module.

Modules over the polynomial ring K [X] over a field are thus the same as K-vector spaces with
a K-linear endomorphism. This can be generalized by replacing K by a commutative ring.

The theory of endomorphisms of vector spaces thus reduces to the theory of modules over
a polynomial ring. This is the conceptual home of important polynomials such as the char-
acteristic polynomial and the minimal polynomial (or, more generally, invariant divisors and
determinant divisors) associated to endomorphisms.

We also see that the notion of a module over a ring provides a unified framework for the
notion of an abelian group and of a vector space with an endomorphism: both are modules over
principal ideal domains (PIDs).

Another important class of examples of rings and modules are the following.

Definition 1.1.16 Let K be a commutative ring and G a group (or, more generally, a
monoid). The group ring K[G] (or monoid ring) is defined to have as underlying abelian group
the set of all maps

f:G— K,

that vanish on all but finitely many g € G. Elements of K [G] are can thus be expressed uniquely
as linear combinations

F="fg)s, with f(g) € K

where d, denotes the map that sends ¢ € G to 1 € K and that vanishes on all other group
elements. Wherever confusion seems unlikely, we may also write ¢ in place of d,, such that we
get expressions of the form

f=Y flg)g with f(g) € K.
The multiplication in the group ring is the convolution:
(Sus)(Tm) = £ X wn)e
geCG heG z€G \ g,heG,gh=x

It is important to distinguish the multiplication by convolution from the pointwise multiplica-
tion, which is commutative. For the pointwise multiplication G only needs to be a set, while
the convolution uses the group multiplication in an essential way: e.g. we have 0, % d;, = dgp,.

8



There is a ring homomorphism
K — K[G]
a +— ad, ,

where e denotes the neutral element of GG, and a group homomorphism

G — K[G|*

g — lg=1kd, ,
along which we may consider the underlying set of G as a basis of the group ring K[G|. This
notion of basis will be introduced in [Definition 1.3.1 Group rings are thus rings equipped with

a distinguished basis. Observe that the group ring K[G] is commutative if and only if the group
G is abelian.

We will see that modules over a group ring over a field K are nothing but K-linear group
representations. We now recall this alternative language.

Definition 1.1.17 A representation of a group G over a field K is a pair (V, p), consisting of
a K-vector space V' and a group homomorphism p into the invertible K-linear endomorphisms
of V,

p:G— GL(V) :={p € Endg(V), ¢ invertible }.

In typical applications the vector space V may e.g. arise as space of solutions to a linear
differential equation or as state space of a quantum-mechanical system. The action of the group
then describes the action of symmetries. One goal of the lecture is to give an overview of group
actions for given groups G on finite-dimensional vector spaces V.

Remark 1.1.18
1. Given a representation (V, p), we also sometimes write py for p.

2. If (V, p) is a representation of G' over K, then the map
GxV —= V
(g,v) = plgv

defines an action of the group G on the underlying set of the vector space V. The group
acts by linear maps.

3. If G xV — V is an action of the group GG on the set underlying a K-vector space V, such
that
g(v+w) =gv+ gw g(A\v) = Agv

holds for all v,w € V,g € G and A € K, then

defines a representation p: G — GL(V).

In summary, a representation is an “action on a vector space by linear maps”.

4. Every vector space V carries an action by its automorphism group GL(V'), namely by
p = idarv)-

5. Every vector space V may be considered as a representation of any given group G with
the trivial action p(g) = idy for all g € G.

9



6. For a field extension L/K, the K-vector space L is a representation of the Galois group
Gal(L/K) over K.

7. A representation (V,p) of the group Z is equivalent to the data of an automorphism
A € GL(V), namely A = p(1). Then one also has p(n) = A™.

8. Representations of Z/2Z are equivalent to the data of a vector space V' with an automor-
phism A : V — V. such that A% = idy. If the characteristic of K is not two, then V is
the direct sum of the eigenspaces of A for the eigenvalues +1,

V=VteV .
This is because every vector v € V' can be decomposed as

U:%(U—I—Av)—i—%(v—Av);

which are eigenvectors of A for the eigenvalues +1 as the following check shows:
1 1 ) 1
A§(v + Av) = §(Av + A%v) = :|:§(U + Av)

For a field of characteristic two, only the eigenvalue 1 appears. By A? = idy the minimal
polynomial of A divides X? — 1 = (X — 1)?. The Jordan blocks of A thus have size 1 or
2. Jordan blocks of size 2 may indeed appear:

11 11\ (12Y (10
0 1 o1/ \o1) \01)"
Lemma 1.1.19 Let G be a group and K a field. There is a bijection

{ representations of G over K} «— {K[G] — modules } .

Proof. Given a K-linear G-representation (V) p), we can define on the underlying abelian group
(V,+) of the vector space the structure of a K[G]-module by specifying the scalar multiplication
(D geq Ae0g) v =D ca Agp(g)(v) for v € V and A, € K. It is straightforward to check that
this indeed defines a K[G]-module.

Conversely, a K[G]-module M has an underlying abelian group, which is a K-vector space
with respect to the scalar multiplication Am := (Ad.).m for m € M and A € K. For g € G we
then define p(g) € Endg (V) by p(g)(v) := d,.v for v € M. This defines a G-representation over
K and the two assignments constructed here are manifestly mutually inverse to each other. [J

More generally, for a monoid G' a Z|G]-module is equivalent to the data of an abelian group
with a G-action by group homomorphisms. We leave this as an exercise to the reader.

The module homomorphisms of modules over the group ring K[G] are also studied under a
different name in the language of representations.

Definition 1.1.20  Given representations V, W of a group G over the same field K, a
morphism of representations or intertwiner is a K-linear map f: V — W, satisfying

flov(g)v) = pw(g)f(v) forall g€G.

An isomorphism is a bijective morphism. Two representations are called isomorphic, if an
isomorphism exists between them.
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One checks that the inverse of an intertwiner is itself an intertwiner.
We continue in the theory of modules:

Definition 1.1.21 Let M be an R-left module and U C M a subgroup. Then U is called a
submodule of M, if U is closed under the scalar multiplication on M, i.e.if m € U and r € R
implies r.m € U.

Remark 1.1.22

1. The subgroups of an abelian group are precisely the Z-submodules.

2. Considering the ring R as a module over itself, the R-submodules of R are exactly the ide-
als of R. More precisely, the R-left-submodules are the left ideals, the right R-submodules
are the right ideals and the R-bi-submodules are the two-sided ideals.

3. A subset W C V of a representation V is called a subrepresentation if it is vector subspace
that is stable under G i.e. if g € G and w € W imply gw € W. Under the bijection from
ILemma 1.1.19| the subrepresentation correspond to the K[G]-submodules.

4. The image and the preimage of a submodule under a module homomorphism are again
submodules. In particular, the image and the kernel of a module homomorphism are
submodules.

5. If U is a submodule of M, then on the level of underlying abelian groups, U is normal in
M and M /U is again an abelian group.

The quotient group M /U inherits the structure of an R-module, called the
quotient module or factor module of M by U, with the scalar multiplication:

RxM/U — MU
(,x4+U) — ar+U

In verifying this, it is important to check that the scalar multiplication is well-defined.

6. We illustrate this in an example: Let a be a left ideal of R and M an R-module, then

aM = { Z o, T;

finite

OéiECl,ZEZ'GM}

is a submodule of M: for r € R, € a and x € M we have ra € a since a is a left ideal,
and thus r(am) = (ra)m € aM. By remark (5) the quotient M/alM is an R-module.

If a is actually a two-sided ideal, then R/a is a ring with respect to the multiplication
(a+a)-(a’+a):=a-d + a. Then the scalar multiplication

(a+a)(x+aM)=azx+aM

is well-defined and thus the R-module structure on M /aM descends to an R/a-module
structure.

We consider a concrete example: the ring Z of integers is a module over itself, i.e. a Z-
module; nZ is a two-sided ideal for every n € Z and the cyclic group Z/nZ is a Z-module
with scalar multiplication

n.m=mnm

and also a Z/nZ-module with n.m =7
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Lemma 1.1.23 [restriction of scalars/pullback] If ¢: R — S is a ring homomorphism, then
every S-module (M, p) (in particular S itself) becomes an R-module via p o (¢ X idyy), i.e. by
setting

rom = @(r).m.

This operation is called restriction of scalars, even when R is not a subring of S, i.e. ¢ need
not be injective. The resulting R-module is also called the pullback of the S-module M along
the ring homomorphism ¢.

In other words: the S-module structure on M can be expressed as a ring homomorphism
S — End(M) and the R-module structure of the pullback is then expressed by the composite
ring homomorphism

R % S — End(M).

For example, let a C R be a two-sided ideal of R and can: R — R/a, the canonical surjection,
then the quotient ring R/a is a module over itself and by pullback also naturally an R-module.

Example 1.1.24  Restriction of scalars provides an alternative explanation of why the quo-
tient ring Z/nZ of the ring of integers is a module over the ring of integers.

Definition 1.1.25
1. Let A C M be a subset of an R-module M. Then

(A) = { > e | a; € Rya; € A}
finite

denotes the submodule of M generated by A. We have

A= (N U

UCM submodule
ACU

i.e. (A) is the smallest submodule of M that contains A.

To see this, note that (A) is a submodule containing A and thus one of the modules being
intersected, and thus contained in the intersection. Conversely, every submodule being
intersected must also contain the elements of (A).

2. If (A) = M, then the set A is called a generating set of the module M. M is called
finitely generated, if a finite generating set exists.

3. A module is called a cyclic module, if it admits a generating set consisting of a single
element.

Note that not every element of a cyclic module needs to be a generator. We leave it as an
exercise to check that the cyclic groups are exactly the cyclic Z-modules.

Theorem 1.1.26 (Homomorphism theorems for modules)

1. Let M, N be R-modules and f: M — N a module homomorphism, then there exists a
canonical isomorphism
M/ker f — f(M)
r+kerf — f(x)

12



2. If U and V are submodules of a module M, then
U+v)) v = U/(UNV)
with U+ V ={u+v,u € U and v € V'}. To see this, check that the map

U+V — U/UnvV
utv = u+(UNV)

is well-defined compute its kernel.

3. For every chain U C V C M of submodules, V/U is a submodule of M /U and
(M/U) ) (V/U) — MJV.

The proof of this theorem is completely analogous to that in the case of vector spaces.

Definition 1.1.27
1. Let U be a subset of an R-module M. Then

Amm (U)={a€R|au=0 forallueU}

is called the annihilator of the subset U. In the case of a left module, this is a left ideal
of R. The annihilator of an element x € M is denoted by

Ann(z) = {a € R|ax = 0}.

By [Theorem 1.1.26| (1) there is an isomorphism of left modules

R/Ann(r) — Rz

a = or.

If U is a submodule, then the annihilator is even a two-sided ideal.

2. A module M is called faithful, if Ann M = (0). We remark that a representation on a
K-vector space V is faithful if the group homomorphism p: G — GL(V) is injective. If V
is faithful as K[G]-module then the corresponding representation is also faithful. Suppose
p(g) = p(q’) for g # ¢, then g— g’ would be contained in the annihilator of V. The converse
is not true, however: the one-dimensional representation of the cyclic group Z/2Z = {e, g}
with p(g) = —1 is faithful as group representation, but the associated K[G]-module is
not faithful, since the element e + g € K[G] is contained in the annihilator.

3. An element x € M is called a torsion element, if Ann (z) # 0. We denote the set of all
torsion elements in M by Tor M; in general it is not a submodule.

4. A module M is called torsion-free, if Tor M = (0).

In a torsion-free module the annihilators of all nonzero elements are zero, in particular
Ann(M) = (0), and so torsion-free modules are automatically faithful. The converse is false:
for example the ring R = Z /67 is faithful as module over itself (because it is unital). But the
element 2 is contained in the annihilator of 3, and so 3 is a torsion element.

Example 1.1.28 The ring of integers Z is torsion-free over itself; the Z-module Z/nZ consists
exclusively of torsion elements.
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A commutative ring R is called integral or an integral domain if it has no zero divisors, i.e.
if for a, € R the equation « - = 0 implies a =0 or 5 = 0.

Theorem 1.1.29 If M is a module over an integral domain R, then Tor M is a submodule
of M and the quotient module M /Tor M is a torsion-free R-module.

Proof. o If x € Tor(M) is a torsion element, 5 € R, then we can find a nonzero & € Ann (z).
Then «o(fz) = (af)xr = f(ax) = 0 and thus Sz € Tor M.

e Given two torsion elements z,y € Tor M, we can find o,/ € R\ {0}, such that
ar = o'y = 0. Then a # 0 since R is integral by assumption, and we have ao/(z +y) =
0+ 0 = 0, which implies x + y € Tor M. Thus Tor(M) is a submodule.

e Finally let z + Tor M € M/Tor M be a torsion element. We find oo € R\{0}, such that
a(x + Tor M) = 0. Since ax € Tor M there exists a § € R\ {0} with Saz = 0. As
R is integral, we have Sa # 0 and hence x € Tor M. Thus the quotient M/Tor M is
torsion-free. O

1.2 Operations on modules, the tensor product

Definition 1.2.1  Let (M))xea be a family of modules over a ring R. We form two new
R-modules:
the product

H My = {(ma)ren | mr € My}
AeA

and the direct sum

@ My = {(my)ren ‘ my € M), only finitely many m, are nonzero} .
AEA

The R-module structures on these sets are given by the componentwise addition and compo-
nentwise scalar multiplication with scalars from R.

Remarks 1.2.2
1. For every natural number n we have the R-module R* = R& ... & R.
—_—

n— times

2. For finite families, |A| < oo, the notions of direct sum and product coincide. We then do
not distinguish between [[_, M; = My X My x ... x My and M1 & My & ... & M,.

3. Both notions can be characterized by universal properties. For this we consider the canon-

ical
injection bzw. surjection
Z')\ZM)\'—>@MM pT‘AZHMM—»M)\'
HEA HEA

Here ¢y, maps the element m € M, to the element of the direct sum, whose entries are
all zero except for the component X. The map pry projects onto the component A. Both
maps are homomorphisms of R-modules.
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The two universal properties are: if M is an arbitrary R-module, then the two maps

Homp(®ueaM,, M) — [ Homg(M,, M)
HEA

(f © Z‘u)ueA

HEA HEA

f -
HomR<M, I MH> — ] Homg(M, M,)
f = (pru o f),uEA

are isomorphisms of abelian groups.

In other words: A family of maps from some modules into one module M can be described
uniquely by a single map from the direct sum of the modules into M. In the case of the
direct product a family of maps out of one module M into some modules can be described
uniquely as a single map out of M into the direct product.

The direct sum and the product should not be considered as just a module (with some
properties), but as a module with this properties together with a family of injections resp.
surjections. This module with its family of morphisms is determined by the corresponding
universal property up to unique isomorphism.

. Given a family (Uy)xea of submodules of a module M, then the submodule of M generated
by their union

ZU)\ = (UxealUy )

is called the (inner) sum of the family.

Every submodule is equipped with an injection sy: Uy — M; by the universal property
of the direct sum we may collect this family of morphisms into a natural morphism

S EB)\EAU,\—>M

The sum ), Uy is the image of the morphism s. If s is injective, then we say the sum
of submodules is direct and sometimes write @ epU, instead of > xea Un, which we may
call an inner direct sum. The injectivity of s means that we can write every element of
the inner direct sum in a unique way as a sum of elements of the submodules U,.

. Given two representations (V,py) and (W, pw) of a group G over a field K then
their direct sum is defines as the K-vector space V @ W with the action g(v,w) =
(pv(g)v, pw(g)w). Analogously one defines direct sums and products of infinitely many
representations, corresponding to the parallel notions for modules over the group ring
K[G].

We will also need the notion of the tensor product, which may be familiar from linear algebra
in the case of vector spaces.

Definition 1.2.3 Let M be an R°®’-module and N an R-module. The tensor product M@z N
is defined as the abelian group generated by pairs m ® n with m € M and n € N, modulo the
relations

O®n= m®0=0 forall m,n
(my+me)®@n= m@n+myn forall my,me,n
m® (ny+mns) = mn+mny forall m,ny, ny
(mr)®@n= m® (rn) forall me M,ne N,r € R
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Remarks 1.2.4

1. Note that M is required to be a right module, so that the final relation is consistent with
the relations defining the module structures: indeed we must have

m.(rire) @ n = (m.r1).ro@n =m.r; @ ro.m =m e ry.(re.n) =m®e (ry - r2).n .

2. A typical element of M ®g N is not of the form m ® n with m € M and n € N; such
special elements are called elementary tensors. A typical element is actually a sum of
elementary tensors, i.e. Y .m; ® n; with m; € M and n; € N.

Lemma 1.2.5 Let R be a ring and suppose M, M; are R°®’-modules and N an R-module.
Then there are distinguished isomorphisms:

1. Let O be the zero module. Then we have: 0 g N = M ®r 0 = 0.
2. R®r N = N and M ®r R = M as abelian groups.
3. Paea (M) ®g N) = (@reaM)) ®g N and analogously in the second argument.

4. Let S be another ring, () an S-module and P an R-S-bimodule. Then M ®pg P is naturally
an S°PP-module and P ®g () an R-module and we have an isomorphism of abelian groups:

(M®rP)®sQ=MQeg(P®sQ) .

Proof. The first identity follows directly from the first defining relation of the tensor product.
For the second identity consider the morphism of abelian groups

M — M®rR
m = mel1l

which has the inverse
M ® R R —- M

ma@r = m.r

and is thus an isomorphism of abelian groups.
The distributivity for direct sums can be seen as follows: by the universal property of the
direct sum a morphism

D: Drea (My @r N) = (©aeaMy) ®r N

is determined by its restrictions to My®N for all A € A. There we set on generators ®(m)®n) =
tx(my) ® n. To specify the inverse map we note that in (®yepMy) ®g N every element is of the
form z = ), tx(my) ® ny. The inverse map ¥ is now given by U(ux(my) @ ny) = tx(my @ ny).
The S°PP-module structure on M ®p P is defined by (m ® p).s = m ® p.s. The R-module
structure on P ®g () is defined analogously. The isomorphism is defined on generators by

(MRp)Rs—>m® (pRs) . O

Examples 1.2.6
1. Let R be aring and R" := RG& R® ... d R the n-fold direct sum of R. Then

This is a consequence of the distributivity law [1.2.5]3.
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2. If R is a commutative ring, then the polynomial rings satisfy
R[X]®gr R[Y] = R[X,Y]

where R[X,Y] is the ring of polynomials in two variables, considered here at first as an
abelian group. (Exercise)

3. Let Z, := Z/nZ be the Z-module of integers modulo n which we may also consider
bimodule as over Z. Then
Ly ®p Ly, =7y

where ¢ is the greatest common divisor of m and n.

To see this note that every element in the tensor product can be written as finite sum
T=T b +...+aRDb;
with a;,b; € Z. By Z-bilinearity of the tensor product we have
r= (a1by + ...+ apbi) (1z/nz ® lz/mz) ;
and so the tensor product is also a cyclic group. The group homomorphism

O Ly Ry Ly — 7,
kel kel

is well-defined as g = ged(m, n) divides n and m, and clearly surjective. If ®(a(1®1)) = 0,
then a is a multiple of the ged g. Bézout’s lemma yields «, 5 € Z such that an+ fm = a.
Thus we have

al®l) = a(m®1)+pB(1le®m) =0

in Z, ®z, L, and so ® is also injective.

4. Tensoring with Q over Z Kkills the torsion elements of abelian groups. Indeed, Z,, ®7 Q is
zero for every n € Z~ since for all © € Z and ¢ € Q

. . q
[l@q= [n)]e—=[0]e—=0.

If, conversely, an element of an abelian group is not torsion, then it generates a subgroup
isomorphic to Z. Since tensoring with Q sends subgroups to subgroups (proof later in

I[Example 1.4.12)) and Z ®7z Q = Q by [Lemma 1.2.5[2, such an element does not vanish

upon tensoring with Q.

5. The tensor product is not distributive with respect to infinite direct products: Let M :=
[L,>1 Zy. One the one hand, by (4) Z, ®2Q = 0 and so [ [,,+;(Z, ®zQ) = 0. On the other
hand, let e € M denote the element, with entry 1 in every component. Then e ® 1 # 0,
since e has infinite order in the abelian group M, i.e. generates a subgroup isomorphic
to Z. Then by [Lemma 1.2.5]2 we have Z ®7 Q = Q. Thus the tensor product M ®z Q is

nonzero.

If R is a commutative ring, then one can define the tensor product of two (left) R-modules
M, N, by first considering N via m.r := r.m as an R-right module and in fact even a bimodule.
rIn this case the tensor product carries not only the structure of an abelian group, but that of
an R-module:
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Theorem 1.2.7 If R is a commutative ring and M, N are two R-modules, then
wrrm®@n) == (rm)@n=maern

defines an R-module structure on M ®r N.
In this case, for three R-modules M, N, P one has canonical isomorphisms

aynp  MR(N®P) - (M®N)® P
m®n®p) — (mM®n)®p

along which the R-modules M ® (N ® P) and (M ® N)® P can be identified. In this sense the
tensor product is associative.

The proof is left to the reader. Also note the formal similarity to the Hom between modules,
which yields abelian groups over general rings, but R-modules in the case of a commutative
ring.

We now discuss the universal property of the tensor product. As in the case of vector spaces,
it involves bilinear maps.

Definition 1.2.8 Let R be a ring, M an R°P-module, N an R-module, and T" an abelian
group. A map f: M x N — T is called R-bilinear, if it satisfies the following properties:

f(m,0) = f(0,n) =0 forall me M,neN
f(my +ma,n) = f(my,n) + f(ma,n) forall my,me € M,ne N
f(m,ny +ng) = f(m,ny) + f(m,ng) forall me M,n;,n, €N
f(m.ur,n) = f(m,rn) forall me M,ne N,r € R

We denote by Bilg(M, N, T) the abelian group of such maps.

The map
MxN — M®grN
(m,n) —» men

is R-bilinear by definition.

Theorem 1.2.9 [Universal property of the tensor product] Let R be a ring, M an R°PP-
module, N an R-module, and 7" an abelian group.

1. The R-bilinear map
®: MxN — M®N
(m,n) — m®n

induces an isomorphism of abelian groups
HomZ(M QR N, T) — B11R<M, N, T)
¢ = Po® .
In other words, every R-bilinear map ¢: M X N — T can be described uniquely by a
morphism of abelian groups ¢: M ®g N — T. As commutative diagram:
M x N—2~M@pN

=T
P I
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2. The abelian group Homgz(N,T) carries a natural R°PP-module structure defined by

(fr)(n) := f(rm)for f: N—T,r € R, and n € N. Indeed

f(ri-ma)(n) = f((r1-12).n) = f(r1.(r2n)) = (fr1)(ran) = ((fr1).r2))(n)
foralln € N.

Analogously the abelian group Homy(M,T) carries a natural R-left module structure
defined by (r.g)(m) := g(m.r) for g: M — T, r € R, and m € M.

With respect to these R-module structures we have the isomorphisms of abelian groups

Hompg(N, Homy (M, T)) = Homy(M ®p N,T) = Hompgers (M, Homz (N, T)) .

Proof. The first part follows directly from the definition of the tensor product. The second part
requires a straightforward calculation. The final statement follows from the observation that
all three spaces describe R-bilinear maps M x N — T'. (Exercise). O

Remark 1.2.10 The universal property of the tensor product implies the following unique-
ness statement. Let T" be an abelian group and 7: M X N — T" an R-bilinear map, such that
every bilinear map ¢: M x N — T’ can be expressed as a homomorphism of abelian groups
®7: T — T' precomposed with 7:

M x N—"=T

T/
Then we claim that T is already isomorphic to M ® N with 7 playing the role of ®. To see

this, we consider the above diagram for ¢ = ®, as well as the diagram obtained by switching
the roles of 7 and ®. Composing the two diagrams we get the commutative diagram:

T

/ 310y
v

M x N—2~M®r N

f9np,
'
T

T

The vertical map T — T on the right is the unique ®” for ® = 7 from the universal property
of (T, 7); it must be the identity and so W, o Uy = idy. By exchanging the roles of ® and 7 in
the argument, one gets ¥y o Wy = idpg,n, and so ¥, and W, are isomorphisms that intertwine
® and 7.

An important application of the universal property of the tensor product is the definition
of the tensor product of morphisms of modules.

Observation 1.2.11 Let R be a ring and let ®: M — M’ be a morphism of R°PP-modules
and V: N — N’ a morphism of R-modules.
We consider the following diagram:

MxN———= M@ N
l@x\l} %3!¢’®‘P
v

M' x N'—= M' @ N’
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Since the map ® o (® x V) is clearly R-bilinear, the universal property of the tensor product
guarantees the existence of a unique homomorphism of abelian groups ® ® ¥ making the
diagram commute, i.e.

(P@¥)(men)=>o(m) @ ¥(n) .

By bilinearity of ®, the tensor product of morphisms is also Z-bilinear:

O ® (W + Uy) PRV +O® T,

Remarks 1.2.12

1. If R, S are unital rings then, in particular, they are abelian groups, i.e. Z-modules. The
tensor product over Z thus defines an abelian group R ®z S. Another, distinct abelian
group is the Cartesian product R x S. We equip both groups with unital ring structures:

on Rx S  (r,s)(r,s) = (rr,ss)
on R@zS (res)(res) = () (ss).

2. If M is an R-module and N an S-module, then M x N becomes an R x S-module via
(r,s).(m,n) := (r.m,s.n) and M ®z N becomes an R ®z S-module by r ® s.m @ n :=
rm & s.n.

3. Similarly one can define the product of infinitely many rings. Question: Why is the infinite
direct sum of unital ring not a unital ring anymore?

4. The universal properties of this construction is as follows:
The product [],., Ra of an arbitrary family of rings together with the usual projections

pry: HRM—>R,\

HEA

satisfies the universal property of a product: for every ring S we have an isomorphism of

sets
Hom(S, HAeA Ry,) — H/\GA Hom(S, Ry)

f = (pm © f)ueA .
5. If Ry and R, are commutative rings, then the tensor product R; ®7 Ry together with the
maps
n: i — RiQz Ry L Ry — R Qz Ry
T > 7“1®]. To > 1®T’2

satisfies a universal property of the same typ as the direct sum of modules: for every
commutative ring S the map

HOII’I(Rl ®ZR27S> — HOIH(R175>XHOIH(R2,S>
f = (fou,fou)

is an isomorphism of sets. One says that the tensor product is a coproduct for commutative
unital rings. Both properties will be discussed in the exercises.
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1.3 Free modules

Definition 1.3.1
1. A family (my)xea of elements of an R-module is called linearly independent or free, if the

following condition is satisfied: whenever

ZT’)\TI’LA:O,

AEA

for a family (7))rea of elements in R, in which only finitely many members are nonzero,
then one must have ry = 0 for all A € A.

2. A (not necessarily finite) subset S C M is called basis of the module M, if S is linearly
independent and S is a generating set of M, (S) = M.

3. A module is called free, if it has a basis.

Obviously, any subfamily of a free family is again free. Note that here we are explicitly
considering a module along with its underlying set.

Remark 1.3.2

1. If R is a field and M an R-vector space, then M is free over R because every vector
space has a basis. There are, however, rings which admit non-free modules: let R = Z
and M = Z/27Z. Since 2-1 = 0 we see that {1} is not linearly independent for any subset
of M containing 1. On the other hand, {0} is not a generating set since n.0 = 0 for all
n € Z. So there is no basis.

2. Similarly Z/5Z is not a free Z-module, but it is a free Z/5Z-module. In general, the left
regular module gR is free with basis (1z); the same applies to the right regular module.

3. For every set A the module
RA:= {f:A— R|f(\) =0 for almost all A € A}

is free. The indicator functions taking value 1 at some element of A and 0 elsewhere form
a distinguished basis, that we identify with A. In this way we may consider A as a subset
of RA.

We call RA the free R-module generated by A. Conversely, our definitions imply that a
family (m))xea in an R-module module is a basis if and only if the map RA — M sending
(ra) = >_ramy is an isomorphism of R-modules.

4. An R-module M is free over a subset S C M if and only if
M = @ Rs.
ses

In this case S is a basis of the module. Also note Rs & R as R-modules for all s € S.

Proof. Let (s)ses be a basis. The inclusions of submodules Rs — M define a morphism

(rs)ses > D_Ts.S

of R-modules by the universal property of the direct sum from [Remarks 1.2.2/3. This is
surjective since (S) = M and injective since S is linearly independent. The converse is
immediate. [
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5. If M is free and finitely generated, then there exists an n € N such that
M=R'=R&...®R
—_——

n—times

Suppose that M = (z1,...,2z,), i.e. that {x1,...,x,,} is a finite generating set, and S a
basis. Then each of the finitely many generators x; can be uniquely written as

T; = Z Q5S4 with Q4 S R, Sj €S.
finite
Thus there is a finite subset of S, which generates M and is still free as a subset of a free
set.

6. Given finitely many modules My, ..., M,, and Ny, ... N, over a ring R, then the universal
property of the direct sum resp. the direct product imply the natural identification

m n
Homp(M; @ -+ @® My, Ny @ -+ & N,,) 5 [[Homp(M;, [[N;) = [ [ Homa(M;, N;) .
i=1 j=1 i
Writing the elements of the direct sum M; & --- & M,, as column vectors, where the
entry of the ith row lives in M;, then every homomorphism between the direct sums
can be described as a matrix, whose entries are homomorphisms in Hompg(A;, N;). The
composition of homomorphisms between the direct sums is then described by the familiar
matrix multiplication.

Finitely generated free modules can be decomposed into copies of R as in (5), and mor-
phisms between them are thus modelled by matrices with entries in Homg(R, R) = R.
The latter isomorphism is given by ¢ +— ¢(1) with inverse R 3 r +— (¢(s) := sr), cf.
[Examples 1.1.9]

Theorem 1.3.3 If R is a non-zero commutative ring with 1 and M a free R-module, then
any two bases of M have the same cardinality. This cardinality is called the rank of the module
M. It can be, but need not be, finite. In case of finite rank

rankpM =n <— M = R".

Proof. Let m be a maximal ideal in R which exists by Zorn’s lemma, see appendix. As R is
commutative, the quotient K := R/m is a field, and by [Remark 1.1.22\5 the quotient M /mM
is a vector space over K.

Let S be a basis of the free module M, i.e. M = @ Rs. Then mM = @ ms, and for the

seS ses

quotient we get
M/mM = P Ks.

ses
Thus we have dimg (M /mM) = |S| and the assertion follows from the linear algebra fact that
all bases of a given K-vector space have the same cardinality. O]

[

Remark 1.3.4 For arbitrary rings R an isomorphism R" = R™ as R-left modules does
not generally imply n = m. The simplest counterexample is the null ring (it is also the only
commutative counterexample).

Here is a more interesting counterexample over a non-commutative ring R. Let K be a field
and V the free K-vector space over the set N of natural numbers. Every isomorphism of sets
N — N x N induces an isomorphism of vector spaces V' = V @& V. Let R := Endg (V). Then
we get an isomorphism of R-modules

R = Endg(V) S Homg(VaV,V) *R&R .
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The next results concerns a relationship between free modules and arbitrary modules.

Theorem 1.3.5 Let R be a unital ring. Every R-module M is a homomorphic image of a
free R-module.

Proof. We define a (very large) free module with basis M:

F;:@Rm with R, ¥ R forallme M .

meM
The map
F = M
(m)merr Z QM
meM
is a surjective R-module homomorphism since R is unital. O]

For the Z-module Z/5Z the proof constructs a surjective homomorphism Z°> — Z/5Z.
However, the usual quotient morphism Z — Z/5Z sending [ +— [ mod 5 would already be
sufficient to show the statement in [I'heorem 1.3.5

Theorem 1.3.6 Let F' and M be R-modules with F' free. Let f: M — F be a surjective
homomorphism. Then there exists an R-module homomorphism

g: F—M
such that f o g =idp, and we have M = ker f @ Im g. One says that g splits the epimorphism
f

We remark that the module homomorphism g is typically not uniquely determined — al-
ready in the case of vector spaces choices of complement are not unique. The surjective Z-module
morphism Z — Zs does not split: the only morphism Zs — 7Z is the zero morphism, since the
abelian group Z does not contain elements of order 5.

Proof. e Let S be a basis of F'. Choose a preimage m, € f~'(s) C M for every s € S and
define
g F—M

by s — myg on the basis vectors s € S, i.e.

Z gS Z QMg o, € R.

SES seS

This is a well-defined R-module homomorphism since the representation of elements of F'
in terms of linear combinations of the s € S is unique, because F' is free. Then we have

fog(s)=f(ms) =s forallse S
and so fog=idp.

e Now we use g to decompose every x € M as follows:

v=gf(x)+(x—gf(x)).
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Clearly ¢gf(z) € Im g, and furthermore
fle=gf(x)) = flz) = f(z)=0.

Thus we have written M as sum of submodules, M = ker f + Im g. This sum is direct: If
x € ker f NIm g, then z = g(y) foray € F and 0 = f(z) = fg(y) = y, and so y = 0,
which implies x = 0. L

Corollary 1.3.7 If N is a submodule of M, such that the quotient module M/N is free,
then there exists a submodule N’ of M, such that

M=Na&N' and N = M/N.

In other words, the submodule N has a complement N’ in M.

Proof. Applying [Theorem 1.3.6] to the canonical surjection M — N, we find a morphism
g: M/N — M and a direct sum decomposition M = ker f @& Im g. The kernel of the canonical
surjection is N. Since g has a left inverse, g is injective, and we can identify Im g =2 M /N =: N'.

[]

The Z-submodule 5Z C Z is an example of a submodule for which there is no complement.

One might be tempted to think that free modules can be characterized by the property
expressed in [Theorem 1.3.6, However, there are modules that satisfy this property without
being free. Instead the property from [Theorem 1.3.6|is characterizing for the class of projective
modules, the subject of the next subsection. Their importance stems from the fact that their
characterizing property can be formulated purely in terms of morphisms: it is “categorical”.
The correct universal property that characterizes free modules will be discussed in the exercises.

1.4 Projective, flat, divisible and injective modules

Can we hope to describe arbitrary modules by free modules? We know from that
the Z-module Z /27 is not free. But it is a quotient of the free module Z under 7: Z — Z /27
with [ — [. The kernel of 7 is the submodule 27 C Z, itself another free module. So, Z/2Z can
be described as a quotient of free modules. Actually we need a more general framework:

Definition 1.4.1 Let R be a ring. We consider sequences of R-modules and module homo-
morphisms:

LSS VLSS VAR VN

Such a sequence is called an R-chain complex if f; o f;11 = 0 holds for all . A sequence is called
exact, if ker(f;) = Im (f;11) holds for all 7.

Remarks 1.4.2
1. The condition on consecutive maps in a chain complex can also be expressed as Im (f;11) C

ker(fz-).

2. Analogously one can define finite or half-infinite sequences define; exactness is only called
for, where it makes sense. For example, every 2-step sequence M — N is exact, since it
contains no conditions.

3. The morphisms f, in a chain complex (M,, f,) are usually collectively called the
differential and one uses the letter d for it. The notation for the chain complex is of-
ten abbreviated M,, where the black dot indicates that one is working with a Z-graded
chain complex.
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4. Of special interest in homological algebra are the short exact sequences. These are of the
form

0—MS5M3M —0.
The exactness at M’ means that ¢ is injective. The exactness are M” means that p

is surjective. The exactness at M can be expressed equivalently by the following two
isomorphisms:

M =2Imi=kerp resp. M" = M/kerp= M /Im .= cokers .

5. For every n € N the map Z -3 Z that sends = +— nx is an injective homomorphism of
abelian groups. This fits into the short exact sequence of abelian groups

0—>7Z37— 7Z/nZ — 0.

6. Chain complexes appear in (almost) all areas of mathematics. In differential geometry for
each smooth manifolds X one considers the de Rham complex 2°(X), a chain complex of
smooth differential forms on X. The smooth p-forms 2(X) form a module over the ring
C*°(X) of smooth functions on X. The differential is in this case the exterior derivative.
Exactness of the de Rham complexes would mean that all closed differential forms indeed
exact. In algebraic topology there are several invariants of (certain kinds of) topological
spaces that take values in chain complexes of abelian groups. Some of these are even
used in data science and computer graphics. Another example in pure mathematics is the
Khovanov chain complex of a knot, which is a knot invariant that categorifies the Jones
polynomial.

Theorem 1.4.3 Let 0 — M’ = M % M” — 0 be an exact sequence. Then the following
are equivalent:

1. The injection ¢ admits a retraction, i.e. there exists an R-module homomorphism 7: M —
M' with the property mo ¢ =idy..

2. The surjection p admits a section, i.e. there exists an R-module homomorphism s: M" —
M with the property pos =idym.

3. There exists an isomorphism ¢: M — M’ & M" of R-modules, such that ¢ ot = ¢; and
prao ¢ =p.

The proof will be an exercise. To understand the last condition better, we consider the
commutative diagram

0 M — M M)

o

0——> M’ _a_ Wi D M pr2 M 0

where the lower row contains the injection ¢; of M’ into the direct sum and the surjection
pra onto M"” out of the direct product. Here we have an instance of “isomorphic (short) exact

sequences” in a sense that will be made precise in [Section 6.7]

Definition 1.4.4 A short exact sequence, that satisfies one (and thus all) of the three
equivalent conditions in [Theorem 1.4.3} is said to split.
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Examples 1.4.5
1. Short exact sequences of vector spaces always split, as every vector subspace has a com-
plement, see |Corollary 1.3.7]

2. The short exact sequence of Z-modules 0 — Z/27Z — Z4 — 7Z./27 — 0 does not split, for
otherwise we would have Z4 = Z /27 & 7./ 27.

Free modules are too special for the purposes of many constructions in homological algebra.
Moreover, they are defined using the set underlying a module. To single out a better class of
modules, we first note the following general property of modules:

Lemma 1.4.6 Let M be an R-module and
0T ST 5T =0
a short exact sequence of R-modules. Then the sequence of abelian groups
0 — Homp(M,T') = Homp(M,T) ™5 Homg(M,T")

is also exact. Here, the morphisms of abelian groups are induced by postcomposition with the
map from the short exact sequence, e.g.

ty :  Hompg(M,T") — Hompg(M,T)
o — Log

Proof. Since ¢: T" — T is injective, an equality ¢, (¢) L p=10¢ o 1«(¢') implies ¢ = ¢'.

So, ¢, is also injective.

If ¢ € Hom(M,T') is in the image of ¢, then there exists ¢’ € Hom(M,T") with ¢ = 1,¢' =
to@. In this case m,(¢p) =mop=moro¢ =0, and so ¢ € kerm,.

Conversely, let f € kerm,, i.e. m.f(m) = mo f(m) = 0 for all m € M. Then for every
m € M we also have f(m) € kerm = Im ¢. For every m € M we now find a ¢'(m) € T" with
to@'(m) = f(m). As ¢ is injective, such ¢'(m) are uniquely determined and ¢’ is a module
homomorphism. By construction ¢,¢' = f, and so f € Im ¢,. O]

In the conclusion of the lemma we omitted “— 07 for a reason. Indeed, if 7: T — T" is
a surjective morphism of modules is, then m,.: Homg(M,T) — Hompg(M,T") need not be a
surjective morphism of abelian groups. For example, the morphism Z — 7Z/nZ of Z-modukes
is surjective, but the induced morphism

Homgy(Z/nZ,7Z) = 0 — Homg(Z/nZ,Z/nZ) = Z/nZ

is clearly not surjective. One says that Hom(M, —) is left-exact, but not exact, see
ftion 3.1.131

Next we generalize free modules to projective modules, which are characterized by the
following theorem.

Theorem 1.4.7  Let R be a unital ring. The following statements about an R-module M
are equivalent:

1. For every diagram

N1—>N2—>O
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with exact row there exists a lift (dotted), making the diagram commute. (The lift need
not be unique.)

2. There exists an R-module N, such that the R-module M @& N is free.
3. Every short exact sequence of the form 0 — N' — N — M — 0 splits.

4. For every short exact sequence of R-modules 0 — 7" — T — T” — 0 the induced
sequence of abelian groups

0 — Hompg(M,T") — Homgr(M,T) — Homg(M,T") — 0
is also exact.

The formulation of this theorem illustrates that in homological algebra one often tends to
avoid giving morphisms names. Note that the properties from the theorem are satisfied by

every vector space over a field, but not by every every module. For example, the Z-module
M =17/27Z:

1. The identity on M does not admit a lift

7.)27

Ju

7—71)22—0 ,

because the only group homomorphism Z/27Z — Z is the trivial morphism.

2. There is no Z-module of the form M @7 /27 that is free. Already the elements of Z /27 C
M & 7Z/27Z have torsion. But a free Z-module is of the form @;c;Z and thus has no torsion
elements.

3. The exact sequence
0—Z/2Z — Z]AZ — Z]27Z — O

with its unique non-zero group homomorphisms does not split.

4. Applying Homy(Z /27, —) transforms the short exact sequence

05Z37Z—7/2Z—0 into 0—0—0—Z/2Z — 0,
which is not exact. Here we used Homy(Z/2Z,7Z) = 0 and Homy(Z/2Z,7/27) = Z]27.
Proof.

(1)=(3) The splitting of the sequence 0 — N — N — M — 0 is given by the lift of the identity
in the diagram:

"
N——M-——0

(3)=(2) By|[Theorem 1.3.5/every R-module M is the codomain of a surjective R-module homomor-
phism from a free module F', for example F' := @, R. Let ' — M be such a surjection
with kernel N’. Since the exact sequence 0 — N’ — F — M — 0 splits, [Theorem 1.4.3|
implies F' = M @& N’ for the free module F'.
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(2)=-(4) First we observe that (4) holds for every free module M = @, R, where [ is an indexing
set for a basis of the free module M. In this case, Homg(M, N) = Hompg(®;c; R, N) =
[Lic; N for every module N. The maps are simply the given maps, applied in every
component.

If M is a direct summand of a free module, say M @& N, then the sequence
0 — Homgr(M & N,T") = Homgr(M & N,T) — Homg(M & N, T") = 0

is exact. By the universal property of the direct sum from Remark [1.2.2(3) this exact
sequence is termwise isomorphic to:

0 — Hompg(M,T") x Homg(N,T") — Hompg(M,T) x Homg(N,T) — Homg(M,T") x Homg(N,T")

Note that the kernel of a product of maps is the product of the kernels of the individual
maps, and the image of a product of maps is the product of the images; this we deduce
the exactness of the sequence from (4).

(4)=(1) As Ny — N is surjective, we get a short exact sequence
0 — ker((N; — Ny)) = Ny — Ny — 0
and (4) yields the exact sequence
0 — Hompg(M, ker(Ny — Ny)) — Hompg(M, N;) — Hompg(M, Ny) — 0
and the surjectivity of the second to last map is exactly the statement of (1). O]

Definition 1.4.8 An R-module, that satisfies one (and thus all) of the four equivalent prop-
erties from [Theorem 1.4.7]is called a projective module.

Examples 1.4.9

1. Free modules are projective by [Theorem 1.4.7| (2). For R = Z every projective module
is free since, as we will see later in [T'heorem 4.1.1, submodules of submodules of free
Z-modules are free, in particular, all direct summands of free modules are free. The same
holds, as we will also see later, for every PID R. The Quillen—Suslin theorem says that
every finitely generated projective module over the polynomial ring Fl[zy,...,x,] over
a PID (thus in particular over a field F') is free. We refer to [K80, IV.3.15] and [L02|
Theorem XX1.3.7] for proofs.

2. For R = Ry X Ry with Ry # 0, the R-module M = Ry with (r1,73).m = r; -m is a
direct summand in R; & R = R and thus projective, but not free: in fact, every element
of m € M is linearly dependent since (0,75).m = 0 for all ro € Ry. Thus there are
no (nontrivial) linearly independent families. Note that the ring R = R; X Ry has zero
divisors.

3. Examples of non-free projective modules over integral domains (i.e. rings without zero
divisors) R need some number theory or algebraic geometry:

Let 7 := /—5; consider the commutative ring R = Z[7]. Let M = (2,1 + 7) be the ideal
generated by 2 and 1+ 7; as an ideal, it is an R-module.

We first show that M is not free as an R-module. Suppose M were free. As for vector
spaces, the rank of a free module is a lower bound for the cardinality of a generating
set. (To see this one can argue as in [Theorem 1.3.3| modulo a maximal ideal.) Thus the
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rank of M is at most two. It actually cannot be two, because this would require two
R-linearly independent generators, which themselves are R-linear combinations of 2 and
1+ 7. But 2 and 1 4 7 are linearly dependent over R, which is witnessed bythe relation
3:-24(r—1)(1+7)=0.

Thus the module M is free if and only if it is of rank one, i.e. a principal ideal of R, i.e.
M = (a) for some a € R. We then necesarily have a|2 and a|l + 7. Now we show that
2 is irreducible in R, i.e. is not multiplicatively invertible and cannot be written as the
product of two non-invertible elements. To show this, we define the norm map N: R — Z
by N(z + Ty) := x? + 5y. The norm is multiplicative, N(a - b) = N(a) - N(b), and so
N(b) =1 if and only if b is a unit, i.e. is multiplicatively invertible in R.

Since N(2) =4 and N(1+7) = 6 neither 2 nor 1+7 are units. A common non-unit factor
a of 2 and 1+7 must have N(a) = 2. But for a = 2+ 7y the equation N(a) = 22 +5y* = 2
does not have any solutions for z,y € Z. Thus M is not free. This also implies that M is
a proper submodule of R, since the regular module is free.

To show that M is projective, we consider the surjective morphism provided by the
generating set 2,1 + 71

p: ROR — M
(ri,m) — rm2+r(l147).

This epimorphism has a section:

sr+ (1 +71)y) =(—2x—(1+71)y, (1 —7)x+ 3y).

Thus, by [Theorem 1.4.3] the module M is a direct summand in free module R & R, and
hence projective by [I'heorem 1.4.7]

4. Let X be a connected smooth manifold and £ — X a smooth vector bundle of finite
rank. The space of smooth sections I'(X, F') is a module over the ring C*(X) of smooth
functions on X. If the manifold X is compact, then the module I'(X, E') is projective.
The Serre-Sw ann theorem says that finitely generated projective C*°(X)-modules are in
bijection with vector bundles of finite rank. For details, see e.g. [NO3, Theorem 11.32].

Theorem 1.4.10 Let M be an R°°"-module and 0 — N’ % N 2 N” — 0 a short exact
sequence of R-modules.

1. Then for every R-module the sequence of abelian groups

M@ N Y M @n NS M op N =0

is exact.
2. If M is projective, then even the sequence
0 >Mepr N Moz N> MerN" =0

18 exact.

Compare the first statement with the statement for Hom in [Lemma 1.4.6, One says that
tensoring is right exact, see [Definition 3.1.13
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To see how exactness on the left may fail in [I.4.10] note that for every abelian group A we
have A ®z Z/nZ = A/nA. Indeed, the morphism

A — A@ZZn
a — a®l

has kernel nA. In particular Z ® Z/27 = Z/27 and Q ®z Z/2Z = Q/2Q = 0. Now tensoring
with Z /27 transforms the short exact sequence

0-Z—-Q—->Q/Z—0 into 0—7Z/2Z—0—0—0,

which is clearly not exact.

Proof. e For the first part we have to show exactness at M ®z N” and at M ®r N. Let
r=> m;®n! € M @ N". As N — N" is surjective, we can find preimages n; € N of
the n/ € N”. Then M ® g N — M ®r N’ maps Y _ m; ® n; — x, which establishes the
required surjectivity.

For exactness at M ®r N we consider the quotient
Q = coker(M @p N' 8" M @5 N) = (M @5 N)/Im (M @ N' — M @ N)
idpr®p

as well as the map M @ g N — M ®r N” of abelian groups. The image of idy; ® ¢ is in
the kernel of idy; ® p, so the latter factors through a map

Q — MogN"
[m@n] — mepn)

by
M &®r N
Q---->M®pN"

We claim that this is an isomorphism. Once the claim is proved, the isomorphism theorem
implies Im (M @ g N' = M @p N) =ker(M ®zr N — M ®@p N"), i.e. exactness.

To prove the claim, we construct the inverse map M ®z N” — @Q: to find its image on
m®n” we choose a preimage n € N of n” and set m®n” +— [m ®@n]. This is well-defined:
every other choice of preimage is of the form n + k£ with k£ € ker(p) = Im () and thus
defines the same class in the cokernel Q.

The map thus defined is an isomorphism with inverse [m ® n| — m ® p(n).

e For the second part of the theorem we have to show that injective maps stay injective
upon tensoring M ®pr — with a projective right module M.
We first consider the case when M is not just projective, but actually free, M = ®;c/R.
By distributivity of ®g for direct sums, this case yields

Mog N YL\ @n N

- F

Dicr N’ = DierN
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where the map on every component (indexed by i € I) is given by . Here we have used
R®pr N = N for every N. The lower row is injective if and only if .: N — N is injective.

A projective module M is a direct summand of a free module F' by [Theorem 1.4.7, say
M @& M = F. Again by distributivity of ® g we have a commuting diagram

F®rN' F®p N

[ |

MRNOMIpN —=MINOM 5 N

with the map given as direct sum. Thus it is injective on every summand.

We define two additional notions for modules over a ring:

Definition 1.4.11
1. An R-module M is called flat, if tensoring — ®r M preserves short exact sequences, or
equivalently, if tensoring with M preserves the injectivity of maps.

2. A module is called divisible, if for every 0 # r € R the map M = M, given by scalar
multiplication with r, is surjective.

Example 1.4.12 Exchanging the two sides of the tensor product in [Theorem 1.4.10| shows
that all projective modules are flat. There are, however, flat modules that are not projective:

The Z-module Q is flat. Indded, consider an injective morphism of Z-modules M’ < M.
Then the kernel of the composite map M’ — M — M ®z Q where M — M ®z Q is given by
m — m ® 1, is by Example [1.2.6/4 exactly the set of those m’ € M’, whose image in M is a
torsion element. By injectivity of the morphism M’ — M this can only happen if m’ is torsion
already in M, but then already m' @ 1 =0 € M’ ®, Q.

However, Q is not projective over Z; for otherwise it would admit an embedding into a free
Z-module (even as direct summand), which is impossible as Q is a divisible Z-module, but free
Z-modules are never divisible.

Dual to the definition of projective modules is the notion of injective modules. For a mor-
phism f: T} — Ty of R-modules we consider the morphism of algebras induced by precompo-
sition:

f*: Hom(7,N) — Hom(Ty,N)

o = pof

Note the order of T} and T5 in the Hom-spaces! The proof of the following proposition will be
completed in [Section 3.3|

Theorem 1.4.13 The following statements about an R-module M are equivalent:

1. For every diagram

with exact row there exists a lift (dotted), making the diagram commute.

2. Every short exact sequence 0 — M — N; — Ny — 0 splits.
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3. For every short exact sequence of R-modules 0 — 7" — T — T"” — 0, the induced
sequence of abelian groups

0 — Hompg(T", M) — Hompg(T, M) — Homg(T', M) — 0

is also exact.

Proof. The implication (1) =-(2) is proved analogously to (1)=-(2) in [Theorem 1.4.7| for pro-
jective modules, by reversing the arrows. Similarly, (3)=-(1) here is analogous to (4)=-(1) in
(Lheorem 1.4.7.

We are still missing an analogue of the characterization of projective modules as direct
summands of free modules. This will be considered in (3.3 after which we will complete the
proof here in analogy to [['heorem 1.4.7, O

Definition 1.4.14 An R-module that satisfies one (and thus all) of the three equivalent
properties from [Theorem 1.4.13|is called an injective module.

Theorem 1.4.15 [Baer’s criterion] An R-module M is injective if and only if for every ideal
p in R and every morphism p — M of R-left modules, the lifting property from [Theorem 1.4.13|
holds:

0—>p——> R

M

Proof. e If M injective the lifting property follows from [1.4.13|1 in the special case of R-
modules N; =p and N = R.

e The converse for modules that are not finitely generated is an application of Zorn’s lemma
(see |Appendix Al):

Let 0 — N’ 5% N be an injective morphism of R-modules and f: N’ — M an arbitrary
morphism of R-modules. In the diagram

0—>N——> N

PR

M

we have to find a morphism g defined on all of N, such that the diagram commutes. We
say that g extends f from the submodule N’ to N. To this end we consider the set of all
extensions,

X :={(K,g9)|N'C K CN,g: K— M is an extension of f} .
The set X contains the trivial extension (N, f), and is thus non-empty. We define a

partial order on X by

(K.g) < (K',g) €5 K C K and g'|x = g.

It is straightforward to see that every totally-ordered subset of X has the union as an
upper bound. By Zorn’s lemma X has a maximal element go: Ky — M, and we have to
show that Ky = N.

Suppose Ky # N, then we could find n € N\ Ky and set p := {r € R|r.n € Ky}. This
ideal is not the zero ideal, for otherwise the inner sum K’ := Ky + Rn would be direct.
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In that case we could extend gy to K’ by specifying some value of M as image of n, in
contradiction to the maximality of K.

Now consider the module homomorphism goon: p — Ky 2 M. By assumption it can be
extended to a module homomorphism ¢g: R — M. Consider on K’ := Ky + Rn C N the
extension ¢'(k + rn) = go(k) + g(r). This ¢’ is well-defined because g is an extension of
gomn, ie. agrees with gy on the intersection p = Rn N Ky. But then (K, ¢') > (K, g0), a
contradiction to the maximality of (Ko, go). O

Corollary 1.4.16 A module M over a PID R is injective if and only if it is divisible, i.e. if
the multiplication by any ring element r € R\ {0} is surjective.

Proof. e We show that an R-module is divisible if and only if it satisfies Baer’s lifting
criterion from [Theorem 1.4.15| In the PID R all ideals are of the form p = («) for some
a € R. Consider the diagram

0—(a)— R

; ¢

<

M

Then ¢ is determined by its value ¢(«) on the generator « of the principal ideal and &
by its value on the generator 1 € R.

o If M is divisible, then we can find m € M with a.m = ¢(a). We define the morphism
& by prescribing the value gE(l) := m on the generator 1 € R. For a we then have the
equation é(a) = 0«;3(1) = am = ¢(a), i.e. &\(a) = ¢. Hence, divisible R-modules have the
lifting property for ideals and are, thus, injective by Baer’s criterion from [Theorem 1.4.15|

e Conversely, let M be injective and satisfy the lifting property from [1.4.13] To see that M
is divisible, let « € R\ {0} and m € M be given and we have to find an m € M with
am = m. To this end we consider the previous diagram with ¢ defined by ¢(«) = m, find
¢ using lifting property, and set m := (1) € M. Then we have

m = ¢(a) = ¢(a) = ad(l) = arn .
[l

In particular, an abelian group considered as a Z-module is injective if and only if it is
divisible, i.e. if the multiplication with any n € Z \ {0} is surjective. Examples of injective
abelian groups are the divisible groups Q and Q/Z; examples of non-injective modules are
given by free Z-modules, which are never divisible.

1.5 Simple modules and composition series

We have already met several important classes of modules, such as free, projective, injective,
and flat modules. Finally, we will also consider simple modules; despite the name, their structure
is actually not so “simple”.

Definition 1.5.1

1. A module M over a ring is called simple, if it is nonzero has no submodules except the
zero module and M itself.

2. Similarly, a representation V of a group G is called irreducible or simple, if V' # 0 and 0
and V' are the only subrepresentations of V.
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3. A module M over a ring is called indecomposable, if it is nonzero and there are no two
nonzero submodules Ny and N5, such that M = N; & Ns.

4. Similarly, a representation V' of G is indecomposable, if V' is nonzero and the are no two
nonzero subrepresentations Wy, Wy C V', such that V' is the inner direct sum V' = W;dWs.

Lemma 1.5.2

1. Let R be a ring and M an R-module. Then M is simple if and only if every x € M with
x # 0 is a generator of M. Simple modules are thus, in particular, cyclic.

2. Every generator m of a cyclic module M defines a surjection:

Om: R — M
ro—orm

Its kernel is a mazimal left ideal of R if and only if M is simple.

Proof. 1. Let M be a simple module. Consider for x € M, x # 0 the submodule (x) generated
by x. Since 1.x = z € (x), this submodule is nonzero. Since M has no non-trivial proper
submodules, we must have (z) = M.

Conversely, let us assume that every nonzero x € M is a generator. Suppose U C M is an
arbitrary nonzero submodule. Choose x € U with x # 0; this is a generator of M and thus
M = (x) C U C M. This shows U = M hence M has no nonzero proper submodules.

2. Let M be simple; suppose the kernel were not a maximal left ideal, but rather strictly
contained in a maximal ideal m, i.e. ker¢,, C m C R. Then ¢,,(m) C M would be a
nonzero proper submodule of M, in contradiction to simplicity.

Conversely, let ker ¢,,, be maximal, but suppose there exists a submodule U with 0 C U C
M. Then ker ¢, C ¢,,)(U) € R, in contradiction to maximality of the ideal ker ¢,,, C
R. O

Warning: not every cyclic module is simple. For example the Z-module Z/6Z is cyclic, but by
the Chinese remainder theorem Z/6Z = 7 /27 @ Z/37 not simple. For another counterexample
consider the polynomial ring R = K[X] over a field K and the R-module given by a K-vector
space with an endomorphism consisting of a single Jordan block of size at least two. Finally,
the regular module gz R is cyclic, but typically not simple.

Examples 1.5.3
1. Representations of groups on a K-vector space of dimension 1 are irreducible.

2. If char K # 2 then the group Z/27Z two irreducible one-dimensional representations K.
By Example(1.1.18|(8), every finite-dimensional Z/2Z-representation over K is completely
reducible, i.e. isomorphic to a unique representation of the form

K" ® K" withm,n € N.

3. If char K = 2, then the trivial one-dimensional representation K is irreducible and there
exists a two-dimensional representation P that is indecomposable, but not irreducible,
see Example [1.1.18| (8). Every finite-dimensional representation is isomorphic to

K"® P™ with n,meéeN.

The representation P is actually a free module of rank 1 and, thus, projective and cyclic.
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4. Consider the quotient K[X]/(X?) of the polynomial ring. It has, up to isomorphism, a
single indecomposable projective module and a single, one-dimensional simple module
which is free.

Lemma 1.5.4 Let R be a ring, F a simple R-module, and M an arbitrary R-module.

1. Every homomorphism F — M is injective or zero because the kernel is a submodule of
E.

2. Every homomorphism M — FE is surjective or zero because the image is a submodule of
E.

3. The endomorphism ring Endg(F) is a division ring, i.e. all nonzero endomorphisms are
invertible.

Theorem 1.5.5 [Schur’s lemmal]
Let K be an algebraically closed field and A a K-algebra. Let M be a simple A-module, that
is finite-dimensional as K-vector space, dimyx M < oco.

Then M has no endomorphisms except scalar multiples of the identity:

K =5 Ends(M)
A Aidy '

Proof. As M is simple by assumption, we have M # 0. Every endomorphism ¢ € End4(M) has
at least one eigenvalue A since dimg M < oo and K is algebraically closed. The corresponding
eigenspace the kernel of the module homomorphism ¢ — X idy; and thus a submodule of M. As
M is simple, the kernel must be equal to M, i.e. ¢ = X idyy. [

Remarks 1.5.6

1. For a finite group G, the group algebra K[G] is finite-dimensional over K and so is every

irreducible representation V', since it appears as a quotient of K[G] by [Lemma 1.5.2| For
such V' we can drop the separate assumption on finite-dimensionality in Schur’s lemma.

2. Every finite-dimensional irreducible representation of an abelian group over an alge-
braically closed field is one-dimensional. This is because every group element g € G acts
on a finite-dimensional representation by an endomorphism p(g) of the representation:

p(g)p(h) = p(gh) = p(hg) = p(h)p(g) for all he G .

Schur’s lemma [1.5.5] now implies that all group elements act by multiples of the iden-
tity, and so the representation can be decomposed into a direct sum of one-dimensional
subrepresentations.

3. We consider an example over the field of real numbers. The group of fourth roots of unity
in the complex numbers, G = {+1+i} = Z, acts by multiplication on the two-dimensional
R-vector space V' = C. They act by rotations, thus there are no invariant one-dimensional
subvector spaces. We thus obtain an irreducible real representation of G on C, but we
also have

K=R ; Endg(V) = C

as R-algebra. Indeed, the field R is not algebraically closed, so that we cannot apply
Schur’s lemma [1.5.5, Note, however, that the endomorphism ring C is a division ring over

the field R, compatible with [Lemma 1.5.4]
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4. Let K C L be a proper field extension. Then the K-vector space V = L carries a
representation of the group G = L* over K. Every element of L \ {0} is a generator for
the L*-action, so the representation is irreducible by [Lemma 1.5.2| In this example

EndgV =L |

which is not equal to K, even when K is algebraically closed. But for algebraically closed
K a proper field extension L/K is not finite-dimensional!

A natural question is, how to build modules from simple modules. This leads to the following
definition:

Definition 1.5.7 Let R be a ring and M an R-module. M is said to be of finite length if
and only if there exists a finite chain of submodules

M:MTDMTle...DM[):O,

such that all quotient modules M;/M;_; are simple. Such a chain is called composition series
of M, the modules M;/M,; ; are called subquotients of the composition series. The minimal
possible length r of a composition series is called the length of the module M.

We will see that a version of the theorem of Jordan-Holder holds for modules. The subquo-
tients are unique up to ordering and are called the composition factors of the module M.

For this we will need the following important lemma.

Lemma 1.5.8 [Nine lemma] Consider a diagram of modules with short exact rows:

AIQA?AII

L1 1
o I

Bl(é B s B//

Lo o
Y1 l P2 l p3 l

C/(_)_ C—>> C//
L3 3

such that the vertical composites are zero, i.e. ¥; o ¢; = 0 for ¢ = 1,2, 3. Suppose the diagram
is commutative in the sense, that all 4 squares commute. Now if two of the columns are short
exact sequences, then also the third column is a short exact sequence.

Proof. We only consider the case, in which the left middle column are assumed to be short
exact sequences.

e The surjectivity of ¥3 follows from the commutativity of the lower right square, 130wy =
73 0 9. This implies

Im (¢3) 2 Im (wg (@] 7T2) — Im (7T3 o wQ) — O//,
since 73 and 1, are surjective by assumption.

e To show the injectivity of 3 we consider a” € A”, such that p3(a”) = 0. By surjectivity
of m; we find a preimage a € A under 7y:

mi(a) =a".
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Define b := ¢y(a) € B. This element has two properties:
Pa(b) = Yo pe(a) =0 because 1y 0y =0
ma(b) = mopaa) =pzom(a) = ps(a”)=0.
The last property and the exactness of the second row let us find a ' € B’, such that
b=1(1)
and the first property then implies
130 Y1 (D) =g 0 15(b') = hy(b) = 0.

As 3 is injective, we deduce 1 (V') = 0. Now we use the exactness of the first column to
find a preimage of &’ in A’, i.e.

bV =¢i(a') with o € A"
We now compute ¢y 0 t1(a’) = 1ap1(a’) = 12(b') = b = pa(a). Now s was assumed to be

injective, so we have i1(a’) = a. Then we get ¢ = m(a) = mi1(a’) = 0 by exactness of
the first row, which shows that ¢3 is injective.

e Im 3 C ker 13 was already part of our assumptions, so we have to show the reverse
inclusion. Let 0" € kers. As my is surjective we find a preimage b € B, such that
mo(b) = U". We compute

0 = 3(b") = 13 0 Ta(b) = 73 0 P(b),

which, by exactness of the third row, implies that ¢ := 15(b) can be written as i3(c') = c.
As 1)y is surjective we find a preimage b’ € B’, such that ¢ (0') = . We consider the
difference x; := —12(b') + b € B:

mo(xy) = —To01a(b) + ma(b) = ma(b) = b"
Ua(ap) = —thata(V) +2(b) = —1s1 (V) + ¢
= —u3(d)+ec=—c+c=0.

By the last equation and exactness of the second column there exists a € A, such that
pa(a) = xp. Set a” := m(a) and compute

p3(a") = p3om(a) =m0 pa(a) = me(xp) = 0"
Thus we have b” € Im ¢3; and so the right column is exact. ]

The technique used in this proof is called a diagram chase.

Theorem 1.5.9 [Jordan-Holder theorem]
1. If a module M has finite length, then so does every submodule N C M and every quotient
M/N of M, and
U(M)=L(M/N)+{(N).

2. Any two composition series of a module of finite length have equal length and subquotients
that are isomorphic, up to reordering. I.e. if

M=M>M_1>...OMy=0, and M =M, DM, 1>...OMy=0

are two composition series of a module M, then r = s and there exists a permutation
o € S, with o
Mi/Mifl = Ma(i)/MU(i)—l for all 7.
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Proof. Let M be an R-module with composition series
M=M.D>...OMy=0
and N C M a submodule. We consider the canonical surjection
can: M — M = M/N
and the submodules

Ni = Mz NNCN and Ml = can (MZ) cM

In the commutative diagram

Nioy —= N; — N;/N;4
I \ \
My — M, — M;/M;_
I 1 |

Mi—l — Mi - Mi/ﬁi—l

the rows are exact and the first two columns are exact. By the Nine we get for
every ¢ = 1,...r a short exact sequence

N;i/Ni—1 = M;/M;_ — M@'/Mifl . (%)

The quotient module M;/M; 1 in the middle is a composition factor of M and thus sim-
ple. Then the quotient modules N;/N;_; and M;/M;_; have to be zero or simple too. More
specifically, N;/N;_; is zero if and only if M;/M;_, is a simple module. After omitting those
modules Nj;, for which the quotient is zero is, the remaining N; form a composition series for
the submodule N. Conversely, the nonzero M; /Mi,l form a composition series for the quotient
M/N. We deduce that all submodules and all quotients of M have finite length. From the short
exact sequence (x) we also deduce

UN) + ((M/N) = ((M) .

2. is proved by induction in the length of the module. The induction start ¢(M) = 1 is imme-
diate. Now consider two composition series for the module M:

M>X>---2>(0) and MDY D---D(0)

If X =Y, then we may use the induction hypothesis. Otherwise we consider the canonical
surjection
T M— M/Y.

The module M/Y is simple, and so 7(X) = M/Y . To see this, note that otherwise we would

have 7(X) = 0, and so X C Y. But by [Lemma 1.5.2l2 X is maximal as it is the kernel of a
surjection onto a simple module; i.e. X =Y.
Thus 7 induces an isomorphism of modules

X/(XNY)=M/Y. ()
By exchanging X and Y we analogously get

Y/(XNY)=2M/X. ( * *)
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Now we choose a composition series of the intersection X N'Y and compare the following
four composition series of M:

M > XD>---D(0)
M > XD>(XNnY)D---D(0)
M > YDO(XNnY)D---D(0)
M > YD>---D(0).

The first and the second composition series are equivalent by the induction hypothesis applied to
the module X. By an analogous argument the third and fourth composition series are equivalent.
Finally, the second and the third composition series are equivalent by the isomorphisms ()
and (x * x). O

Corollary 1.5.10 Let R be a ring that has finite length as left module over itself. Then
every simple R-module M is a quotient of R, considered as left module over itself, and thus
appears in every composition series of R as subquotient.

Proof. By every generator of M yields a surjection ¢: R — M. Thus there

exists a composition series of the form R D kerp 2 ..., in which R/kerp = M appears as
composition factor. By the Jordan-Holder [['heorem 1.5.9| M appears in all composition series
of R as subquotient. O

Corollary 1.5.11 Let R be a ring that has a field K as subring. If R is finite-dimensional
over K, then there exist at most dimy R distinct simple R-modules up to isomorphism.

Proof. Every R-module M is also a K-vector space by restriction of scalars. If M is simple,
and thus nonzero, we have dimy M > 1. For general M we have ¢(M) < dimg(M). By
|Corollary 1.5.10| every simple module appears in all composition series of R as subquotient, so
there are at most ¢(R) < dimg(R) distinct simple R-modules. O

The statement holds, in particular, for finite-dimensional K-algebras and thus for the group
algebras of finite groups from |[Definition 1.1.16]

Theorem 1.5.12 Let G be a finite group and K a field. Then there exist at most |G| distinct
isomorphism classes of irreducible representations of G' over K.

Proof. By [Lemma 1.1.19 we can consider representations of G as modules over the group ring
K[G]. The claim then follows directly from |Corollary 1.5.11] since dimg K[G| = |G]|. O
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2 Categories, functors and natural transformations

In this chapter we introduce categorical language that allows a very efficient description of
constructions for modules over rings (and similar constructions in many other areas of mathe-
matics). The essential feature here is that one simultaneously considers mathematical structures
and their structure-preserving maps. As references for category theory, we recommend the clas-
sical work [McL71] as well as [R16] and, for the German reading audience [B16].

2.1 Categories

Definition 2.1.1 A category C consists of a class ob C of objects and a class mor C of
morphisms, together with the following maps:

1. The identity map id: ob C — mor C
2. The source and target maps s,t: mor C — ob C

3. The composition map o: mor C X, ¢ mor C — mor C. Its preimage consists of those pairs
(x,y) € mor C x mor C, for which s(z) = t(y).

These maps are required to satisfy the following axioms:
1. Home¢(a,b) := {f € mor C|s(f) = a,t(f) = b} is a set and not a proper class.

2. soid =toid =idy, ¢
(“source and target of the identity on an object X is X itself.”)

3. 5(fog)=s(g), t(fog)=1t(f)
(“target of a composite is the target of the map applied last, source of a composite is the
source of the map applied first.”)

4. idt(f) o f = f, f 9] lds(f) = f
(“composition with identity morphisms is the identity.”)

5. fo(goh)=(fog)oh, whenever the composition is defined (associativity).
We immediately define

Definition 2.1.2 Two objects ¢, in a category are isomorphic, if there are morphisms
f € Home(c.d') and g € Home(c/, ¢) such that go f = id. and fog = idys. We then write ¢ = ¢/.
Isomorphism is an equivalence relation. The equivalence classes are called isomorphism classes.

Examples 2.1.3
1. The category Set of sets, whose objects sets and whose morphisms are maps of sets.

2. Similarly one defines the categories Grp of groups and Ab of abelian groups. For a com-
mutative ring R one also defines the category Algy of R-algebras and the category Alg},
of unital R-algebras.

For rings R and S one defines the categories R—Mod of R-left modules, Mod—R of R-
right modules, and R-S—Bimod of R-S-bimodules. We use the notation vecty for the
category of vector spaces over a field K.

3. Top: the objects are topological spaces and the morphisms are continuous maps.

40



4. If the objects form a set rather than a proper class, then the category is called small.

We explain why in the definition of a category we talk about sets and classes: for applying
category in practice one would like to have a notion of a “category of all sets” and, for
constructing interesting categories, for a given a property ¢(x) of a set x, also a category
“Yz|p(x)}” of all sets having the property . Famously, this leads to contradictions, such
as the one of the category of all sets that are not elements of themselves.

A solution to this problem is to restrict the application of ¢ to be allowed only for sets
that are elements in some specific set 4 (where it is supposed that the notion of a set
is defined, e.g. by working with Zermelo-Fraenkel axioms.) Further, such a set £l must
be sufficiently nice — technically speaking, it must be a universe (for details see [McLT1l
Sect. 1.6]). All mathematical constructions are then carried out inside the universe 4. A
set that is an element of 4l is called small (relative to ). It should be appreciated that,
with this definition, sets that are small in terms of cardinality are not necessarily {-small;
for example, the one-element set {{} is not LU-small. Functions between small sets relative
to 4 can be constructed inside . This yields for each universe 4l a category of il-small
sets.

A category C is now called $-small if the set ob (C) of objects is in 4. The category of
$l-small categories is not U-small, because this would imply i € 4, thus violating the
axioms of a universe. A class C (relative to a universe i) can then be defined as an
arbitrary subset C' CAl. It follows that every i-small set is a 4-class, but the converse is
not true. Using classes, we can now talk about the category of i-small categories.

The choice of U is usually supressed in the notation. It is common to enlarge the axioms
of set theory by requiring that for any set X there is a universe 4 such that X € i, which
in particular ensures the existence of universes.

5. The empty category and the category with exactly one object with its identity morphisms
are the two smallest categories. More generally, for every object a of a category, Hom(a, a)
is a unital associative monoid. Categories with one object are in fact in bijection with
unital monoids. If G is an associative unital monoid, we write BG or x//G for the corre-
sponding one-object category.

6. If R is even a ring, the hom-set of the one-object category BR has the structure of an
abelian group and composition is bilinear. If A is even an R-algebra over a commutative
ring R, the hom-set of the one-object category BA has the structure of an R module and
composition is bilinear and thus induces a map Hom(x*, *) ® g Hom(x, *) — Hom(x, %).

7. Groups are in bijection to categories with a single object, in which all morphisms are
isomorphisms. For a group G we denote the associated category with one object with
x//G. Categories, in which all morphisms are isomorphisms, are called groupoids.

8. Partially-ordered sets: Let (X, <) be a partially-ordered set, considered as a category X,
whose objects are the elements of X and Homy (x,y) is a one-element set if z < y and
empty otherwise. The composition is thus uniquely determined, since there is at most one
map between any two objects.

9. The identity is a particular example of a partial order that can be considered on any set
X. Any set X thus gives rise to a category X whose objects are the elements of the set
and that has only identity morphisms. Such a category is called a discrete category.
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10. The category of finite ordinals A has as objects the totally ordered sets [n] =
{0,1,2,...n} and as morphisms order preserving maps.

We discuss some examples of morphisms in the category A: The coface maps
d: [n—1 — [n] for0<i<n

with d'(j) = j for 0 < j <i—1and d(j) = j+1 for i < j < n are strictly monotonously
increasing and omit the value 7. The codegeneracy maps

s: [n+1 — [n] for0<i<n

with s'(j) = jfor j =0,...4,s(i) = s'(i+1) = iand s*(j+1) = j—1for j = i+1,...n+1
are strictly monotonously increasing, except for taking twice the value 7. We find the

relations
didi = didi-! iti<j
slst = gigith ifi <j
sidt = disi—t ifi <y
sidt = id = s'd*t
sidt = di1s iti>j+ 1.

These maps can be seen as a set of generators for the morphisms of A in the sense that
any morphism in A is a composition of these morphisms. The relations given can be seen
to be the only relations in A.

Definition 2.1.4 Let C, D categories.

1. The category C°PP is the category with the same objects as C, but with morphisms
Homeors (a, b) := Home(b, a) and the composition f oy, g :=goc f .

2. The category C | [ D is the category, whose objects and morphisms are the disjoint unions
of the objects resp. morphisms of C and of D.

3. Similarly one define C x D, the Cartesian product category. One can also construct infinite
disjoint unions resp. products.

4. A subcategory of a category C is a category S whose objects are objects in C and whose
morphisms are morphisms in C with the same identities and composition of morphisms.
A subcategory S is called a full subcategory of C if for each pair of objects X, Y € S, we
have Homg(X,Y) = Home(X,Y).

Next we have to introduce “maps” between categories. They have to act on objects and
morphisms.

Definition 2.1.5 Let C and D be categories. A functor F': C — D assigns to each object
¢ of C an object F(c) of D, and to every morphism f € Home(c, ) a morphism F(f) €
Homp(F(c), F()). These assignments have to satisfy:

1. F(id,) = idp.
2. F(fog)=F(f)oF(g).

A functor F': C — D°PP is also called contravariant functor from C to D. If we wish to emphasize
the difference, we call functors C — D covariant.
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This is clearly the same data as a functor F': C°?* — D; a contravariant functor “switches
the direction of arrows”.

Examples 2.1.6

1.

10.

For an any category C, there exists an identity functor id: C — C, defined as the identity
on objects and morphisms.

. The functor U: R—Mod — Ab, that sends R-modules to their underlying abelian groups.

Functors of this kind are called forgetful functors. Another important forgetful functor
Grp — Set sends a group to the underlying set.

. For G a group, a functor F,: BG — vectk is the same as a K-linear representation of the

group G. For aring R, a functor BR — Ab, where Ab is the category of abelian groups, is
an R-module. Similarly, a functor BR°®® — Ab is a right R-module and B(R ® R°PP) —
Ab an R-bimodule.

. Every ring homomorphism ®: R — S defines a functor that performs restriction of scalars

S—Mod — R—Mod, see |Lemma 1.1.23| For example, by restriction of scalars along the
inclusion R < C we may view every complex vector space as a real vector space.

. The functor F' = —*: vectx — vecty’, that sends vector space to their dual spaces,

F(V) =V*, and linear maps to their dual maps, F(f) = f*.

. The functor F =*": vectx — vectyg that sends vector space to their double dual spaces,

F(V) =V** and linear maps to their double dual maps, F(f) = f**.

The functor J]: Set x Set — Set, that sends two sets X, Y to their disjoint union X []Y,
and the functor [[, that sends pairs of sets to their Cartesian product.

. The functor ®g: R°®*—Mod x R—Mod — Ab. If the ring R is even commutative, then

one obtains functors into the category of R-modules.

. Let C be an arbitrary category. For every object W in C we define as in a

covariant functor

Hom(W, —): C — Set

on objects by
Hom(W,—): X +— Hom¢(W, X) .

A morphism X 5 Y is sent to the map of sets given by precomposition

w.:  Home(W,X) — Home(W,)Y)
f = opof .

It is straightforward to check that this defines a functor. with values in the category of
sets.

Let C again be an arbitrary category. For every object W in C we define as we did after
|[Example 1.4.12| a contravariant functor, i.e. a functor

Hom(—,W): C — Set°?

on objects by
Hom(—,W): X — Hom¢ (X, W) .
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11.

12.

13.

A morphism X % Y is sent to the map of sets given by postcomposition

¢*: Home(Y,W) — Home(X, W)
f = foyp .
It is straightforward to check that this defines a contravariant functor. with values in the

category of sets.

The morphism sets Home (-, -) of the category C = R—Mod of modules over a ring R, the
morphism sets carry the structure of abelian groups. One says that the category R—Mod
is enriched over the category Ab. In this case, we have a functor

Homp: R°?*—Mod x R—Mod — Ab

If the ring R is even commutative, then one obtains functors into the category of R-
modules.

Let C be the category with two objects 0,1 and only two morphisms 0 > 1 and 0 L1
different from identities. A functor C°P? — Set is an oriented graph.

A simplicial set is a presheaf on the simplex category A introduced in [Examples 2.1.3}
that is, a functor X : A°P — Set from the opposite category of the simplex category to
the categorySet of sets. More generally, a simplicial object in a category C is a functor
X AP — (.

Let X be a topological space. Consider the functor |- | : A — Top that assigns to an
object [n] € A the standard n-simplex in R"™!. The functor

Homro,|(] — |, X) - A°PP — Set

is a simplicial set. Composing it with the functor that assigns to a set the corresponding
freely generated R-module gives a simplicial object in R—Mod which is central in algebraic
topology.

Definition 2.1.7 Two categories C,D are isomorphic, if there are two functors F: C — D
and G: D — C, such that G o F' is the identity functor on C and F o GG is the identity functor

on D.

2.

Remarks 2.1.8
1.

We already know examples of isomorphic categories:

— For every ring R the categories of R-right modules and the category of R°PP-left
modules are isomorphic, see [Remarks 1.1.6]

— For every field K the category of K[X]-modules and the category of K-vector spaces
with a K-linear endomorphism are isomorphic, see [Lemma 1.1.15]

— For every field K and every group G the category of K-linear G-representations and
the category of K[G]-modules are isomorphic, see [Lemma 1.1.19]

Isomorphism of categories is, as we will see, a too narrow notion.

To compare categories in an adequate way it is important to have structures that relate
functors. For example, recall that a functor F,: x //G — vecty is the same data as a K-linear
representation of G, but we have not yet seen the categorical concept that would correspond
to a morphism of representations.

44



As another example, we consider the category vectx of K-vector spaces for a field K. Both
the identity and the double dual functor —** are endofunctors

id, —**: vectx — vecty .
For every object in the category, i.e. every K-vector space V', we have a linear map

ty: Vo VU
vo= (e p(v)

that is an isomorphism whenever V' is finite-dimensional. Via this map one often identifies a
finite-dimensional vector space with its double dual space. Here we relate the two functors
id and —**, by assigning to every object of the source category a morphism in the target
category between the two images of the object under the two functors. These maps satisfy
certain relations and this leads to the following definition.

Definition 2.1.9
1. If F,G are functors from a category C to a category D, then a natural transformation
N: F — G, sometimes denoted F' = (G, is an assignment that sends an object ¢ in
the category C to morphism N.: F(c¢) — G(c) in the category D, such that for every
morphism f € Home(c, ) in the category C the following diagram in the category D
commutes:

2. If all components N, of a natural transformation are isomorphisms in the category D,
then we call it a natural isomorphism.

Examples 2.1.10
1. For the restriction of the two endofunctors

id, —**: vect], — vect).

onto the subcategory vectj;( of finite-dimensional K-vector spaces the isomorphisms re-
called above define a natural isomorphism id — —**.

2. For a small category C and an arbitrary category D, one can define the functor category
[C, D], whose objects are the functors F': C — D and whose morphisms are the natural
transformations between the functors. The readers are encouraged to check that all axioms
of a category are satisfied. We have, for example, R—Mod = [BR, Ab|.

3. Let C be the totally-ordered set [n] := {0,...,n}, that we consider as a small category
as in Example 2.1.3/6. A functor [n] — R—Mod is the same as a sequence Ry — R; —
... — R, of R-modules and maps between them. A natural transformation between two
such functors R and S is a commutative diagram of the form

Ry - Ri—~> ... = R,
1 \ \
So — S1—~> ... = S5,

This gives us a notion of morphisms for when two sequences of modules and morphisms,
and by restriction, also for complexes. Since simplicial sets have been introduced in
as functors, we obtain a category of simplicial sets and, more generally, of
simplicial objects in a category.
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4. In the same way, we get a category Graph of directed graphs. Considering categories with
functos as morphisms as a category Cat, we obtain a forgetful functor U : C'at — Graph.

Natural transformations allow us to weaken the notion of isomorphism of categories. It is
often problematic to require two objects of a category to be equal, the more natural requirement
is isomorphism. For a small category C the functors C — D form the functor category from
l[Examples 2.1.10] Correspondingly, it appears unnatural to require the two composites F' o G
and G o F' of two functors to be equal to identity functors.

Definition 2.1.11 Let F': C — D be a functor between two categories C and D. Then F' is
called an equivalence of categories, if there exists a functor G: D — C and natural isomorphisms

e:GoF —ide and n:idp — FoG .

In words, a functor F' is an equivalence if there exists an “inverse” functor GG, such that the
composites ['o G and G o F' are, not necessarily equal, but at least naturally isomorphic to the
appropriate identity functors.

We give another characterization of the notion of equivalence.

Definition 2.1.12

1. A functor F': C — D is called full/faithful/fully faithful, if all maps F': Home(c,d) —
Homyp(F'(c), F(d)) on Hom-spaces are surjective/injective/bijective.

2. A functor F': C — D is called essentially surjective, if for every object d of D there exists
an object ¢ in C, such that F(c) and d are isomorphic, F(c) = d.

Theorem 2.1.13 A functor F': C — D is an equivalence of categories if and only if it is fully
faithful and essentially surjective.

Proof. e Let F' be a equivalence of categories with functor G: D — C and natural isomor-
phisms 7: idp = FG and e: GF = ide. Then for every object W € D there exists an
isomorphism ny : W = FG(W), which implies that the functor F' is essentially surjective.

e For every morphism V LV in C the naturality of € : G o F' — id¢ yields a commuting
diagram
GF(V)—=—=V (%)

ey
x| |

GF(V) ==V .

€y

Now the assumption F(f1) = F(f2) implies G(F(f1)) = G(F(f2)) and thus f; = f» using
(x), so is F is faithful. Using the natural isomorphism 1 we also get that the functor G is
faithful.

e To show that the functor F' is full, consider a morphism g: F(V) — F(V') in D. Set
fi=epoG(g)ey: V — V' then the commuting diagram (x) implies the identity

evi o GF(f))ey! 2 f = evr o Glg)e

and so GF(f) = G(g). As G is faithful, i.e. injective on morphisms, this implies F'(f) = g,
and so the functor F is full. Analogously one shows that G is full.
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e Conversely, suppose that F': C — D is an essentially surjective and fully faithful functor.
Using essential surjectivity of F' we can find for every given object W € D an object
G(W) in C and an isomorphism ny: W = F(G(W)). (Here we may need to use the
axiom of choice.)

For a morphism ¢g: W — W’ in D we consider
nwrogony: FGW) =W — W' — FG(W') .

Since the functor F' was assumed to be fully faithful, there exists a unique morphism
G(g): G(W) — G(W') that maps to ny o gony, under F. It is straightforward to check
that this defines a functor G' and that n: idp — F'G is a natural transformation.

e We still have to define a natural isomorphism e5: GF — ide. For an object V' in C we
have an isomorphism

and thus 77;(1‘/)5 FGF(V) — F(V). Since F' was assumed to be fully faithful, we can

define ey : GF(V) = V as the unique preimage of the morphism 77;(1\/) under F. It is
straightforward to check that this defines a natural isomorphism.
O

Examples 2.1.14

1. We give an example for two equivalent categories: the category vect{( of finite-dimensional
K-vector spaces is equivalent to the category with an object [n] for every n € N — we
think of this as the vector spaces K™ — and with matrices as morphisms Hom([n], [m]) :=
M(n x m, K). composition is matrix multiplication. Note that the category vecty has
the property that morphisms spaces are themselves objects in the category, i.e. vector
spaces. But the second category does not have this property! This makes, for example,
the definition of the dual vector space less straightforward. For practical purposes, the
second category is still very useful, though.

2. A generator of a category C is an object X, such that the functor Hom(X, —) : C — Set
is faithful. Let A and B be rings. Then the following statements are equivalent:

(a) The categories A-mod and B-mod of left modules are equivalent.

(b) The categories A°PP -mod and B°PP-mod are equivalent.

(c) There exists a finitely generated projective generator P of A-mod and a ring-
isomorphism B = End4(P).

For the proof of this statement, known as Morita’s theorem, we refer to the literature,
e.g. [P97, Chapter 4].

We are working towards an important category-theoretical lemma, for which we need to
consider functors into the category Set of sets. Recall from [Examples 2.1.6|9 that for every
object ¢ of a category C we have the functor:

Yo := Home(c, —): C — Set
This gives rise to a special class of functors C — Set.

Definition 2.1.15 Let C be a category. A functor F': C — Set is called representable, if it
is naturally isomorphic to a functor y. for an object c. In this case we say that the object ¢
represents the functor F' and call ¢ a representing object.
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Examples 2.1.16

1. Let F': Ring — Set be the forgetful functor that sends every ring to its underlying set.
Then we have by [Theorem 1.1.12| for every ring R the isomorphism of sets

HomRing(Z[X],R) — F(R)
p o= p(X),

These morphisms are compatible with ring morphisms and thus define a natural isomor-
phism. Thus, the polynomial ring Z[X] represents the forgetful functor from rings to
sets.

2. Let F': Ring — Set be the functor that sends ring every R to its set of units R*. This func-
tor is represented by the quotient ring Z[X,Y]/(XY —1). Indeed we have an isomorphism

of sets
Hompging (Z[X,Y]/(XY —1),R) — R*

e = p(X),
where the inverse sends r € R* to the ring morphism defined by X + r, Y s r~1,
Here we have examples of an important technique of constructing objects in categories,
namely by first constructing a functor to Set and then checking that it is representable. One
would then also like to know that the representing object is unique. This is a consequence of

the following lemma on functors into the category Set, which plays a central role in category
theory:

Theorem 2.1.17 [Yoneda lemma]

1. Let C be a category, F': C — Set a functor, and ¢ € C an object. Then the natural
transformations Hom(y,, F') form a set.

2. Consider the map
Hom(y., ) — Homsge(yc(c), F(c)) dof Homgei(Home(c, ), F(¢)) —  Flc)
N — N, = N(id.)

where the first arrow is the projection of the natural transformation onto its component
at ¢ and the last arrow is given by evaluation at id.. This map is a bijection of sets.

Proof. If N: y. — F' is a natural transformation, then by definition we have a commutative
diagram for every morphism f: ¢ — ¢ in C, namely:

e(f)
Ye(c) y_>yC<C/)

lNc

Fe) 2L p(en

If we track the image of id. € y.(c) = Home(c, c¢) through the diagram and use for the path
that first goes horizontally and then vertically that

Nc’(yc(f)(ldc)) = Nc’(f*ldc) = Nc’(f)

we obtain the equation

Ne(f) = F(f)(Ne(ide))
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for every f € Hom(c, ') = y.(c’). Thus the natural transformation N depends only on element
N.(id.) € F(c), which proves the injectivity of the Yoneda map.
Conversely, every element x € F'(c) for a fixed object ¢ of the category C determines a map

of sets
Home(c,d) = y.(¢) — F()

[ N(f) = F()()

which assembles to a natural transformation */N: y. — F' of functors C — Set. [
The Yoneda lemma has many consequences. First we use it in the following observation:

Observation 2.1.18
1. Suppose the functor F' is also of the form F' = y» = Hom(c’, —). Then we find bijections

Hom(d, ¢) = F(c) = Hom(ye, ye)

The morphism f € Hom(c, ¢) is sent to the natural transformation y. — y~, which acts
on the object d by

f*: Hom(¢,d) — Hom(d,d)
Y = po
We have thus found a functor
C°PP — [C, Set]

with ¢ — y.. This functor is fully faithful; it is called the Yoneda embedding. Its image
are the representable functors.

2. Thus the functors Hom(¢/, —) and Hom(¢, —) are isomorphic, if and only if the objects ¢
and ¢ are isomorphic. In particular: if a functor F': C — Set is representable, then the
representing object is unique up to isomorphism.

3. Applying the same observation to the functor
Hom(—,d): C°P? — Set

we find that the functors Hom(—,d) and Hom(—,d’) are isomorphic if and only if the
objects d and d’ are isomorphic. We obtain a second Yoneda embedding

C — [C°PP, Set]

that sends ¢ — Home(—, d). It maps objects on C to presheaves on C.

2.2 Limits and colimits

Definition 2.2.1
Let ' be an (essentially) small category and C be a category.

1. A functor F' : I' — C is called a diagram of shape I with values in C. The functor category
[I',C] is called the category of diagrams of shape I with values in C. Its morphisms are
just natural transformations.
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2. A cone to a diagram F' is a pair (NN, 1)), consisting of an object N € C, together with a
family (¢, : N — F(7v))yer of morphisms indexed by the objects v € I', such that for
every morphism f : vy — +"in I', we have F(f) o, = ..

N
N
e /
FO) 55— F()
The object N € C is called the summit or the apex of the cone.

3. A limit of the diagram F' : I" — C is a cone (L, 7) to a diagram F with the universal
property that for any other cone (N, ) to F' there exists a unique morphism u: N — L

such that 7, ou =1, for all v € I'.
N
|
N lu ww,
¥
L \
(V) ——F7—F0)

P
E £(f)

We write L = limrp F'.

4. The definition of a cocone and a colimit is dual, i.e. obtained by reversing arrows. The
object in a cocone is also called the nadir. We write colimp X for the colimit.

Categorical language generally follows the design principle that an X in C corresponds to a
co-X in COPP,

Examples 2.2.2 1. Let I' be a discrete category, i.e. a category with only identity arrows,
cf. [Examples 2.1.319. A diagram of shape I' is then simply a family of objects (V) er
indexed by I'. A cone with apex N is then a family of morphisms (¢, : N — X, ) er.
Assume that the limit (L, 7) of this diagram exists. By definition, given any object N
and family of maps (¢, : N = X, ),er, there is a unique morphism u : N — L such that
7, 0 u = 1. Denoting the limit by L =[] N X, this amounts to an isomorphism

Home(Y, T, X,) — I, Home(Y, X,)
u = (TyoU)yer

which is just the universal property we encountered for products of modules.

2. Dually, the colomit C'is a cocone, i.e. comes with structure morphisms (¢, : X, = C) er
such that we get an isomorphism isomorphism

Home(IT, X,,Y) — T[], Home(X,,Y)
u = (WO Ly)er

This leads to the following definition:

20



Definition 2.2.3 Let I' be a discrete category and X : ' — C a diagram of shape I'. This
is the same as a family of objects indexed by the set of objects of I'. We write for diagrams of
shape I'

L[)CY :=colimrX and HX,Y = hImX

v gl

and call the limit a product and the colimit a coproduct of the family (X, ) er of objects in C.

Remarks 2.2.4
1. There are categories, in which not all products and coproducts exist. But if they exist,
then their universal properties imply that they are unique up to unique isomorphism.
This justifies giving a (co)product a definite notation.

2. The coproduct in the category Set of sets is disjoint union. The product in the category
Set of sets is the Cartesian product.

3. In the category of R-modules the direct sum and the direct product from [Definition 1.2.1]
are exactly the categorical coproduct resp. product, see Remark (2).

4. The Cartesian product of rings is also a categorical product in the category of rings. The
tensor product is the coproduct in the category of commutative rings, although not in the
category of all rings, cf. [Remarks 1.2.12]5.

Examples 2.2.5 1. Consider the empty family and assume that the corresponding co-
product [, exists in a category C. Given any object M € C, there is a single cocone
over the diagram indexed by () with nadir M, namely the empty family. By the universal
property of the coproduct, there exists a uniquely determined morphism [, — M. This
shows that [[, is an initial object in C. This is an object 0 € C, from which there exists
a unique morphism to every object of C.

2. Dually, a product ][, with values in C is a terminal object of C.

3. The terminal object in the category Set of sets is any singleton set {*} with one element.
The empty set is an initial object. In the category R—Mod, the zero module is both an
initial and terminal object.

Definition 2.2.6 Consider a diagram of the shape
f
N—/7M
g
with values in any category C, i.e. M, N € C. We say that f, g is a pair of parallel morphisms.

1. We call the limit of this diagram, if it exists, the equaliser or difference kernel of the
parallel pair of morphisms f and g.

2. We call the colimit of this diagram, if it exists, the coequaliser or difference cokernel of
the parallel pair of morphisms f and g.

Remarks 2.2.7 1. Spelling out the definition of a limit explicitly, we see that the difference
kernel is a morphism Eq — N, such that for any diagram

f
Eq—=N—7=M
\ g
AN Th
EI7NN
X
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with a morphism A : X — N such that f o h = g o h, there exists a unique morphism
h: X — Eq such that the left triangle commutes. If Hom(z,y) is even an abelian group
for all objects x,y € C, then the difference kernel is just the kernel of the difference f — g
of the morphisms.

2. Dually, the coequalizer is a morphism M — Coeq, such that for any diagram

f
N—=M ——- Coq
9 v

Ve
" =
X

with a morphism h such that ho f = hog, there exists a unique morphism h: Coeq — X.
If Hom(z,y) is even an abelian group for all objects z, y, then the difference kernel is just
the cokernel of the difference f — g of the morphisms.

3. The tensor product of a right R-module (M, p) and a left R-module (N, \) is the coequal-
izer of the two morphisms

p®ZidN7idM®Z>\Z M®ZR®ZN—>M®ZN
of abelian groups.

4. Dual to the notion of a ring is the notion of a coring. A ring is a monoid in Z-Mod.
A coring is a monoid in the dual category, or, more explicitly, an abelian group C' with
comultiplication A : C' — C' ® C that is coassociative and counital. Dual to left modules
is the notion of a left comodule, i.e. an abelian group M with a coaction 6 : M — C'® M.
The cotensor product of a right and left comodule is then defined as an equalizer of the
coactions,

pRzidy,idy ®zA: Mz N = Me,C &; N

We now discuss an important class of limits and colimits that we will later: pullbacks and
pushouts.

Examples 2.2.8

1. Consider the partially ordered set Q@ = {0,1,2} with 0 < 1,0 < 2. It gives rise to a
category I' with non-identity arrows

Yo——

|

V2

A T-shaped diagram in a category C is called a span in C:

N—-4

|

B

Here, we have A, B, N € C. The category [I",C] is the category of spans in C.
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2. The category of cospans in a category C is defined as [T'°PP,C|. A cospan thus is a diagram

of the form

with X, Y, M € C.

Definition 2.2.9 1. We call the limit of a cospan in C the pullback of the cospan.

2. We call the colimit of a span in C the pushout of the span.

Remarks 2.2.10 1. We describe the universal property of the pullback Z of the cospan
[ in (*) that characterizes it up to unique isomorphisms (provided it exists). For every
object W together with morphisms W — X and W — Y such that the diagram of solid
arrows commutes, there exists a unique morphism W — Z in C, such that the diagram

ZE

For a pullback, we also write Z = X X Y =X , X Y or

Z —X

)

Y —M

g

2. Dually we write for the pushout of a span

N—f>A

|

B—W

denoted W = A Uy B. It has the dual universal property.

Remarks 2.2.11
1. Let M be an object in a category C. The over category C | M of objects over M is defined

as the category, whose objects are pairs (X, fx), with X an object in C and a morphism
fx: X — M, and whose morphisms are commuting diagrams

X L Y

N

M

The pullbacks - x5, - are precisely the products in over category over M. They are also

called fibre products over M.
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2. In the categories Set, Top, Ab, R—Mod the pullback is given by
XxuY =X, x,Y ={@mylreX, ye¥, f(z)=g)}. (+)

The structure morphism X x ;Y — X of the pullback is the (restriction of the) projection
(x,y) — x onto the first component, the structure morphism X x,; Y — Y is the
(restriction of the) projection (z,y) + y. The morphism Z — X x,; Y, induced by two
suitable morphisms ¢: Z — X and ¢: Z — Y is given by z — (¢(2),1¥(z2)).

The pullback (%) is realized as the equalizer of a product. In the categories
Set, Top, Ab, R—Mod the pullback is thus the difference kernel

fopri
XxuY=X;x,Y=BEq(XxY__M).

gopr2

3. One defines the category N | C of objects under N as the category, whose objects are
pairs (X, f) with f: N — X. The pushouts are exactly the coproducts in the under
category. They are also called amalgamated sums.

4. Dually, the pushout can be realized as the coequaliser of the maps

Llof
AUy B:=CoEq( N _—_ZA][B)

L20g

into the coproduct, if it exists.

In the category R—Mod, the pushout is thus given by the quotient module
AUy B=A® B/(f(n),0) ~ (0,9(n)) .

The structure morphism A — AUy B is the injection a — [a, b] into the first component.
The morphism AUy B — Z, induced by two suitable morphisms f: A — Z and g: B —
Z, is given by [a,b] — f(a) + g(b). It is instructive to consider why it is well-defined on
the quotient.

It should now be clear that it is important to be able to check the existence of limits and
colimits. We start with the definition:
Definition 2.2.12
1. A category is called (finitely) cocomplete, if every (essentially finite) diagram in C has a
colimit.
2. A category C is called (finitely) complete, if every (essentially finite) diagram in C has a
limit.

We can now explain a result which ensures the existence of colimits, generalizing the con-
struction in [Remarks 2.2.11/2 and for pullbacks and pushouts:

Proposition 2.2.13
Let C be a category and X : I' — C a diagram in C of the shape I'. If in C difference cokernels
and coproducts for the sets of objects and morphisms of I' exist, then X has a colimit which
can be expressed as a difference cokernel.

A dual statement holds for limits.
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Proof. By assumption, the two coproducts

[T x(v) and  J]X()
12 ver
indexed by morphisms and objects of I' exist. By the universal property of the first coproduct,
indexed by morphisms in I, there exist a unique morphism « such that for any v, EN 9 the
diagram

X(n) X(72)

lb(f) lb(vz)

H'Yl_VYZ X(,}/l) _a_ > H'yEF X(,}/)
commutes. Similarly, there exists a unique morphism S such that for all v, EN v2 the diagram

X(%)

H'yl~>72 X(’yl) - _/3_ - H'yEFO X(fy)
The difference cokernel C' of

I, X () 5= 11, X (0)

comes with maps
o(y e
X() =L, X0 == 1Ler X () —>C

which turn C into a colimit for the diagram X. Indeed, a morphism C' — T is the same as a
morphism ¢ : [], X(7) — T such that poa = o . This is the same as a family of morphisms
(¢4 X(7) = T)yer such that

J
Py = Py © X(’Yl — 72)
for all morphisms 7, EN 9 in I'. The latter is just a cocone of the diagram X. O]
Examples 2.2.14 The following categories are complete and cocomplete: Set, Ab, Grp, R-
mod and Top, since they have difference (co-)kernels and (co-)products. The categories of finite

sets, finite abelian groups and finite-dimensional vector spaces are finitely complete and finitely
cocomplete, but neither complete nor cocomplete.

We will need more properties of pullbacks later in the lecture. Hence we work a bit more
with them:

Remarks 2.2.15 1. If pullbacks exist, they yield a functor from the category of cospans
in C to C. On objects, this functor is just a choice of pullback. To define this functor on
morphisms, we oberseve that a morphisms of cospans is a commuting diagram

XxyY ——X

N
N
N
N

<~




given by the dashed morphisms. The outer arrows compose to equal morphisms X x ;X —
Y Y - M and X x; X - X — X’ — M and thus, by the universal property of the
pullbacks X’ x Y’ determine a unique morphism X x,; Y — X’ x,;» Y’ between the
pullbacks.
. If pullbacks exist, then any morphism M % M’ yields a functor of over categories
g: CIlM — ClM

that sends the object X — M’ to the object X X, M — M in the category C | M:

F(X) =X xy M —X
We then call ¢g* the pullback functor associated with the morphism g.

. If both small squares in the diagram

X, X, X,
MQ — Ml —— MO

are pullback diagrams, then so is the big one. This is called pasting of pullback diagrams:
we have

(XO X Mo Ml) X My MggX() X Mo M2 .

To see this we consider the diagram

|

M

for an arbitrary object Y and let morphisms Y — X, and Y — M, be given, such that
the outer pentagon commutes. The pullback property of the right square, applied to the

morphisms Y — Xy and Y — M, f# M, yields a unique morphism Y — Xy x5z, M. To
this and to Y — M5 we now apply the pullback property of the left square and obtain a
unique morphism Y — (Xo X, M7) X, Mo, which shows that also the big rectangle is
a pullback diagram.

. This result has an important reinterpretation in terms of pullback functors: given mor-

phisms M, EEN M,y ELY My, there exists a distinguished natural isomorphisms of pullback
functors:

(foo f1)" = fiofs -
Note that here one typically does not have an equality of functors. One can show, however,
that a certain coherence condition holds, namely that the following diagram of natural
transformations commutes

(foo fio f2)" == f3o(foo f1)"

H ﬂ

(fiofo) o fg=="Ffiofiof5.
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5. All statements about pullback have dual analogs for the pushout.
More generally, we have

Proposition 2.2.16 Suppose that a category C has all I'-shaped limits. Then a choice of
limit for each diagramm defines a functor

lilgn: r,C]—C.

Proof. On objects, the functor is defined by the choice of limits. Given two diagrams F, G :
I' — C and a natural transformation « : F© — (G, which is just a morphism of diagrams, the
limit cone A : limp /' — F' defines a cone

l@F%Fﬁﬁ
with summit limp F' over the diagram F’. It factorizes by the universal property of limp F’
uniquely to a morphism limp F' — limp F” which we call limp(«). O
We finally discuss the interaction of functors with limits and colimits:

Definition 2.2.17

1. A functor F' : C — D is called cocontinuous (or preserves colimits), if for any universal
cocone X — Ar over a diagram Ar in C the induced cocone F(X) — F(Ar) is universal
as well.

2. The notion of a continuous functor is dual.

Remarks 2.2.18

1. A cocontinous functor can be characterized equivalently by the condition that for any
diagram X in C with a colimit colim(X), also the diagram F'(X) in D has a colimit and
the canonical morphism

colim(F (X)) — F(colim(X))

is an isomorphism.

2. The forgetful functor U : Ab — Set is not cocontinous. Indeed, the initial object, i.e. the
colimit of the empty diagram as explained in [Examples 2.2.2\1, is the trivial group for
Ab and the empty set for Set and thus not preserved. Alternatively, we can also look at
a coproduct of two elements: the map

U(Al) UU(AQ) — U(Al |_|A2) = U(Al @Ag) = U(Al) X U(AQ)

is not surjective in general and hence not an isomorphism.

Forgetful functors can not be expected to be cocontinuous in general. (The forgetful
functor Top — Set is continuous, though.)

3. If ' is a small category, then the functor category [ = [[°PP_ Set] is cocomplete [B16],
Satz 9.4.13]. The Yoneda embedding I"' — I' induces [B16, Proposition 9.4.13] for any
cocomplete category D an equivalence of categories

Fun. (', D) = [, D]

Here Fun, denotes the full subcategory of cocontinuous functors.
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4. Any representable functor C°P? — Set is continuous. For any diagram X € [[',C] with
colimit colimpr X € C, the canonical map

Hom(colimr X, c) — lilgn Hom(X, ¢)

is an isomorphism for any ¢ € C. (Note that a colimit in C is a limit in C°PP.) Indeed, the
limit in the category Set is a subset of the product [[,.; X (i) consisting of tuples (z;)
such that X (i — j)x; = x;.

iel
Similarly, the canonical map
Home (c, lilgn X) — lillgn Hom(e, X)

is an isomorphism for any ¢ € C.

We finally mention a specific type of limit and colimit and one application to the theory of
finite-dimensional algebras.

Remark 2.2.19 1. We first introduce the notion of an end and of a coend of a functor
F: CP*xC—D,

see [McLT71, Ch.IX.4].

A dinatural transformation F'=-x from functor F' to an object z €D is a family
o={p.: F(¢,c) = x}.cc of morphisms satisfying

FE, o) ™Y p o)

F(g,f) l l@c

F(g,c’)%/—>x

for all f € Home(c, ).

2. A coend (z,¢) for a functor F': CP? x C — D is an object z € D together with a dinatural
transformation ¢ from F' to z having the universal property that for any dinatural trans-
formation ¢: F'= x to some x € D there is a unique morphism x = k() € Homp(z, x)
such that .=~k o, for all ¢ € C.

F(c,c) 2

F(C’J)l

3. The notion of an end for a functor F': C°PPxC — D is defined dually. We often suppress the
universal dinatural transformation and denote the coend and end of a functor F': C°PP x

C — D, as well as the underlying objects, by [ “Cp (¢,c) and by [ cc F'(C, c), respectively.
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4. Let K be a field and A and B be finite-dimensional K-algebras and G: A-mod — B-mod
a linear functor, i.e. a functor that consists of K-lienar maps on the Hom-spaces, cf.

[Definition 3.1.8 Consider the functor

G- A-mod g X A-mod‘}zp —+ B —bimod — A
mxn — G(m)®@gn*

where we use the vector space dual to turn a left module m into a right module m*. Its
end is given as a B-A-bimodule by

/meA-mod Glm) @xc m” = GLA)

with the natural B-A-bimodule structure on G(A). Note that G(A) is a B left module
as the image of the regular left A module 4A under the functor G : A—Mod — B-Mod.
For each a € A, the endomorphism r, : A — A with @’ — a’ - a of the regular left
module gives morphisms G(r,) : G(A) — G(A) which endow G(A) with the structure of
a right A module and even an B-A-bimodule. For the dinatural family, we refer to [FSS20,
Proposition 2.8] where also a proof is given. Specializing G to the identity functor, we
find the following Peter-Weyl theorem:

/ m@gm" = 4A0
meEA-mod

The bimodule A is also characterized categorically by the fact that A, B = B~ B4 A
for any A-bimodule B. Here, we have constructed it in a purely categorical way from the
category of all finite-dimensional A-modules.

5. Similarly, the coend of the functor G is

/ T ) @ m* = G(A) (1)

In particular, we have
meA-mod
/ megm" = A,

of A-bimodules. The categorical characterization of the bimodule A* is more subtle [?].

2.3 Universal properties and adjoint functors

We now consider universal properties in an abstract setting. To access a good example, we once
again use the notion of a product which is characterized by the isomorphisms

Home(Y, [ [ X,) — ][ Home(Y, X))
il vy

We consider the direct sum and the direct product of a family (X,)xea of modules over a
given ring R, i.e. X € D = R-mod, in a more formal context. Let

¢c:=][P=IAD]

AEA

denote the product category from [Definition 2.1.4) whose objects are A-tuples of modules. A
morphism (X))aea — (Ya)aea is a A-tuple of R-module homomorphisms fy: X, — Y.
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In the universal properties of the direct sum and the product a arbitrary fixed object appears
in all factors of a product of Hom-sets. We thus introduce the diagonal functor

A:D — C
X = <X7X7-~'7X):(X>)\€A

that sends an object X to the constant family and a morphism X 1 ¥ to the constant family
of morphisms, A(f) = (f)xea-

Suppose that all direct sums and all products are defined in the category D. For example,
this is the case for D = R—Mod for a ring R. The direct sum resp. the direct product of modules
and module homomorphisms yields functors

H,H:C—>D.

The universal property of the coproduct says that for every object ¢ € C — i.e. for every family
of objects in D — and for every object d € D there exist isomorphisms of Hom-sets:

HomD(H ¢,d) = Home(c, Ad) ;
in the case of the product, on the other hand, we have isomorphisms
Homyp(d, H ¢) = Home(Ad, ¢)
This leads to the following definition:

Definition 2.3.1

1. Let C and D be arbitrary categories. A functor F': C — D is called left adjoint to a functor
G: D — C if for any two objects ¢ in C and d in D there exists an isomorphism of sets

®,q4: Home(c, Gd) = Homp(Fe,d)

with the following natural property:

For every morphism ¢ Jy cin Cand d % d in D consider for ¢ € Homp(Fe,d) the
morphism

Hom(Ef, g)(¢) = Fd X Fe 4 d % d € Homp(FC,d)
and for ¢ € Home (¢, Gd) the morphism

Hom(f, Gg)(p) :=¢ LetcaYad e Home (¢, Gd') .

The natural property is then the compatibility requirement on morphisms, namely that
the diagram

Home(c, Gd) Hom(7G9)_ Home(d', Gd')

<I>C7dl/ jq)d’dl

I’IOHID(ITC7 d) m) HOHID(FC/, d/)

commutes for all morphisms f,g.
2. In the case we write F' 4 G and say that the functor G is right adjoint to F.
Examples 2.3.2
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1. We have seen that the coproduct is a left adjoint functor to the diagonal functor, i.e.
[T 4 A, and that the product is a right adjoint functor to the diagonal functor, i.e.
AAT]

2. We consider the forgetful functor
U: R—Mod — Set ,

that sends every vector space to its underlying set. Its left adjoint functor is the the
functor that assigns to a set the free module on the set

F . Set - R—Mod,

that sends a set M to the free R-module R(M) that was introduced in . It
has a canonical basis labelled by the elements of M. A map f: M — N of sets is sent by
F to the linear map F(M) — F(N) that maps the basis element d,, with m € M of the
canonical basis of F'(AM) to the basis element 0 () of the canonical basis of F(NV).

For every set M and every R-module V' we then have an isomorphism of sets

q)M,V : HOIIlSet(M, U(V)) — HOH]R(F(M>, V)
® = Parv(p)

with
P ()30 hum) == 3 Anglom)
meM meM

In particular, we find that for every K-vector space V, the one-element set
Homsge (0, G(V)) has to be isomorphic to the space of R-module morphisms
Hompg(F(0),V). The only R-module that admits only a single linear map into any K-
vector space V' is the zero vector space, F'(f) = {0}. In this sense, the zero vector space
is spanned by the empty set.

3. A similar example is the forgetful functor U: Gr — Set, that sends groups to their
underlying sets. Here a left adjoint functor exists, namely the functor F' that sends a set
to the free group generated by it.

The category Ab of abelian groups is a subcategory of the category Gr of all groups. We
can thus restrict the forgetful functor to Ab. The left adjoint functor is then a functor
F': Set — Ab that sends a set to the free abelian group generated by it. It is different
from from the left adjoint functor described before. For example, the free abelian group
on two elements is just Z? while the free group on two elements z,y consists of all word
in the letters {z,y, 27!, y~'} modulo the relations zz~! =z lx = e =yy=' =y~ y.

We have thus learnt that freely generated objects may be defined as images of the left
adjoint to a forgetful functor.

4. There are also forgetful functors that have no left adjoint functor. An example is the
forgetful functor U from the category of fields into the category of sets. If there were a
left adjoint functor, then it would assign a field K (M) to each set M. In particular we
could choose M = (), for which we would have to find a field K = K(()), such that for
every field L there exists a bijection of sets

HomField(K7 L) = Homset<®7 U(L)> = x
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Since non-trivial field homomorphisms are injective, the sought-after field would be a
subfield of every field. But such a field does not exist: the prime field depends on the
characteristic of L. (In other words: the category of sets has an initial object, the empty
set. In the category of all field there does not exist an initial object.) Thus there is no
notion of “freely generated field”.

5. The inclusion functor I: Ab — Grp of abelian groups into all groups has a left adjoint
functor, namely (—).,: Grp — Ab, that sends a group G to its abelianization Gy, :=
G/|G,@G]. This is because we have:

HOIIIGTP(G, I(A)) = HomAb(Gab, A) .
(This will be an exercise.)

6. There is a forgetful functor U from categories (with functors as isomorphisms) to the
category of oriented graphs. The vertices of the graph U(C) are the objects of C; the
edges are the morphisms, except for identity morphisms. We thus forget identities and
composition. Its left adjoint assigns to a graph I' the free category F(I"). Its objects are
the vertices of graphs, the morphisms are paths, i.e. finitely many composable edges. For
details, see [McL71, Chapter I1.7].

If a functor admits an adjoint, then it enjoys additional properties, as we will see for example
in [Corollary 2.3.6|
We consider another example relating modules over different rings:

Example 2.3.3 Let R,S be (unital) rings and ¢: R — S a ring homomorphism. (If ¢
injective, then R is a subring of S.) Then pullback resp. restriction of scalars as in example
2.1.6/2 defines a forgetful functor

U: S—Mod —- R—Mod .
We will study its adjoint functors.

1. To get a left adjoint functor F': R—Mod — S—Mod to U, we define it on objects by
F(M) =S ®pg M, where S is considered as a right module over R via pullback along ¢
and the left action of S on S®gM is defined by the multiplication in S, i.e. §'.(s®@m) := (s
$) ® m. On morphisms we set F'(f) = ids ®g f. This functor is called extension of scalars
or induction.

To see that F' is in fact a left adjoint functor of U, we consider for M € R—Mod and
N € S—Mod the following two morphisms of abelian groups:

Hompz(M,U(N)) = Homg(S ®r M,N)
f = (s®@mms.f(m))
and N
Homg(S ®r M, N) — Hompg(M,U(N))
g & (meg(ls@m)) .
It is straightforward to check that they are mutually inverse and satisfy the naturality
property from [Definition 2.3.1]
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2. To find the right adjoint functor G: R—Mod — S—Mod for the pullback functor U :
S—Mod — R—Mod, we define on objects

G(M) = Homp(S, M).

Here S is considered as a left R-module by pullback along ¢; G(M) is an S-left module
via the right action of S on itself, (s.)(s") := (s - s) for ¢ € Hompg(S, M). The functor
G is called coinduction.

To see that G is in fact a right adjoint functor of U, we consider for M € R—Mod and
N € S—Mod the following two morphisms of abelian groups

Homp(U(N),M) = Homg(N,Hompg(S, M))
fo= (ne (s f(sn)))
and
Homg(N,Homp(S, M)) = Homp(U(N), M)
g — (n—gn)(ls)) .
Again it is straightforward to check that they are mutually inverse and satisfy the natu-
rality property from |Definition 2.3.1|

3. Let R, S be rings and B a S — R-bimodule. Then we have a functor
B: R—Mod — S—Mod
N — B®rN
that is left adjoint to the functor
S—Mod — R—Mod
Q = HOIIls<B, Q) ‘

Tensor products and Hom-functors are again adjoint.

Sometimes it is useful to have a different formulation of the definition of adjoint functors:

Observation 2.3.4
1. Let F' 4 G be adjoint functors with /' : C — D and G : D — C. From the definition we

deduce the existence of isomorphisms

Home(G(d), G(d)) = Homp(F(G(d)), d)
and

Homp(F(c), F(c)) = Home(c, G(F(c))).
The image of the identity on G(d) resp. F(c) under these isomorphisms assemble to
natural transformations

€: FoG—idp and n:ide - GoF .

(Note the distinct ordering of the functors G and F'.) These have the property, that for
all objects ¢ in C and d in D the morphisms

NG (d)

G(d) Y (GF) G(d) = G(FG)(d) Y G(a)
and
Fle) " PGF)(e) = (FG)F(c) L9 F(c)

are identity morphisms. These identities are called triangle identities. For a proof of these
statements we refer to [McL71, Chapter IV]. We mention that 7 is called the unit and e
the unit of the adjunction.
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2. Conversely, the natural transformations € and 7 determine the adjunction isomorphisms
via

Home (¢, G(d)) 55 Homp(F(c), F(G(d)) ‘4" Homp(F(c), d)

and the inverse by
Homp(F(c),d) 4 Hom¢(G(F(c)), G(d)) Ut Home(c, G(d)) .

3. Consider a pair of adjoint functors F' - (G; it yields an equivalence of categories if and
only if € an 7 are natural isomorphisms. This is even an adjoint equivalence.

4. One can show that any equivalence F' : C — D with quasi-inverse G : D — C and
isomorphisms

n: ide > GoF and e: FoG =idp

can be promoted to an adjoint equivalence, in which the natural isomorphisms satisfy the
triangle identities, by replacing either one of the originally specified natural isomorphisms
by a new unit or counit. For a proof, we refer to [R16l, Proposition 4.4.5].

5. Consider the adjunction I 4 U between the forgetful functor U : R—Mod — Set and
the free functor F' : Set - R—Mod. Then the component of the counit at a set M is a
morphism 1y, : M — U(F(M)) of sets into the set undeflying the free module F/(M). It
exhibts the elements of M as a basis of F'(M). Notice that the morphism 7, is far from
being an isomorphism of sets.

We are now ready to prove the following theorem.

Proposition 2.3.5
Any left adjoint functor is cocontinous, i.e. preserves colimits. Any right adjoint functor is
continuous, i.e. preserves limits.

Proof. Given an adjunction F 4 G, with F : C — D and G : D — C, we have a natural
isomorphism
®: Homp(F—,—) — Home(—,G—) .

Let X be a diagram of shape I' in C with universal cocone (X, — C),er. Now let (F(X,) —
Y),er be any cocone of the diagram F o X of shape I' in D. Since @ is natural, we obtain a
cocone (X, — G(Y)),er over the original diagram in C.

The universal property of the universal cocone gives us a unique morphism C' — G(Y') such
that X, — C — G(Y) equals X, = G(Y) for all v € I". Via &~ !, this gives a unique morphism
F(C) — Y such that F(X,) = F(C) = Y equals F(X,) — Y. Thus F(X,) — F(C) is a
universal cocone. By |Remarks 2.2.18/1, F' is cocontinuous O

Note that this proposition allows us to deduce from [Example 2.3.3| again that the functor
B ®pr — is cocontinuous and that the functor Homg(B, —) is continuous

Corollary 2.3.6 Let F': C — D be a functor that admits a left adjoint functor G. Then F
commutes with products. If G: D — C is a functor that admits a right adjoint functor F, then
G commutes with coproducts.
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Proof. This follows from the fact that products are specific limits. We go through the argument
in more detail: For every object d of D, there are distinguished isomorphisms

Homp(d, F([]; ¢i)) Home(G(d), [],¢;) since G4 F
[1, Home(G(d), ¢;) univ. prop. of direct product
[[, Homp(d, F(c;)) since GHF

()

Homp(d, [], F'(¢;)) univ. prop. of direct product.

111211 IR

It is straightforward to check that these distinguished isomorphisms assemble to a natural
transformation from the functor

Homp(— H ¢;)): DPP — Set

to the functor
Homp (—, [ [ F(e:)): D — Set.

Thus we have an isomorphism of the functors Homp(—, F(] ], ¢;)) and Homp(—, []; F(¢;))
and thus, by |[Observation 2.1.18 1 that is based on the Yoneda lemma, that F([[. ¢;) = [[, F c,)
holds. The proof for coproducts is analogous.

Here is another consequence of the Yoneda lemma 2.1.17}

Theorem 2.3.7 If a functor G: D — C admits a left adjoint functor, then this left adjoint
functor is uniquely determined up to natural isomorphism. Analogously, right adjoint functors
are determined uniquely up to natural isomorphisms, if they exist.

Proof. Let F,F': C — D be two left adjoints to G : D — C. Then for all objects ¢ € C and
d € D there exist distinguished isomorphisms

Homp(F(c),d) = Home(c, G(d)) = Homp(F'(c), d).

These isomorphisms again satisfy the naturality property, and so we obtain a natural iso-
morphism yp) — Ypi(), Which comes from an isomorphism F'(c) — F(c) by
ftion 2.1.18 O

We finally relate the existence of limits and colimits of diagrams of shape I' to adjoints of
the diagonal functor for I':

Proposition 2.3.8 A category C admits all limits of all diagrams indexed by a small category
', if and only if the constant diagram functor A : C — [I', C] admits a right adjoint. Dually, a
category admits all colimits of all I'-shaped diagrams if and only if A admits a left adjoint.

Proof. These statements follow directly from the definition of a limit: Hom(A(c), F') is the set
of natural transformations from the constant diagram to the diagram F' : I' — C. This is the
set of cones with summit ¢. The limit limp F' has the property

Hom(A(c), F') = Home (e, lilgn F)

which is natural in c¢ if the limit exists. One then checks that this allows to extend lim to a
limit functor. For details, see [R16, Proposition 4.5.1]. O
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Next we will discuss universal properties in the language of categories and functors and the
connection to adjoint functors. We consider the following situation: we start with a functor
U: D — C. Here the category D is often the “better” or “more interesting” category, e.g. when
U is a forgetful functor. An example would be to take for D the category of vector spaces and
for C the category of sets. We would now like to “improve” an object X € C by creating an
object Ay € D, e.g. to linearize a set X by creating the vector space Ax freely spanned by X.
Note that the vector space Ax comes with a distinguished morphism ¢: X — U(Ax) of sets.
The universal property says that for every vector space B, every morphism f: X — U(B) of
sets can be extended uniquely to an “improved” morphism f : Ax — B of vector spaces.

Definition 2.3.9 Let C, D be categories and U: D — C a functor. Let X, be an object in C.

1. An initial universal morphism from Xy to U is a pair (Ax,, o), consisting of an (“im-
proved”) object Ax, in D and a morphism ¢g: Xog — U(Ax,) in C (in the original
category), such that the following universal property holds:

For every object B of D and every morphism f: Xo — U(B) in C there exists a unique
(“improved”) morphism f: Ax, — B in D, such that the following diagram in C com-

mutes:
Xo 2> U(Ayx,) Ax,
I I
1U(f EIN
\ 1) 12f
U(B) B
in C in D

2. A terminal universal morphism from U to an object X in C is a pair (A, ¢), consisting
of an object Ax in D and a morphism ¢: U(Ax) — X in C, such that the following
universal property holds:

For every object B of D and every morphism f: U(B) — X in C there exists a unique
morphism f: B — Ax in D, such that the following diagram in C commutes:

U(B) l|3
|
U \ 131 f
% Y
U(AX)7>X Ax
inC in D

To see the connection to adjoint functors, note that e.g. for an initial universal morphism
we have a bijection Home (X, U(B)) = Homp(Ax,, B). Conversely, a left adjoint functor for U
yields an initial universal morphism for every Xj.

Example 2.3.10
To understand the universal property of the polynomial ring, we consider the forgetful functor

U: K-Alg — Set

and initial universal morphisms for the one-element set e. This consists of an object in K-Alg,
i.e. a K-algebra R, with a morphism of sets @ — U(R), i.e. an element X € R.
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The universal property for an initial universal morphism is the requirement, that for every
K-algebra S and a morphism of sets @ — U(.S), i.e. for every pair of a K-algebra S and an
element a € S, there exists a unique morphism f: R — S of K-algebras, such that ¢ —

U(R) 7P U(S) equals @ — S is, i.e. that f(X) = a holds.
Remarks 2.3.11

1. As usual, universal properties define objects up to unique isomorphism. If one shows that
two distinct objects satisfy the same universal property, then they have to be isomorphic.

2. Universal constructions are functorial: let (Ax,, 1) be a universal morphism from X to
U and (Ayx,, p2) a universal morphism from X5 to U. To define a functor X — Ax also
on morphisms, consider a morphism h: X; — X5 in C.

Let h: X; — X5 be any morphism in C Consider the morphism @50 h : X7 — Xy —
U(Ax,) in C. Applying |Definition 2.3.9| to this morphism, we find a uniquely determined

morphism ¢ 0 h: Ay, = Ax,, such that the following diagram in C commutes:

Xl _4.D1> U(AX1)
|

| s
Y

X2 _502> U(AXQ)

If there exists a universal morphism for every object X of C, then X; — Ay, and

—_——

h + @90 h defines a functor V from C to D and the morphisms ¢; yield a natural
transformation from the identity functor to U o V. As a straightforward consequence we
get that the functors are adjoint, namely V 4 U.

We have already seen that every pair of adjoint functors yields universal morphisms for all
objects. Conversely, universal constructions assemble into adjoint functors if every object
in C admits a universal morphism.

3. This implies the following uniqueness statement which is stronger than the statement in
L heorem 2.3.'7

Adjoint functors are not only unique up to isomorphism, they are unique up to unique
isomorphism; that is, if F' is left adjoint to G and also to G’, then there is a unique

isomorphism G el compatible with the data of the two adjunctions.

2.4 A brief look at quivers

Quivers are a source of examples for algebras whose representation categories can be controlled
to a certain extent.

Definition 2.4.1 1. A (finite) quiver is a (finite) directed graph, i.e. a pair (Qg, Q1) of
(finite) sets, together with a pair of maps t, h : Q1 — @, called tail and head, indicating
the vertex that is a source and a target of an arrow.

2. A representation of a quiver over a field K assigns to each vertex v € )y a vector space
V, and to an arrow a € ()1 a linear map V, : Vi) — Vi(a)-
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3. A morphism ¢ : V' — W of representations of a quiver is a collection of maps {¢, : V, —
Wy baeq, such that all diagrams

Va
Vita) — Vi)

l¢t(a) lqﬁh(a)

Wit) 7= Whia

commute for all arrows a € ;.

Remarks 2.4.2 1. Representations of quivers form a category. Finite-dimensional repre-
sentations of quivers form a subcategory; to each object in this subcategory, one can
associate a dimension vector (dimg V,)yeq, -

2. Consider the category F(Qo, Q1) that is freely generated by the quiver, cf.
6. The category of representations of the quiver is then just the functor category

[F(Qo,Q1), vect].

3. To a quiver, one associates its path algebra K[Q]: it is defined on the vector space freely
generated by the set of morphisms of F(Qq, @1), which is the set of paths on the quiver.
Multiplication is induced from concatenation of paths, if this is possible, and defined to
be zero otherwise. The K-linear representations of the quiver are K[@]| modules.

Quivers unify problems from linear algebra.

Examples 2.4.3 1. Let I'; be the quiver with one vertex and no edge. A representation of
this quiver is just a K-vector space. The only indecomposable module up to isomorphism
is the one-dimensional vector space which is also simple. The quiver algebra is just the
ground field.

2. Let I'y be the quiver with one vertex and one edge from the vertex to itself. A repre-
sentation is a pair (V, f), consisting of a vector space V' and an endomorphism of V.
This problem was treated in linear algebra. If K is algebraically closed, indecomposable
modules are described by a Jordan block, simple modules by an eigenvalue. There are in-
finitely many isomorphism classes of simple module. The quiver algebra is the polynomial
ring K[X].

3. Let I's be the quiver with two vertices 1,2 and a single edge from 1 to 2. A representation
is a triple V} EN V5. We can find complements such that

Vi=U®ker f and Vo=W&Im f
and f|y : U — Im f is bijective. We can thus decompose as a direct sum
Vi L) 2 ke f S0 e@Nmpeow)

Writing each direct summand as a direct sum involving vector spaces of dimension at
most 1, we find three indecomposable modules up to isomorphism:

(K%0, (KS3K) and (03K).
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Any finite-dimensional representation is a direct sum of these indecomposable represen-

tations. Only the indecomposables (K 2 0) and (0 5K ) are simple. The representation

(0 — K) is a subrepresentation of (K < K) and (K — 0) is a quotient:
0—-0—-K)—»(K—-K)—=(K—0)—0

so that (K — K) is not simple.

The quiver algebra consists of upper triangular matrices of the form
a b
0 d

4. Let I'y be the quiver with one vertex and two edges joining it. To classify all finite-
dimensional representations, one has to classify all pairs of matrices up to simulteneous
conjugation. This is a very hard problem.

with a,b,d € K.

Remarks 2.4.4 1. The examples shows that the representation categories of quivers can
be rather different.

2. The finite quiver I'y contains oriented cycles. In fact, the quiver algebra K[Q)] of a finite
quiver is infinite-dimensional, if and only if ) contains oriented cycles.

3. For each vertex v € )y, we obtain a representation of () by assigning K to this vertex and
the zero vector space to all other vertices. These representations are simple. If () does not
contain oriented cycles, these are, up to isomorphism, all simple representations. For the
(simple) proof, we refer to [JS06, Satz J.6]. In the example of I's, we obtain the 2 simples
(K — 0) and (0 — K). The example of the quiver I'; shows that the statement does not
have to hold for quivers with oriented cycles.

4. For each vertex v, the identity id, in the category F(Qo,@1) is an idempotent ¢; in the
quiver algebra. Suppose that the quiver is finite and does not have oriented cycles. Then
1 =3 co, € and we have a direct sum decomposition

K[Q] = Sveq, K[Qle,

of the regular module as the direct sum of indecomposable projective modules. We obtain
in the example I'; that the one-dimensional vector space K is projective. In the example
of I's, we obtain the indecomposable projectives

(K—K) and (0—K).
5. Quivers come in three different types:

e A quiver is said to be of finite type, if it has only finitely many indecomposable
representations, up to isomorphism. The equivers I'y and I's are of finite type. A
famous theorem of Gabriel states that a quiver is of finite type, if and only if its
underlying undirected graph is the finite union of Dynkin graphs of type A,D and E.
This is a surprising link to Lie theory which goes even further: the indecomposable
representations are in bijection to the positive roots of the corresponding root system.

e If it has infinitely many indecomposable representations, but they appear in families
of dimension at most 1, the quiver is said to be of tame type. The quiver I'y is of
tame type.

e Otherwise, it is called wild. The quiver I'y is wild.
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3 Additive, abelian and linear categories

3.1 Abelian categories

We start by requiring additional algebraic structure on the morphisms sets of categories. For
example, in the category R—Mod the morphisms sets were abelian groups. It is then natural
to study the class of functors that respect these structures.

Definition 3.1.1
1. A category C is called additive, if

(a) All Hom-sets are abelian groups and the composition o is bilinear.

(b) All finite products and coproducts exist in C.

2. Let C and D be additive categories. A functor F': C — D is called additive, if for every
pair X,Y of objects of C the map F': Hom¢(X,Y) — Homp(F(X), F(Y)) is a group
homomorphism.

We know that 1.(b) means that the diagonal functor A: C — [, ., C for a finite indexing set
I has the coproduct functor [[,.; as left adjoint and the product functor [, ., as right adjoint.

The category R—Mod of modules over a ring is additive. Its full subcategory of projective
objects is additive as well.

Remark 3.1.2 Note that for an additive category we also require the existence of the empty
product and coproduct.

e We already know from [Examples 2.2.5 that the empty coproduct [[, is an initial object
in C. Dually, the empty product [, is a terminal object x € C.

e The initial object 0 € C has a unique endomorphism, namely the identity idg. On the
other hand, idy is the neutral element 0, for the abelian group structure on Home(0,0).
Thus we have idy = 0.

For an arbitrary morphism c 0 the bilinearity of the composition implies f =idgo f =
Ogo f =0 € Home(c, 0) for all objects ¢ € C. Thus there exists only a single morphisms to
0, i.e. Home (¢, 0) = {0}. The initial object 0 in an additive category is thus also terminal,
0 = . Categories with isomorphic terminal and initial object are called pointed categories.
Additive categories are thus pointed.

e In every pointed category we find for every pair of objects X,Y a morphism X %02
Y € Hom(X,Y'). We leave it as an exercise to check that such a morphism in an additive
category gives the neutral element of the abelian group Hom(X,Y").

Remark 3.1.3 We now consider whether being additive is a property of a category or an
additional structure on a category.

e Being pointed is a property of a category.

e In every pointed category there exists a canonical morphism
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from the coproduct to the product. For this we provide a family of morphisms:

this is 0: X; — X for 7 # j and idx, for i = j.

If this morphism has the property of being an isomorphism for every finite family 7, then
for two morphisms f,g: A — B

A AT A= A][4 Y B

defines a structure of an abelian monoid on Hom(A, B), such that the composition is
bilinear. Now it is again a property of an abelian monoid to be a group. The additive
structure thus exhibited is actually the only possible one, see e.g. [B94, Proposition 1.2.7].

For a given category it is thus a property to be an additive category, and this does not
require choosing any additional structure.

e Conversely, if the Hom-sets of a category carry the structure of abelian monoids and all
finite coproducts (resp. products) exist, then the category is pointed and the coproducts
are also products (resp. the products are coproducts).

We next adapt the notions of an equalizer and coequalizer from [Definition 2.2.6| to the
setting of abelian categories:

Definition 3.1.4
1. Let f: a — b be a morphism in an additive category C. The kernel of f consists of a pair
(k, 1), consisting of and object k£ and a morphism ¢: k — a such that f o: = 0 and such
that for every morphism d % a with f o g = 0 there exists a unique morphism d — k,

such that the diagram
¢ !

k—sa——0

AN
N
EI Tg 0
AN

d

commutes. Equivalently, one requires that for all objects d the following sequence of
abelian groups is exact:

0 — Home(d, k) 2 Home(d, a) Iy Home(d, b)

2. Analogously, the cokernel of f is a pair (¢, p) consisting of an object ¢ and a morphism
p: b — ¢ such that for all objects d the following sequence of abelian groups is exact:

0 — Home(c, d) & Home (b, d) & Home (a, d) .

As diagram:

In a general category, not every morphism has to have a kernel resp. cokernel.

Definition 3.1.5 Let C be a category.
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1. A morphism ¢: a — b is called a monomorphism, if c o f = ¢ o f" implies f = f’ for all
morphism f and f’ with target a and equal source. (In an additive category it is sufficient
to require this for f' = 0.)

2. A morphism p: a — b is called an epimorphism, if f op = f’ o p implies f = f’ for all
morphisms f, f/ with source b and equal target.

Lemma 3.1.6 Let C be an additive category. Let f € Hom¢(A, B) be a morphism that has
a kernel K < A. Then the kernel ¢ is a monomorphism. Dually, if f has a cokernel, then the
cokernel is an epimorphism.

Proof. For an arbitrary object X we consider the zero morphism X 5% A By the universal
property of the kernel there exists a unique morphism ¢, such that the diagram

kerf—>A—f>B
AS

AN
o A

X

commutes. The choice 0 for ¢ also makes the diagram commutes, so we must have ¢ = 0. Given
X 2 ker f with ker f o g = 0, then we must have ¢ = 0, so ker f is a monomorphism. The
argument for the cokernel is dual. O

Definition 3.1.7 Let C be a category. An additive category is called an abelian category, if
every morphism has a kernel and a cokernel, and the following compatibility condition holds:

— For every monomorphism ¢: a — b one has ¢ = ker(coker(¢)). Explicitly, in the diagram

for the monomorphism

p
a ‘ b cokert

ker ]

ker cokert

the left horizontal arrow and the vertical arrow have the same universal property.
— For every epimorphism p: a — b one has p = coker(ker(p)).

For a given category it is again a property to be an abelian category, without choice of an
additional structure. Before we continue the study of abelian categories, we define

Definition 3.1.8 Let R be a commutative ring (possibly even a field).

1. A R-linear category is a category for which all Hom-sets have been endowed with the
structure of an R-module and for which the composition is R-bilinear.

2. A linear functor is an additive functor that consists of R-linear maps on the Hom-spaces.

Examples 3.1.9 The category R—Mod of modules over a ring is Z-linear. The category
R—Mod is also abelian. The full subcategory Proj(R) of projective R-modules is Z-linear, but

not abelian. For example, the morphism Z % Zisa monomorphism. It is, however, not the
kernel of its cokernel which is zero.
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Definition 3.1.10  Suppose, a morphism f: a — b in an arbitrary category f: a — b can be
decomposed as f = 1o p, where p: a — x is an epimorphism and ¢: x — b a monomorphism.
Consider an initial such decomposition f = tgopg. This means that for any such decompsosition
f = top, there exists a unique morphism

f

N,

Zo

b

a

|
|
¥
x
Then zo = Im (f) is called an image of f. Since it is defined by a universal property, it is unique
up to unique isomorphism.

Remarks 3.1.11

1. As usual for object defined via universal properties, one can show that kernels, cokernels
and images are unique up to unique isomorphism, if they exist.

2. In abelian categories every morphism f can be written as f = top with ¢ a monomorphism
and p an epimorphism, and so all images exist.

To see this, we consider the kernel of the cokernel p : b — cokerf of a EAgS

ker p —= b —% coker f

A
e\\f/
N

a

As po f =0, there exists a unique morphism e by the universal property of the kernel.

One still has to show that e is an epimorphism. This technical proof can be found in [K07,
pp. 239] or [McLT71l, Chapter VIIL.3]. There it is also shown that e = coker(ker f) and
that the factorization (and thus the image) is functorial.

Examples 3.1.12
1. We consider the category Aby, of finitely generated free abelian groups with group ho-
momorphisms as morphisms.

e Subgroups of finitely generated free abelian groups are, as we will see, again finitely
generated and free. Thus the kernels in Aby, are the kernels in the category Ab of
abelian groups.

e The image of the torsion elements into a free abelian group is always zero. Consider
the diagram in the category Ab of abelian groups:

a—t-b ikfrécokelr(f)
i

}/
In our case x is always a free abelian group. Thus the dashed morphism factors
through the torsion-free group coker(f)/Tor. The cokernel of a map f: M’ — M in

Aby, is thus given by the free group coker(f)/Tor, i.e. by the quotient group by the
subgroup of all torsion elements.
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e The category Aby, thus has all kernels and cokernels, but the cokernels may be
different from the cokernels in Ab. We have to be careful: consider for 0 # n € Z the
multiplication map ¢, : Z — Z; it has trivial kernel and cokernel in Aby,. Thus the
image of this map in Aby, is the identity map Z — Z. As v, is an injective map of
the underlying sets, it is also a monomorphism, but ker(coker(c,)) = idz # t,. Thus
Aby, is not an abelian category.

2. For every ring R the category of R-modules is abelian, because kernels and cokernels are
defined on the level of the underlying abelian groups.

The converse also holds and is known as the full embedding theorem: every small abelian
category can be fully faithfully embedded by an exact funcgtor in the category of modules
over a suitable ring, such that exactness properties are preserved, See e.g. [Mi65l, p. 151].

3. If C is an abelian category, then so is the opposite category C°PP. The kernels in CPP are
the cokernels in C and vice versa.

We now have all required notions to make sense of exact sequences in abelian categories,
which are defined in complete analogy to[Definition 1.4.1l Abelian categories are thus a natural
framework for homological algebra.

Definition 3.1.13 Let F': C — D be an additive functor between abelian categories. We
consider all short exact sequences 0 — a’ — a — a” — 0 in C. Now F is called
half exact, if F'(a') = F(a) — F(a") is exact for all short exact sequences in C;
left exact, if 0= F(0) — F(a') = F(a) — F(a") is exact for all short exact sequences in C;
right exact, if F'(a') — F(a) — F(a”) — 0 is exact for all short exact sequences in C;
exact, if 0 » F(d') = F(a) — F(a") — 0 is exact for all short exact sequences in C.

Examples 3.1.14
1. The functors [] and []: C x C — C are exact whenever they exist, cf. the proof of [1.4.7]
step (2)=-(4). By [Remark 3.1.2| product and coproduct then coincide.

2. Let M be an R-right module. The functor M ®r —: R—Mod — Ab is right exact by
[[heorem 1.4.10] It is exact if and only if the module M is flat, cf. [Definition 1.4.11}

3. Let M be an R-module. The functor Homg(M, —): R—Mod — Ab is left exact. It is
exact if and only if the module M is projective, cf. [Theorem 1.4.7]

4. Let M be an R-module. The functor Hompg(—, M): (R—Mod)? — Ab is left exact. It is
exact if and only if the module M is injective, cf. [Theorem 1.4.13|

Let R,S be rings. We have seen in [['heorem 1.4.10|that for any S-R-bimodule B the functor

R-mod — S-mod
M — Bas M

is right exact. We next show that any right exact functor that commutes with direct sums is
of this form:

Theorem 3.1.15 [Eilenberg-Watts| Let F': R—Mod — S—Mod be a right exact functor that
commutes with direct sums. Then there exists an S-R-bimodule B and a natural isomorphism
'~ B®p of functors.
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Proof. For any r € R, the map
. R — R

o= ey

is an R-module endomorphism of the left regular R-module. Therefore F'(p,.) : F(rR) — F(rR)
gives for each r € R a module endomorphisms of F'(R) which is by definition a left S-module.
We indeed obtain an S-R-bimodule B := F(R) in this way.

Given an R-module M, for each m € M, the R-module morphism

om: R — M

r o= rm

gives a morphism

F¢n: B=F(R)— F(M)
of S-modules. The map

~

b F(R)xM — F(M)
(b,m) = F(ém)(b)

is R-balanced. To see this, note that ¢,, o p, is the R-module morphism zrR — M mapping
r' = r'r—r'rm

so that we get ¢, o p, = ¢pm. Therefore, we have

Un(brym) = F(om)(br) = F(om)F(pr)(b)
= F(¢m o p?”)(b) = F(¢rm)(b) = l/JM(b, Tm)

The map @/NJ v thus gives rise to a map
Yy BegpM — F(M)
for each M € R—Mod. These maps are natural and for the regular module g R
Yr: B®rR—DB

is the canonical isomorphism. Since the two functors F' and B ®g — both commute with direct
sums, g is an isomorphism, if F is a free module.
For an arbitrary R-module M, find an exact sequence

0O—-K—=L—=>M=—=0
where L is a free R-module. We get a diagram with exact rows
BRrK—B®rL—B®r M —0

T

F(K) F(L) F(M)——0

where 17, is an isomorphism. This implies at once that vy, is surjective. This applies to any
module, hence also to the module K and we learn that 1k is surjetive as well. An easy diagram
chase in the spirit of the proof of the nine now implies that ¥, is also injective. [

Remark 3.1.16 e There is a corresponding statement for a left exact functor F' :
R—Mod — S—Mod. Then there exists a R-S-bimodule C' and a natural equivalence
of functors Homp(C, —) = F. For details, see [W60].
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e Consider the pullback functor ¢* : S—Mod — R—Mod for a ring homomorphism ¢ :
R — S that was studied in [Example 2.3.3| It is exact, which can be shown to imply
the existence of adjoints. The Eilenberg-Watts theorem then implies immediately that
the induction functor can be expressed as a tensor product with a bimodule and the
coinduction functor in terms of a Hom functor.

We now come to the more general definitions for abelian categories:

Definition 3.1.17
1. An object U of an abelian category is called projective, if the functor Hom(U, —): C — Ab
is exact.

2. An abelian category C is called semisimple , if every object U of C is projective, i.e. if all
functors Hom (U, —) are exact.

3. An object U of an abelian category is called injective, if the functor Hom(—, U): CP? —
Ab is exact.

4. If an abelian category C has a tensor product ® : C x C — C with similar properties as
tensor product of A-bimodules over rings, Ethen an object U is called flat, if the functor
U® —:C — C is exact.

In this abstract language we will later access the area of homological algebra, which concerns
the study of half exact functors. The focus will be on the functors ® and Hom. Using the
full embedding theorem from [Examples 3.1.12/2 it is clear, that statements such as the Nine

hold in arbitrary abelian categories.
Remark 3.1.18

1. One can define projective and injective objects in arbitrary categories, not just abelian
categories. Let C be an arbitrary category. An object P € C is called projective, if for every
epimorphism e: M — N and every morphism f: P — N there exists a lift f: P — M
with e o f = f. Injective objects are defined dually.

2. In the category of sets every object M is injective: consider for a subset Ny C N, and a
morphism f: Ny — M the diagram

N1—>N2

/
fl P
»

M

Then the map f can indeed be extended to the superset. In other mathematical contexts
the existence of extensions can be a nontrivial problem or just fail!

3. The statement, that every object in the category of sets is projective, is equivalent to the
axiom of choice.

Assuming the axiom of choice, we may choose for a given epimorphism e: M — N a
section s: N — M, i.e. eo s = idy. For an arbitrary morphism f: P — N we then set
f := so f. Then we have e o f = eoso f = f, which shows that every object P is
projective.

More precisely, it is a monoidal category as defined e.g. in the lecture Hopf algebras, quantum groups and
topological field theory.
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Conversely, if every set is projective, we consider for a given epimorphism e: M — N
the morphism f = idy and find by the lifting property for the identity a section of e, as
diagram:

N

¥

M—+N—=0
3.2 Finite linear categories and categories of finite-dimensional
modules
We fix a field K. In this section, we follow [DSPS19]:
Definition 3.2.1 A K-linear abelian category C is finite if
1. C has finite-dimensional spaces of morphisms;
2. The composition series of every object of C has finite length;

3. C has enough projectives, i.e. for every object X, there is a projective object P with an
epimorphism P — X.

4. There are finitely many isomorphism classes of simple objects.
Example 3.2.2 The category of finite dimensional vector spaces is a finite linear category.
The following proposition justifies the name finite category:

Proposition 3.2.3 A K-linear abelian category is finite, if and only if it is equivalent to the
category A—Mod of finite-dimensional modules over a finite-dimensional K-algebra A.

We will first prove two lemmas.
Lemma 3.2.4 Let F': C <= D : U be an adjunction between abelian categories.

1. The right adjoint U is faithful, if and only if the counit FU(X) — X is an epimorphism
for every object X € D.

2. If U is faithful, then U reflects isomorphisms, i.e. if U(f) is an isomorphism in C, then f
is already an isomorphism in D.

Proof. e The functor U is faithful precisely when U(f) = 0 implies f = 0 for all morphisms
f X — Y in D. Suppose that the counit ex : FU(X) — X is a surjection for every
object X € D and let f : X — Y be a morphism such that U(f) : U(X) — U(Y) is
the zero morphism. Then the composite FU(X) — FU(Y) — Y is the zero morphism as
well. Since the counit is natural, this composite is the same as the composite FU(X) —

X =Y,
FUX) 2L puy)
lgx lsy
x—71 .y

hence this composite is also the zero morphism. Now since the counit ex : FU(X) — X
is surjective, the original map f : X — Y must be the zero morphism. Hence the functor
U is faithful.
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e In the other direction, suppose that U is faithful, and fix an object X € D. Let f : X — C
be the cokernel of the counit map ey : FU(X) — X. We wish to show that the cokernel is
zero. Since the composite foex = 0 by definition of the cokernel, we have U(f)oU(ex) =
0. However U(ex) : UFU(X) — U(X) is split (by the unit nyx : UX — UFUX of the
adjunction) and hence is surjective, which implies that U(f) = 0. Since U is by assumption
faithful, we have that f = 0 and so the cokernel has to be, in fact, zero as desired.

e For the last statement, notice that a faithful functor U : D — C reflects monomorphisms:
let g : 2z — x and h : 2z — x be morphisms in D such that fog = foh. Since U is a
functor, we have

U(f)eUlg) =U(fog)=U(foh)=U(f)oU(h) .

Since U(f) is by assumption a monomorphism, we have U(g) = U(h). Since U is faithful,
it follows that ¢ = h. Hence f is a monomorphism in D. A similar argument shows that
U reflects epimorphisms. In an abelian category, a morphism is an isomorphism if and
only if it is a monomorphism and an epimorphism.

O

Lemma 3.2.5 Let F': C < D : U be an adjunction between linear categories in which U and
F are linear functors, and where U is exact and faithful. Suppose that C is finite, then D is also
finite.

Proof. e Since U is faithful, the morphism spaces in D are subspaces of the morphism spaces
of C, hence finite dimensional.

e Since U is a right adjoint, it preserves subobjects. Thus U sends a decreasing chain of sub-
objects to a decreasing chain of subobjects. Since U is exact and faithful, by
it reflects isomorphisms, and hence U also preserves strictly decreasing chains of subob-
jects. Since every such chain in C has finite length, the same is true in D.

e Let X € D be an object, and let P — U(X) be a surjection in C from a projective object
P. Since F is a left adjoint, it preserves surjections. Since U is faithful, by Lemma [3.2.4]
FU(X) — X is a surjection. Thus the composite

F(P)— FUX)— X

is surjective. Moreover, the functor Homp(F'(P), —) = Home (P, U(—)) = Home (P, —)oU
is exact, and hence F'(P) is projective. Thus D also has enough projectives.

e Now suppose that X € D is a non-zero object. We claim that then the object U(X) € C is
also non-zero. Note that U as a right adjoint preserves the zero object. Hence the unique
morphism f : 0 — X is mapped to the unique morphism 0 — U(X). If U(X) were a zero
object, then this morphism and thus U(f) would be an isomorphism. Since U reflects
isomorphisms by [Lemma 3.2.4]2, the isomorphism 0 = U(X) in D would come from an

isomorphism 0 = X in C and X would be also a zero object.

Moreover, U(X) has finite length, hence there exists a non-zero morphism f: S — U(X)

where S is some simple object of C. The adjoint of this morphism is the unique morphism
f:F(S) — X such that f factors as

s urs) Y ux) .
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Hence, since f is non-zero, f must also be non-zero.

Now let W = &5, be the direct sum of representatives from each of the finitely many
isomorphism classes of simple objects of C. We have shown that for every object X € D,
there exists a non-zero morphism F(W) — X. If X is simple, then a non-zero morphism
is necessarily a surjection. In particular, it follows that every simple object of D occurs
as a simple factor in some composition series for the object F(W) € D. Since F(W)
is finite length and by the Jordan-Holder theorem, any two composition series have the
same simple factors up to permutation and isomorphism, and hence there are finitely
many isomorphism classes of simple objects in D.

[]

Proof of Prop. [3.2.3 e Let A be a finite-dimensional K-algebra and consider the linear
category A—Mod of finite-dimensional left A-modules. The linear category vecty, is finite
and the free-forgetful adjunction A ® (—) : vectx = A—Mod : U satisfies the conditions
of Lemma [3.2.5] Hence the linear category A—Mod is finite.

e Now assume that C is a finite linear abelian category. Let {X;} be a set of representatives
for the (finitely many) isomorphism classes of simples. Let P, — X, be a surjection, with P,
projective, let P = @P;. This is a finite direct sum, hence P € C. Let A = Hom¢(P, P).
As the morphism spaces of C are finite-dimensional, A is a finite-dimensional algebra,
where the algebra structure on A is defined by composition, a - b := b o a. We will see in
an exercise that P is a generator, so that by [Examples 2.1.1412 Hom¢ (P, —) is faithful.

e Given a finite-dimensional vector space W and an object ¢ € C, the functor

C — vecty
¢ — Home(c,d) @ W*

is left exact. By [Remark 3.1.16] this functor is representable. Thus there exists an object
in C that we denote by ¢ ® W such that

Home(c ® W, ') = Home(c, ') @ W* (%) .

For morphisms V LW in vect K, this implies

Home(c @ W, ) — Home(c, ) @ W*
(1dc®f)*l lid@f*
Home(c ® V, ) ——Home/(c, ) @ V*

CEB dim W

One checks that since we have finite direct sums c ® W = , we also have

Home (', c @ W) = Home(c', ¢) @ W (xx) .
e Applying (x) to c = P and W = Hom¢(P, P) = A, we find
Home (P ® A, P) 2 Home (P, P) © Home(P, P)* .

The right hand side contains a canonical element corresponding to the identity linear
endomorphism of the vector space Home(P, P). We thus get a canonical morphism in C

AN PRA—P.
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We define a functor P ®4 (—) : A—Mod — C by
PRy M:=coeq{PRARM = PR M} .

Here, the arrows are A ® idy; and idp ® pyy.

We claim that we have an adjunction, which we will show is an equivalence:
P®y(—): A—Mod < C : Home(P, —).
We have to find isomorphisms
Home(P ®4 M, c) = Homs (M, Home (P, c))

for any M € A—Mod and ¢ € C. Indeed, a morphism @ € Hom¢(P ®4 M, ¢) is described
by a morphism in ¢ € Hom¢(P ® M, ¢) such that

po(A®idy) =¢o (idp ® prr) -

We translate this to ¢ € Home (P, ¢) ® M* = Homg (M, Home (P, c)). Consider the dia-
gram:

Home (P ® M, c) = Home (P, c) ® M* ~—— Homg (M, Hom¢ (P, ¢))

| o |

Home(P ® A® M, c) —Hom¢(P,¢) ® (A® M)* —= Homg (M ® A, Hom¢(P, c))

¢ in the top left corner is mapped under the left vertical arrow to ¢ o (idp ® pps). On
the right vertical arrow, ¢ is mapped to ¢ o pys. Noticing that A = Home(P, P) we
now consider \* at the left vertical arrow which gives the same element in the bottom left
corner. The middle vertical arrow is now precomposition by the composition Home (P, ¢)®
A = Home (P, c)@Home (P, P) — Home (P, ¢). The identity of the two right vertical arrows
then shows that ¢ is a morphism of A-modulkes.

In order to show that this adjunction is an equivalence, we need only show that the unit
and counit maps are isomorphisms. Because P projective, the functor Home (P, —) is exact
and preserves coequalizers. Thus

Home (P, P ®4 M) = coeq(Home(P,P® A® M) = Home (P, P ® M))
= coeq (Hom¢ (P, P) ® A® M = Home (P, P) ® M)
= A M=M

The composition of the unit map M — Home(P, P ®4 M) of the adjunction with this
isomorphism is the identity, hence the unit map is an isomorphism.

It only remains to show that the counit
ev: P®4 Home(P,c) — ¢

of the adjunction is an isomorphism for every ¢ € C. The counit becomes an isomorphism
after applying Home (P, —), and so the desired result follows, if we show that the functor
Home (P, —) reflects isomorphisms. This would follow immediately from [Lemma 3.2.412,
if we had already proven that P is a generator, since then Hom¢ (P, —) is faithful.
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As P is projective, the functor Home(P,—) is exact. Hence, the fact that it reflects
isomorphisms is equivalent to that statement that for all ¢ € C,

Home(P,c) =0 ifand only if ¢=0.

By construction this holds for all objects ¢ of length at most 1, i.e. for all simple objects.
We prove that it holds for all objects by induction on the length. Suppose that ¢ is an
object of C and, by induction, that for all objects ¢’ with length strictly less than the
length of ¢, we know Home (P, ¢’) = 0 if and only if ¢ = 0. By assumption there exists an
exact sequence in C

0= —=c—>d =0

with ¢ simple, and with the length of ¢ strictly less than the length of ¢. We obtain an
exact sequence:

0 — Home (P, ¢') — Home(P, ¢) — Home(P, ") — 0.

If the middle term is zero, then all terms vanish. By the induction hypothesis, we conclude
that ¢’ = ¢ = 0, and hence c itself was zero. Thus Hom¢ (P, —) reflects isomorphisms, as

required.
O

3.3 Free and cofree modules

We now have the tools available that will allow to give a characterization of injective modules
that is dual to the characterization of projective modules as direct summands of free modules.
For this we need the following lemma:

Lemma 3.3.1 Let (M;);cr be a family of objects of an abelian category C.

1. The coproduct [],.; M; of the family is projective if and only if every summand M; is
projective.

2. The product [[,.; M; of the family is injective if and only if every factor M; is injective.

Proof. We only show the second statement about injective objects. The first statement uses
the universal property of the direct sum instead.

We show that the functor Hom(—, [[,.; M;) is exact, if and only if all M; are injective. For
this we apply the functor to an arbitrary short exact sequence

0>A—-B—-C-—=0

and obtain, by the universal property of the product, the sequence of abelian groups:

0 — [[Homg(C, M;) — [ [ Homp(B, M;) — [ [ Homp(A, M;) — 0

i€l i€l iel
This apparently is exact if and only if the individual sequences
0 — Hom(C, M;) — Hom(B, M;) — Hom(A, M;) — 0
for all 7 are exact, i.e. when all objects M; are injective. O]

Definition 3.3.2 Let R be a ring.
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1. An R-module R is called regular if it is projective and for every R-module M there exists
an exact sequence )
@ie [R — M =0

for a suitable family /. Every module of the form ;¢ /R is called a free module relative
to R.

2. An R-module R* is called coregular, if it is injective and for every R-module M there
exists an exact sequence
0> M — H R*
iel
for a suitable family I. Every module of the form [],_, R* is called a cofree module relative
to R*.

By [Lemma 3.3.1.2 free modules are projective and cofree modules are injective.

Examples 3.3.3
1. R itself is regular, and so are direct sums of copies of R.

2. The abelian group R* := Homgz(R,Q/Z) is an R-module via the right action of R on
itself, cf. [I'heorem 1.2.9,2.

e Consider a divisible abelian group D and the coinduced R-module Homg(R, D)
(coinduced with respect to the unique morphism Z — R). We claim that Homy (R, D)
is injective. [Theorem 1.2.9.3 implies the isomorphism of functors: R—Mod — Ab

Hompg(—, Homz(R, D)) = Homz(R ®p —, D) = Homg(—, D).

Note that in the last functor one has to apply the forgetful functor from R-modules
to abelian groups in the first argument which is exact. We can summarize our finding
in the statement that the coinduction functor is right adjoint to the forgetful functor
R—Mod — Ab.

As D is divisible, it is injective in the category of Z-modules by |[Corollary 1.4.16]
Thus the functor on the right-hand side is exact, and so is the functor on the left,
but this implies that the R-module Homgz(R, D) is injective.

e Second, we argue that every R-module M can be mapped injectively into a product
of copies of the module R*. To this end we use again that coinduction is right adjoint
to the forgetful functor, so we have an isomorphism of abelian groups:

(%) Hompg(M,Homgz(R,Q/Z)) = Homgz(M,Q/Z)

The abelian group Q/Z has torsion elements of arbitrary order, and so every every
(non-trivial) abelian group M admits a nonzero group homomorphism to Q/Z.

The adjunctions isomorphism (x) implies that every nonzero R-module M admits a
nonzero morphism of R-modules M — Homgy(R,Q/Z) = R*.

e Next we construct a morphism of R-modules M — R* that takes a nonzero value
on a given element 0 # m € M. Let (m) denote the submodule generated by m. By
the previous argument, there exists a nonzero morphism a,,: (m) — R*. Since the
module R* is injective, there exists an extension f3,, to M, such that the diagram

0 (m) M
aml .
L7 Bm

R*
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commutes. Then we have f,,,(m) = a,,(m) # 0.

e In the final step we use the universal property of the product to collect all homo-
morphisms 3, into a single one:

B:M— [ R

meM\{0}

For every m # 0 we have 3(m) # 0 because the morphism £,, in the m-th component
takes a nonzero value on m. Thus f is injective and hence a monomorphism.

Theorem 3.3.4

1. Let R be regular. Then an R-module M is projective if and only if it is a direct summand
in a direct sum ®;c;R.

2. Let R* be coregular. Then M is injective if and only if it is a direct factor in a product
[Lier B

Proof. We only prove the second statement, the first statement is dual (and known in the
special case R = R as one of the characterizations of a projective object in |Theorem 1.4.7D. If
M is injective, then the exact sequence 0 — M — [],_, R* splits, and so M is a direct factor
of the product. Conversely, [[,.; R* is a product of injective modules and thus injective by
Lemma 3.3.1L If M x M" = T][._, R*, then by the same lemma the injectivity of the right-hand
side implies the injectivity of M. m

We now invite the reader to complete [['heorem 1.4.13| by adding the characterizations of
injective modules that we have just obtained.
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4 Representation theory

In this section, we invstige the representation categories of concrete algebraic structures: prin-
cipal ideal domains and group algebras.

Our goal in the first two subsections is to give a complete description of finitely generated
modules over principal ideal domains (PIDs). PIDs are arguably the next simple class of rings
beyond fields. (Recall that PIDs are always commutative and have no zero divisors. Moreover,
any element in a PID can be decomposed uniquely into prime elements.) Examples are the ring
Z of integers and the polynomial ring K[X] over a field.

4.1 Submodules and morphisms of modules over principal ideal do-
mains

Theorem 4.1.1 Let M be a free module over a PID R. Then also every submodule U of M
is free. If M has finite rank, then rank(U) < rank(M).

The example nZ C Z of Z-modules shows that also proper submodules may have equal rank.

Proof. We give the proof only in the case when M has finite rank, namely by induction in
rankM =: n. In the general case one uses Zorn’s lemma.

e For n = 0 we have M = 0 and there is nothing to show.

e For n = 1 we consider a (nonzero) submodule I Cg R, i.e, an ideal of R. This is a principal
ideal, I = (a), and thus is generated by a single element. Since R has no zero divisors,
the family (a) is free and thus a basis of I when a # 0. So, every nonzero submodule of
R is free of rank 1.

e Let {xy,...,z,} be abasis of M. Then the family (z1, ..., x,_1) is free and the submodule
M’ = (z1,...,2,_1) of M generated by it is free of rank n — 1. The linear form

f+ M — R
Z?:l)\ixi — )\n

gives an exact sequence

0= M M5 R-0.

For every submodule U C M we then get a short exact sequence

0—->MnNU—-U-— f(U) —0.

The submodule f(U) C R is free of rank 1 by the induction start, and so [Theorem 1.3.6|
implies that the sequence splits:

U2 (MnU)s fU) .
The submodule M’ N U of M’ is free by induction hypothesis and of rank <n —1. [
Corollary 4.1.2 Every projective module over a PID is free.

Proof. Every projective module is a direct summand of a free module and thus, in particular,
a submodule of a free module. For PIDs, these are again free by [['heorem 4.1.1} m

Observation 4.1.3
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e Let M be a finitely generated module over a PID R. As for every finitely generated module
over an arbitrary ring we can find a surjection

p: R™ — M

for a suitable m € N. Since R is a PID, the ideal ker p is finitely generated and free by
[Theorem 4.1.1} i.e. kerp = R™. Consider the map kerp: R" — R™ of free modules. We
find an isomorphism

M = R™/kerp = cokerkerp .

Thus we can understand the finitely generated module M via the morphism ker p between
two finitely generated free modules. This will allow us to described morphisms in terms
of matrices.

e Note that it is essential that we can work with free modules rather than projective mod-
ules. There are significantly more rings with the property that every submodule of a
projective module is projective. Such rings are called hereditary. A finitely generated
module over a hereditary ring is always the cokernel of a morphism of finitely generated
projective modules. Such morphisms are typically not as easy to describe as morphisms
between free modules.

Next we study morphisms of free modules, and generalize some well-known results from
linear algebra along the way.

Let R be a unital ring. As for fields we also have for rings bijections between Hom-spaces
of free modules and matrices with entries in R, cf. Remark [1.3.2]6:

M: Hompg(R",R™) — M(m xn,R) .

The columns of the matrix M (f) = (a;;) are the images under f of the vectors ey, ..., e, of the
standard basis of the module R". In formulas:

For an arbitrary ring R we consider the matrices with entries in R as an abelian group
with respect to matrix addition. Then M is an isomorphism of abelian groups. Matrix mul-
tiplication corresponds to the composition of maps and is a ring isomorphism. An R-module
homomorphism ¢ is an isomorphism if and only if the matrix M () is invertible.

If the ring R is commutative, then we equip the matrices with the structure of an R-module
by multiplying all entries by an element from R. Then M is an isomorphism of (free) R-modules.

Definition 4.1.4  If the ring R is commutative, then for square matrices A = (a;;) € M(n x
n, R) with n # 0 we define the determinant by setting

det A = Z sign(a)alg(l) -+ Apo(n) -

O'ESn

One can also consider the same formula for matrices with entries in a non-commutative
ring. But then the formula det A - det B = det AB fails to hold and the notion is less useful.

Theorem 4.1.5 Let R be a commutative ring.
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1. For any two square matrices A, B € M(n x n, R) we have

det A-det B =det AB

2. A square matrix A is invertible in M (n x n, R) if and only if its determinant is invertible
in R, i.e. det A € R*.

Proof. 1. The proof of the multiplicativity of the determinant for matrices with entries in a
field is familiar from linear algebra. Now we may consider the integral domain

L[ X5, Yijli<ij<n

as a subring of its fraction field, and thus the determinant with entries in a domain
is multiplicative. Into this abstract identity we can substitute elements of an arbitrary
commutative ring for X;; and Y;;, and the claim follows.

2. If A is invertible, then by multiplicativity det A - det A=! = 1, so the determinant is
invertible in R. Conversely, consider the adjoint matrix with entries

P
AF = (=1)" det A7

where A’" denotes the (n — 1) x (n — 1)-matrix, obtained from A by deleting the jth row
and the ith column. For matrices with entries in a field on shows in linear algebra that

AFA = (det A)I .

As in the first part of the proof, this argument extends to arbitrary commutative rings
R. O

We can now generalize the following theorem from linear algebra to finitely generated free
modules over principal ideal domains:

Theorem 4.1.6 [Smith normal form| Let R be a PID and f: M — N a homomorphism
between two free R-modules of finite rank m resp. n.

1. There exists a diagonal matrix D € M(n x m, R) whose entries satisfy the divisibility
conditions

dir | doo | dss ... | dpr

where 7 = min(n,m), and isomorphisms M = R™ N = R" such that the following
diagram commutes

M LN
N N
rm 2y Rn

2. The diagonal entries d;; are unique up to multiplication by invertible elements of R, and
are called elementary divisors.

Proof.

e We may assume M = R™ and N = R", such that f is represented by a matrix A €
M (n x m, R). We are looking for invertible square matrices

XeMnxnR), YeMmxmR),

such that the product X AY has the desired diagonal form with divisibility properties.
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e For a matrix A we let (A) C R denote the ideal generated by the entries of A. For every
matrix X, the equation
A)zg = Z Tk O
k

(XA) € (4)
of ideals. If X is invertible, then one also gets the reverse inclusion and hence

(XA)=(A).

implies the inclusion

e In the main part of the proof, we will describe a procedure to find invertible matrices X

and Y, such that o
<(XAY)11> = <A> )

i.e. such that the upper left entry of the modified matrix generates the entire ideal (A).
This will be done in steps. If (a;1) = (A) then the invertible matrices can be chosen to
be identity matrices and we are done. On the other hand, if (a11) & (A), then we will
describe a subroutine to find invertible matrices X and Y, such that the smaller ideal
gets enlarged: ((XAY')11) 2 (a11). Using this subroutine, we enlarge the principal ideal
generated by the upper left entry. In every PID there exist only finite many distinct ideals
a between two given ideals, ap C a C a; (this is a consequence of the uniqueness of the
prime decomposition). Thus our subroutine reaches after finitely many steps the ideal
(A), and thus we get the invertible matrices X and Y as desired.

Now one can perform row and column operations to eliminate all but the first entry in
the first row and the first column, without changing the upper left entry: here we use
that a;; divides all entries, which allows us to subtract suitable multiples of the first row
resp. column from every other row resp. column. This corresponds to finding invertible
matrices X and Y such that X A Y has only zeros in the first column and row, except
the one entry in the upper left, now called dy;. Here we also record (dy;) = <A>, ie. di;
divides all other entries.

By induction one now proceeds on the submatrices obtained by omitting the first row
and column.

o We still have to describe the subroutine to enlarge the principal ideal generated by the
upper left entry. To this end we distinguish three cases:

(a) aj; does not divide all elements in the first row, without loss of generality it does
not divide aj2. Then we write the ideal (a1, a12) in the PID R as principal ideal:

<Cl11, a12> = <d> with d 7£ 0.
Thus we can find x,y, \, u € R such that:

d = Tray + Yai2
apy — dA
a2 = du .

As PIDs have, by definition, no zero divisors, this implies 1 = x\ + yu. We now
consider the product of the following two matrices:

ail a2 z —p




The second matrix Y on the left-hand side has determinant one and is thus invertible
by [Theorem 4.1.5 Since (d) contains the ideal (a11) properly, we have found a pair
of matrices X = I and Y as desired.

(b) An analogous argument works if a;; does not divide all elements in the first column.

(c) If ajy divides all elements the first row and column, then we can eliminate all these
elements by elementary row and column operations. But since (a11) # (A), the entry
a11 cannot be divisor of all entries of A. To proceed, we add a suitable row to the
first row and thus put ourselves into case (a) and continue from there.

e We still have to prove the uniqueness of the resulting diagonal matrix. Let J;(A) for ¢ > 1
be the ideal in R that is generated by the determinants of ¢ x i-submatrices of A. Again
we have

J(XA) C Ji(A)

for every matrix X, thus also equality of ideals for an invertible matrix X. We deduce
Ji(A) = (dirda - - - dy)

and thus the uniqueness of the diagonal elements d;; up to multiplication by units of

R. ]

4.2 Classification of modules over principal ideal domains

We will now see a simple, explicit description of finitely generated modules over a PID. We
start with an existence result:

Lemma 4.2.1 Let M be a finitely generated module over a PID R. Then there exists an
ascending chain a; Cay C --- C a, g R of ideals of R, such that

M=R/ay x---x R/a,.

Here we allow a; = 0 and have R/0 = R as R-module.

Proof. We had already seen in [Observation 4.1.3|that there exists a morphism f: R® — R™ of
finitely generated free modules, such that M is isomorphic to the cokernel of f.

[Theorem 4.1.6| on the Smith normal form lets us find invertible maps X,Y, such that the
diagram

Rr—L- pm

4
commutes and D is a diagonal matrix, whose elements satisfy the divisibility conditions
dy1|dasg| . . . |dyr with 7 = min(m, n). We thus have an isomorphism of R-modules:

M=R"/Im D= R/d31Rx---xR/d.,R*x R"™"

The factors with d;; € R* with units may be omitted. This implies the existence of the stated
decomposition. O

The following theorem summarizes our considerations and notes that the description is
unique. We give two equivalent versions.
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Theorem 4.2.2 Let M be a finitely generated module over a PID R.

1. Then there exists exactly one ascending chain a; C a; C --- C a, of ideals in R, such that

M= R/ay x R/ag x --- x R/a, .

2. Then there exist prime powers ¢, ...,q in R such that
M=R XR/¢1Rx--- X R/qR. (%)

Here s € Nj is uniquely determined, i.e. it does not depend on the choice of decomposition
(*), and the prime powers ¢; are determined up to units and ordering,

Proof. e The existence of a decomposition as in 1. has already been established in
Lemma 4.2.1, The existence statement in 2, follows from the other one by choosing for
a; # 0 a generator «;, a; = (o), and writing them as products of pairwise relatively prime

prime powers:
Q= H q]@ .
J

Then we use the Chinese remainder theorem for each ¢ and find
Rja; = R/(q)") x R/(¢") x - x R/(¢").

e Conversely we can deduce the uniqueness statement in 1. from the uniqueness statement in
2. by again using the Chinese remainder theorem. It thus remains to show the uniqueness
statement in 2. The key idea is to deduce the uniqueness statement from the uniqueness
of the dimension of vector spaces, over various fields related to the PID R.

e We start with the uniqueness of the rank of the free part. Let @) := Quot(R) the fraction
field of R. Then Hompg(M, Q) is a Q-vector space. By the universal property 1 of
the direct sum we have

Hompg(M, Q) = Homg(R/¢1 R, Q) x - -+ x Homg(R/¢: R, Q) x Hompg(R, Q)*.

By [Examples 1.1.9| (4) we have Hompg(R, Q) = Q. Let a be a nonzero ideal of R. Then
by the universal property of the quotient module

Hompg(R/a,Q) = {f € Homg(R,Q) | fla =0} .

Every nonzero module homomorphism f: R — @ is injective: let f(1) # 0. Then for all
m # 0 in the ring R we have f(m) = mf(1) and thus f(m) # 0 since there are no zero
divisors in the fraction field ). Thus the right-hand side contains only the zero morphism,
i.e. for a # 0 we have

Hompg(R/a,Q) =0.

This implies
s = dimg Hompg(M, Q) ,

and so the rank s of the free part does not depend on the decomposition (x) in 2.
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e We use a similar strategy to verify the independence of the prime powers. For this we
consider for every fixed irreducible p € R the residue field R/pR.

Let M be an R-module. For every n > 1 the quotient p"~'M/p"M is a (R/pR)-vector
space. Define
dZ(M) = dimR/pR(p"_lM/p”M) )

Then we have
d;‘(M@ N) = dZ(M) +dZ(N) )

We compute djy (M) in three different cases:

1. We first compute d7(R).
The multiplication with p"~! yields a surjection to p" 'R that we compose with a
canonical surjection:

n—1
R™ p" 'R p" 'R/p"R.
Thus we get an isomorphism of R/pR-vector spaces
R/pR -~ p" 'R/p"R.
From this we deduce for all n € N that for R as left module over itself one has

dr(R) = dimp/,r(p" 'R/p"R) = 1.

2. Next we consider modules of the form R/p™R.
For n > m we have p"~!(R/p™R) = 0. For n < m we find a surjection

on—1

R—R/p"R "> p" (R/p™R) —
" N(R/p"R)/p"(R/p"R)

with kernel pR. Thus we have

0 for n>m

dP(R/p R):{l for n<m.

3. Finally, we consider modules of the form R/p™R, where p is prime and not a unit
multiple of p.
Then the class of p in the quotient ring

R:=R/p"R
is invertible. Thus multiplication with p” is an isomorphism on R and
A} (R/P™R) = dimp/,r(R/R) = 0.
From these three computations we get
dy(M) = s+ [{i|p" divides ¢},

and so the uniqueness of the ¢; up to unit multiples and ordering follows form the unique-
ness of the dimensions d(M).
O
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Corollary 4.2.3

1. Every finitely generated module M over a PID R is isomorphic to the direct sum of its
torsion submodule and a free module,

M = Tor (M) ® R®.

2. A finitely generated torsion-free module over a PID is free. (Conversely, the free modules
for every domain are torsion-free.)

Note that the decomposition into a direct sum is not canonical: the torsion elements form
a well-defined submodule, but the free part is not uniquely determined as submodule. For
example, in the Z-module Z x Zy both (£1,0) and (1, 1) generate a free subgroup of rank 1.

We now consider this structural result in two important special cases: for abelian groups,
i.e. Z-modules, and for K-vector spaces with endomorphisms, i.e. K[X]-modules.

Corollary 4.2.4 Let G be a finitely generated abelian group, considered as finitely generated
module over the PID Z.

1. Then there exists a unique sequence of natural numbers dy,ds,...,ds € {0,2,3,4,...}
with d;|d; 1 for i =1,...,s — 1, such that

GgZd1XZd2X---XZd

Here we allow Zg = Z/0Z = Z.

2. Then there exist prime powers q1, ..., q and a natural number r» € N with
G=EZg X XLy XL"

The natural number r is uniquely determined by G and it is called the rank of GG. The
prime powers are unique up to ordering.

The free factors in the decompositions here are also not uniquely determined as subgroups
of G. The displayed isomorphisms are not canonical, i.e. not distinguished in a unique way.

Observation 4.2.5

e Let V be a finite-dimensional K-vector space and A € Endg (V') an endomorphism. Then
by [Lemma 1.1.15 we may consider V' as a K[X]-module, that is finitely generated because
the vector space dimension is already finite. Also for dimension reasons, the free parts as
a K[X]-module vanishes. Thus we can find principal ideals a; = (f;) as in [Theorem 4.2.2]
where we specify the generators f; € K[X] uniquely by requiring that they are monic
polynomials.

e Thus we have assigned to every endomorphism a sequence of monic polynomials f1, ..., f,,
which satisfy the divisibility condition f;|f;_1]...|fi- These polynomials are called the
invariant factors of the endomorphism A.

e For every class 7 € K[X]|/ a; we get
fl.ﬁzfl-vz(),

since fi = 0 mod f; for all i. Hence f;(A) = 0. Conversely, on the summand K[X]/(f;) it
is exactly the multiples of f; that act by zero. Thus f; is the monic polynomial of least
degree, for which f(A) = 0 holds, i.e. the minimal polynomial of A.
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e For every summand of the form K [X]/(f) we now discuss the action of the endomorphism
given by multiplication by X. For this let

f=X"4a, 1 X" ' +.. . +a1 X +ag.

Choose as K-basis of K[X]/(f) the classes b; := Xt with i = 0,...n — 1. Then we
have X.b; = bj;q for i = 0,...n — 2 and X.b, ; = — Z;:Ol a;b;. We thus find that the
endomorphism is described with respect to this basis by the matrix

00 —ag
10 :
By = 1 - € M(n xn,K)
0 —an_o
1 —a,_1

which is called the companion matrix of the polynomial f. The resulting normal form of
the endomorphism — blockdiagonal with blocks given by companion matrices for polyno-
mials obeying the divisibility condition — is also called the Frobenius normal form of the
endomorphism.

The special case over algebraically closed fields is especially important.

Corollary 4.2.6 [Jordan normal form] Let K be an algebraically closed field, V' a finite-
dimensional K-vector space and A: V' — V an endomorphism of V. Then there exists a basis
of V, in which A is block diagonal, where in each block the diagonal entries are constant, only
1s appear directly above the diagonal, and zeros elsewhere.

Proof. As K is algebraically closed is, the prime elements are given (up to unit multiples) by
linear polynomials. By [Theorem 4.2.2|2 we find an isomorphism of K[X]-modules

V= K[X]/(X = A)™ x o x K[X]/(X = A)™

with n; € N and \; € K for ¢ = 1,...,n. In each summand on the right-hand side we choose
as basis the classes of the polynomials

1L(X = A), (X — A2 (X = AL

Then the multiplication by X, and thus the action of A in the above basis, is given by the
Jordan block since: A ‘ .
X(X =N =AMX =N+ (X =) O

Similarly one obtains normal forms for fields that are not algebraically closed, e.g. R (see
e.g. [K61l, Satz 35.8]).

4.3 Semisimple rings and categories

Here we start into a more thorough discussion of modules over the group rings of finite groups.
Throughout this section we let K be a field of arbitrary characteristic, G a finite group, and
by R := K|[G] we denote the group ring of G over K, unless explicitly stated otherwise.

We begin with a general definition:

Definition 4.3.1 A ring R is called self-injective, if R as left module over itself is coregular

in the sense of [Definition 3.3.21
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Recall that an R-module M is finitely generated, if there exists n € N and a surjective
morphism of R-modules R™ — M. Let us assume that the ring R is self-injective. We call an
R-module finitely co-generated, if there exists n € N and an injective morphism of R-modules
M — R". For finitely generated modules over self-injective rings the following statement holds:

Theorem 4.3.2 Let R be a self-injective ring. Then an R-module that is finitely generated
and finitely cogenerated is projective if and only if it is injective.

Proof. We consider the following chain of implications:

M projective <« M direct summand in @y ;. R
& M direct factor in [[g ... R
< M injective

The first and last implications follow from [I'heorem 3.3.4. The finiteness follows because in the
proof of [T'heorem 1.3.5for a finitely generated module M, we can choose a free module of finite
rank. O

Let K be a field. In case one considers finite-dimensional modules over a finite-dimensional
self-injective K-algebra A, one can show [F05, Lemma 1] that a module is projective if and
only if it is injective.

Our goal is the following theorem:

Theorem 4.3.3 Let K be an arbitrary field and G a finite group. Then the group ring
R = K|[G] is self-injective. As a consequence, a finite-dimensional G-representation on a K-
vector space is projective if and only if it is injective.

In this theorem it is essential that K is a field and also that the group G is finite. We first
proof the following

Lemma 4.3.4 Let R be a K-algebra. We denote by R* the R-module R* := Homg (R, K),
induced by the right action of R on itself. Then the R-module R* is injective.

Proof. The proof proceeds as in Example|3.3.3/2: We aim to establish an isomorphism between
the functors Hompg(—, R*) and Homg (—, K). For an arbitrary R-module M we have:

Homp(M, R*) % Homp(M, Homg (R, K)) & Homg (R ®g M, K) = Homg (M, K) .
The second isomorphism holds because both spaces describe the K-bilinear maps M x R — K.
In the last expression we implicitly apply the forgetful functor from R-modules to K-vector
spaces. Thus we have an isomorphism of the functors Hompg(—, R*) and Homg(—, K). The
functor Homyg (—, K) is exact, since the field K as module over itself is injective. In this step we
use that we consider the group ring over a field. By the isomorphism of functors, Homg(—, R*)
is also exact, so R* is injective. 0

The other arguments in Example [3.3.3] can also be generalized, showing e.g. that R* is
coregular. The proof [I'heorem 4.3.3| will follow from the next lemma.

Lemma 4.3.5 Let G be a finite group and R = K|[G]. Then the K-linear map
¢:R* - R
foe Y fl9g™,

is an isomorphism of R-modules. Here (g),e¢ is the distinguished basis of K[G].
For the group ring of a finite group the modules R and R* are thus isomorphic. Motivated
by the terminology from the theory of Hopf algebras, we call ® the Frobenius map.
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Proof. The map is obviously bijective, since the preimage of the standard basis element g € R
given by d,-1 € R* with 04(¢") = 64. We compute that ¢ is a morphism of R-modules: for
go € G we have

®(g0-f) =D flgg0)g™ =D F(@)g0d ™" = go®(f) -

geG gea

Note that the sum is well-defined because the group is finite. O

One can now ask whether it is possible that all K-linear representations of a given finite
group are projective, i.e. that the category of representations is semisimple in the sense of
IDefinition 3.1.17, We will first study categories of modules over a ring, in which all objects are
projective, in a more abstract setting.

Definition 4.3.6

1. A module M is called semisimple, if every submodule U of M has a complement D, i.e.
if for every submodule U there exists a submodule D with D & U = M.

2. A ring is called semisimple if it is semisimple as left module over itself.

Every vector space — so every module over a field — admits by extension of bases comple-
ments and thus is semisimple. Over any ring, the zero module M = 0 is semisimple.

As we have only used left modules to define, when a ring is semisimple, we should actu-
ally call this notion left-semisimple. In [Corollary 4.4.5 we will see, however, that every left-
semisimple ring is also right-semisimple.

Theorem 4.3.7 Let R be a ring and M an R-module. Then the following are equivalent:
1. M is an (inner) direct sum of simple submodules.
2. M is a (not necessarily direct) sum of simple submodules.
3. M is semisimple, i.e. every submodule U of M has a complement D.

Proof. e 1. = 2. is clear by definition.

e 2. = 3. we start by considering M = }_._; M;, a sum of simple submodules M;. For every
subset J C I we denote the corresponding inner sum of submodules as

MJ:ZZMi.

icJ

Let U be the submodule for which we want to find a complement. By Zorn’s lemma, we
can find among the subsets J C I with M; NU = 0 a maximal subset J (with respect to
inclusion). By the requirement M;NU = 0 on the index set J, the sum M;+ U is direct.
It thus suffices to prove that

M;+U =M.

Suppose, on the contrary, that M;+ U is a proper submodule of M, then there would be
at least one M; ¢ M, + U. This excludes the option M; N (M;+ U) = M;, so since M; is
simple, we must have M; N (M; + U) = 0. But then we also have (M; + M,;) N U =0, in
contradiction to the maximality of J.
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e 3. = 2. starts by noting that property 3. is inherited by submodules. Let U C N C M

be submodules, V' a complement of U in M, then V N N is a complement of U in N.

Let S be the sum of all simple submodules of M. (If M has no simple submodules, this
would mean S = 0.) Now suppose S # M, then by 3. we find a nonzero complement D
of S.

Continuing with the assumption D # 0 we can find D > d # 0 and consider Rd, the
submodule of D generated by d. The proper submodules of a module form a partially
ordered set under inclusion, in which every chain has an upper bound. As upper bound
of such a chain of submodules we can take their union. Using Zorn’s lemma we find a
maximal proper submodule U’ in Rd. Since the submodule Rd also satisfies (3), we find
a complement Rd = U’ @ E. Then E = Rd/U’ is simple by maximality of U’ in Rd, see
[Lemma 1.5.2]2. By definition of S we have E C S, in contradiction to £ C Rd C D and
DnNnS=0.

2. = 1. here we start with M = .., M; for simple modules M;. Let X be the set of
all subsets J C I, such that the sum M; = > ._; M; is direct. By ) € X this set is
non-empty.

We show that every chain in X has an upper bound in X. Let Y be a totally ordered
non-empty subset of X. Our candidate for an upper bound for Y is Iy := UpeyI’, so our
next goal is to show [y € X.

The sum Mj, is direct if and only if for every finite subset I; C Iy the sum is direct. As
Y is totally ordered, there exists for every finite I; an I’ € Y with Iy C I'. By Y C X,
the sum My is direct, and then the smaller sum M, is also direct. Thus the sum M, is
direct, and so Iy € X.

By Zorn’s lemma we find a maximal element J € X and claim M; = M. For this it
suffices to show M; C M for all © € I. Suppose this would fail for 7y, then M;, N M is a
proper submodule of M;,. As M;, is simple, we must have M,;, N M; = 0, and so the sum
M;, & Mj is direct, in contradiction to the maximality of J. [

Corollary 4.3.8 Every quotient and every submodule of a semisimple module is semisimple.

Proof. For a given submodule U C M, consider the canonical surjection M — M /U. The image
of a simple submodule of M is either zero or isomorphic to the simple submodule. Thus the
quotient M /U is a sum of simple submodules, by [Theorem 4.3.7| thus semisimple.

Again by [T'heorem 4.3.7|we find a complement D for U. Thus the submodule U is isomorphic
to a quotient, U = M /D, and hence semisimple by the previous argument. O]

Corollary 4.3.9 Let R be a ring. Then the following statements are equivalent.

1.

The ring R is semisimple, i.e. as a left module over itself, R is a direct sum of simple
submodules.

. Every R-module is semisimple, i.e. every R-module is a direct sum of simple submodules.

. The category R—Mod is semisimple in the sense of [Definition 3.1.17] i.e. all R-modules

are projective.

Proof.
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3.=2. Let the category R—Mod be semisimple and M an R-module. For every submodule U C
M we have a short exact sequence

0—-U—-M-—M/U—=0,

that splits by [Theorem 1.4.7| since M /U is projective. By [Theorem 1.4.3[ the submodule
U then has a complement in M.

2.=1. This implication is trivial since 1. is a special case of 2.

1.=3. We need to show that every R-module M is projective, i.e. a direct summand of a free
R-module F. By [Theorem 1.3.5] M is a homomorphic image of a free module F, so we
may consider the exact sequence

0> kermr > F 5 M—0

The ring R is semisimple by assumption, and thus also F, as it is a direct sum of copies
of R. By [Theorem 4.3.7| ker 7 has a complement, which is isomorphic to M, i.e. F' =
M & ker . Thus M is projective.

O

Theorem 4.3.10 Let R be a semisimple ring. Then as R-module R has finite length and
every simple R-module is isomorphic to a simple submodule of R. In particular, there exist
only finitely many simple R-modules up to isomorphism.

Proof. We find a decomposition of R as a direct sum simple R-modules, R = &M; with M;
simple. As unital ring, R cyclic as module over itself with generator 1 € R = @&M;. The generator
can only have nonzero components in finitely many summands, so R has finite length. For an
arbitrary simple module M we consider a generator x € M to get a surjection

r = rr

This corresponds to a family (M; — M) of module homomorphisms. Since the map is surjective
at least one of the maps out of M; must be nonzero. By Schur’s lemma this must be an
isomorphism, along which we can identify M with a submodule of R. [

Definition 4.3.11

1. Let R be a ring and M an R-module. Given a simple R-module F, we denote by
Mg C M the sum of all submodules of M that are isomorphic to F and call this the
isotypic component of M of type E.

2. The submodule generated by all simple submodules of M is called the socle of M and it
is denoted by soc(M).

Theorem 4.3.12 [Decomposition into isotypic components]
1. The socle is the largest semisimple submodule of M. In particular, a module is semisimple
if and only if it is equal to its socle.

2. Let R be a ring and irr(R) system of representatives for the isomorphism classes of
simple R-modules. Then the socle soc(M) decomposes into the direct sum of isotypic
components:

soc(M) = GB Mg .

Ecirr(R)
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Proof. e The socle is a sum of simple modules and, thus, semisimple by [I'heorem 4.3.7}

e As soc(M) is semisimple, we only have to show that the sum of isotypic components is

direct, i.e. that we have
Mg Ny Mp =0
F#E

for all E. For this it suffices to show that every simple submodule in a sum of simple
submodules is isomorphic to one of the summands. Then every simple submodule of Mg
is isomorphic to E, but no simple submodule of ) .. 4E M can be isomorphic to E. Thus
the intersection is trivial.

So we let E be a simple submodule in a sum M := ZjeJ M; of simple modules. Since
the sum ) jes M; is semisimple, the simple submodule E is also a quotient of this sum.
As in the proof of [I’heorem 4.3.10] we deduce that E is also isomorphic to a simple direct
summand in M.

]

We can now provide a condition under which the category of representations of a finite
group G on K-vector spaces is semisimple.

Theorem 4.3.13 [Maschke]  Let G be a finite group and K a field, whose characteristic does
not divide the order of the group |G|. Then the category of representations of G on K-vector
spaces is semisimple.

There exists a simple method of proof in the cases K = R or K = C; since this method
admits many generalizations in other contexts we first consider these special cases. It is based
on the following lemma.

Lemma 4.3.14 If V is a representation of a finite group G over K = R or K = C, then
there exists a G-invariant inner product on V', i.e. (gv, gw) = (v, w) for all elements g € G and
v,we V.

Proof. We choose on V' an arbitrary sesquilinear inner product b: V x V — K, for example by
declaring an arbitrary basis to be orthonormal. Then the finite sum

(v,w) ==Y blgv, gw)

geG

defines a G-invariant inner product. This is clearly sesquilinear and positively definite since
(v,v) = >_,ca(gv, gv) is a finite sum positive real numbers and thus positive. The G-invariance
follows from

(gv, gw) = > _ b(ggv, gw) = (v, w) . O

gea

Proof of Maschke’s|Theorem 4.3.15 for K =R or K = C and finite-dimensional representations..
If W C V is a subrepresentation, then there exists an orthogonal complement W+ C V since
V is finite-dimensional. With respect to an invariant inner product, the complement W=+
is a subrepresentation: if (v,w) = 0 for all w € W then, by invariance, we also have
(gv,w) = (v,g7'w) = 0, for all g € G and w € W. We thus have the following orthogonal
decomposition into subrepresentations:

V=WaeWwt.

Now that we know that complements exist, semisimplicity follows from [Theorem 4.3.7 O]

97



This technique is also called “Weyl’s unitarian trick”. In case of infinite-dimensional in-
ner product spaces, one additionally has to assume the completeness of the subspace W, to
conclude that an orthogonal complement exists. The general case, i.e. for general fields and
representations of infinite dimension, needs more work.

Proof of Maschke’s|Theorem 4.3.15, general case. By [I'heorem 4.3.7] it suffices to show that
every submodule W of V' has a complement.

e If i: W — V is a subrepresentation, then we can find a retraction in the category of
K-vector spaces, i.e. we pick a K-linear map

TV -=-W

such that m o7 = idy,. The problem is that 7 is in general only a map of vector spaces,
but not of G-representations. We intend to improve the map by averaging over the group
G so that it intertwines the action of G. We thus consider the map v: V — W:

|G|Zgo7rog
geG

This only makes sense when the characteristic of K does not divide the order of the group.
(Compare this expression with the proof of [Theorem 4.3.3, where we also saw a sum over
group elements, in which g and ¢! appear in pairs.

e For arbitrary h € G' we now compute:

how— Zhg Tog !

gEG

|G|Zgo7rog h = Yoh,

where we have substituted § := hg. Thus we see ¢ € Homg(V, W). Furthermore we have

Yoi= |G|Zgo7rog oz—Z|G|go7rozog = idw ,

geG geG

where in the second equation we use that i is a G-morphism and in the third equation
7ot = idy. Here it becomes clear, why one has to divide by the group order |G|, which
imposes the stated restriction on the characteristic of the field.

e By [Theorem 1.4.3| V' is the inner direct sum of «(WW) and ker 1. O

For any group G and field K, such that char(K’) does not divide the group order |G|, the K-
linear representation theory of GG can thus be reduced to understanding simple representations
and, by [[heorem 4.3.10, understanding the decomposition of the group ring into simple left
modules.

4.4 Structure theory of semisimple rings

Semisimple rings resp. semisimple algebras over a field can be described very explicitly. These
descriptions will be used in the next section to study semisimple group rings.

We recall Schur’s lemma [1.5.5; every homomorphism ®: M; — M, is injective or zero,
whenever M, is a simple module, and is surjective or zero, whenever M, is a simple module.

Corollary 4.4.1
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1. For every simple R-module M, the endomorphism ring Endg(M) is a division ring, i.e. a
ring, in which every nonzero element has a multiplicative inverse.

2. Homomorphisms between semisimple modules preserve isotypic components.

3. If R is commutative, then for every ideal I C R the quotient R/I is a ring and we have
ring isomorphisms

Endg(R/I) = Endg/(R/I) = R/I .

It follows that the module R/I is simple if and only if the left ideal I is maximal, cf.
The endomorphism ring of a simple module over a commutative ring is thus
a field.

A finitely generated semisimple module M always has finite length: Let eq,...,e, be a
finite generating set of M. Each of the finitely many generators has nonzero components in
only finitely many summands in the decomposition M = @, M, into simple modules. Thus
only finitely many components My, ..., M, can be hit, and we can deduce M = M, & - - H M,..

Theorem 4.4.2 Let R be aring and M a finitely generated semisimple R-module. Then the
endomorphism ring Endg(M) is isomorphic to a finite product of matrix rings over division
rings.

Proof. The module M is semisimple and decomposes into isotypic components M = @F_ M
with n; € N and M; pairwise non-isomorphic simple R-modules, see [[heorem 4.3.12] As M is
finitely generated, the decomposition is a finite direct sum. Then we have

EIldR(M) = @Z‘jHOIH(Mini7 MJnJ) = @ZM(TLZ X 1, EHdR(Ml)) .

By the [Corollary 4.4.1}1 of Schur’s lemma, Endg(M;) is a division ring. O

Theorem 4.4.3 [Artin-Wedderburn theorem| Every semisimple ring R is isomorphic to
a finite product of matrix rings over division rings. Any commutative semisimple ring R is
isomorphic to a finite product of fields.

Proof. As R is semisimple, it has finite length as a left module over itself, see [Theorem 4.3.10]
By [T'heorem 4.4.2| we have

Endgp(R) = [ [ M(n; x n;, D)

for some n; € N and certain division rings D;. For every ring R there exists an isomorphism by
right multiplication,
R°P? 5 Endg(R)
r o= (x> ar)

The inverse associates to a module morphism ¢q :g— g R the elements po(1) € R. Note that

@o(r) = @o(r - 1) = ripe(1)

so that ¢o(1) indeed characterizes ¢q uniquely. Thus

R = (R°PP)oPP o HM(m X ni, D;)°PP = HM(nz x n;, D{*?)

where the last isomorphism is given by transposition of the n; x n;-matrices. O]
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Remark 4.4.4 The decomposition of a semisimple ring R

is unique up to reordering.
Corollary 4.4.5 A ring is right-semisimple if and only if it is left-semisimple.

If instead of arbitrary rings we work with algebras over fields, then for an algebraically
closed field K, the semisimple K-algebras can be explicitly described. For this we need the
following lemma:

Lemma 4.4.6 Let F' be an algebraically closed field. If D is a finite-dimensional division
algebra over F', then D = F.

Proof. For every element « € D, the family (1,x,...,2™) with m := dimpg D is linearly depen-
dent over the field F'. Thus there exists a monic polynomial f € F[X] with f(x) = 0. Choose
such a polynomial f of minimal degree. If f were reducible, f = f; - fa, then 0 = fi(x) - fo(x)
for non-constant polynomials of strictly lower degree than f. Since D is a division algebra, we
must have fi(x) =0 or fo(x) =0, in contradiction to the minimality of f.

Since F is algebraically closed, the irreducible polynomial f is of the form f(X) =X —a
with a € F. Thus x =aand D = F. O

Over the field R, which is not algebraically closed, there are different division algebras: the
fields R and C and the quaternions H, a non-commutative division algebra.
From [Theorem 4.4.3| we now get:

Corollary 4.4.7 Let K be an algebraically closed field. Every finite-dimensional semisimple
K-algebra is isomorphic to a finite product of matrix rings with entries in K.

We can also combine with Schur’s lemma [4.4.1]1 to get:

Corollary 4.4.8 Let K be an algebraically closed field and R a K-algebra. Let M be a
simple R-module of finite dimension. Then we have an isomorphism of rings:

K 5 Endg(M)
A Aidy .

Such a module is also called absolutely simple.

Proof. As K is a field, we know that the map is injective. On the other hand, Endg(M) is a
division algebra over the algebraically closed field K and thus isomorphic to K by [Lemma 4.4.6]
Thus the K-linear map is also surjective. O

We also use the Artin—-Wedderburn [Theorem 4.4.3] to read off the representation theory of
semisimple rings.

Corollary 4.4.9 The isomorphism classes of simple representations of a semisimple ring are
in bijection to the individual factors of the ring; only the corresponding factor acts non-trivially
on the simple representation. Associated to the factor M (n; X n;, D;) is a simple representation

given by acting with matrices on column vectors in (D;)™.
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4.5 Fourier transform for groups

We would like to avoid assuming that the group algebra of a finite group G over a field K is
semisimple, and thus need an additional tool. Let M be an R-module. Then M is also a module
over the ring Endg(M):

Endg(M)x M — M
(o;m) = o(m) .
Every ring element € R defines by scalar multiplication

ANe: M — M
m — x.m

an element of End(M) that commutes with any ¢ € Endgr(M), i.e. that is contained in
Endgna, ) (M). In particular, we have a ring homomorphism

PJac - R — EndEndR(M) (M) .

Theorem 4.5.1 (Jacobson density theorem) Let R be a ring and M a semisimple R-module.
Let f € Endgna, ) (M) and finitely many elements my, ..., m, € M be given. Then there exists
an € R with f(m;) = xm; for all i.

This statement is often expressed by saying that the image @jac(R) in Endgnay,an (M) is
dense: We can encode the action of every morphism f € Endga,as) (M) on finitely many
elements of the module as multiplication with a scalar x € R.

Proof. We first consider the case r = 1, i.e. with a single element m; € M. As M is semisimple,
the submodule Rm; C M has a complement D by [['heorem 4.3.7, We now consider the direct
sum decomposition

The idempotent map
m: M — Rmy — M,

defined as the composite of the canonical surjection and injection, is an element of the endo-
morphism ring Endg(M). As f € Endgna, (M), we must have

fom=mof,
and so
f(mi) = fom(m) =mo f(mi).

This implies f(m;) € Rm; and so there exists an element x € R, such that
flmy) =amy .
For the general case r > 1 we consider the finite direct sum of copies of M
(my,.... m)eEM&---DM,
which is a semisimple R-module, and the map
fxfx-xf,
which indeed commutes with all elements of
Endr(M & ...& M) = M(r x r,EndgM),

and then we use the case r = 1. O]
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Remark 4.5.2 We explain the name density theorem, using some elementary topology. | We
endow the set underlying the module M with the discrete topology and Endgna, (M) with
the compact-open topology which has by deifnition the subbasis

{W(K,U) | K € M compact and U C M open } ,

where

We now claim:
The image of the ring homomorphism

PJac - R — EndEndR(M) (M) .

is dense in Endgya,an (M) if and only if for every morphism f € Endgna, (M) and and any

finite set F* C M there exists a ring element x € R such that f(m) = am, for all m € F.
Suppose that the image of ¢, is dense. Then any open neighborhood U of f has non-empty

intersection with Im (py,.). Given a finite subset F' C M, the finite intersection of open sets

U = NmerW ({m}, {f(m)})

is an open neighbourhood of f. Thus, there exists x € R such that pj..(z) € U. By definition
of U, this implies for x that f(m) = z.m.

Conversely, suppose that for any f € Endgna, (M) and any finite subset F* C M, there
exists # € R such that f(m) = x.m for all m € M. Now let U € Endgna, ) (M) be an open
neighbourhood of f. By definition of the compact-open topology, we can write U in the form

U = Uier (Njes, W(Kij, Vij))

where all index sets J; are finite, each K;; C M is compact and thus finite and V;; C M is open.
There is at least one k € I such that f € Njey, W(Ky;, Vij). Then K := Uje,, Ky s, as a finite
union of finite sets, a finite subset of M. By assumption, we find = € R such that f(m) = z.m
for all m € M. For this z, we have @jac(x) € Njes, W (Kyj, Vij) C U. Thus the image of ¢, is
dense in Endgna, (M) .

Corollary 4.5.3 [Wedderburn] If K is an algebraically closed field and A a subring of M (n x
n, K), such that K™ is simple as an A-module, then A is the entire matrix ring,

A=M(nxn,K).

Proof. As K is algebraically closed and K™ is a simple A-module, by [Corollary 4.4.8| of Schur’s
lemma End4(K™) = K. As a simple A-module, K™ is also semisimple; by the density theorem
A is dense in Endgng,xn)(K™) = Endg(K™). Since K" is generated by finitely many
m; € K" as K-vector space, linear maps can be determined on finitely many values. This
implies the surjectivity of ¢y..: A — Endg(K™). O

Remark 4.5.4 One can also give a coordinate-free description of this theorem: If K is
an algebraically closed field and V' a finite-dimensional K-vector space and A C Endg (V) a
subring, such that V' is simple is as ab A-module, then A = Endg (V). This version is especially
helpful for seeing why the condition “algebraically closed” is necessary: is K C L is a finite
field extension and we consider the subring L C Endg (L), where an element of L acts by left
multiplication on L. Then L is a simple L-module over itself, but if K # L then dimension
reasons already imply L # Endg(L).

T am grateful to Max Demirdilek for bringing up this argument.
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Corollary 4.5.5 Let K be an algebraically closed field and V an irreducible finite-
dimensional representation of the group G over K. Then the action of G on V defines a
surjection

K[G] — Endg(V)

Proof. Apply [Corollary 4.5.3] to the image of K[G| in Endg (V). ]

Theorem 4.5.6 [Fourier transform| Let K be an algebraically closed field of arbitrary char-
acteristic and G a finite group. Let Ly, ..., L, be a system of representatives of the isomorphism
classes of irreducible representations of G.

1. The action of G defines a surjection of rings

F: K[G] - (EndgLy) X --- x (EndgL,). (2)

2. If the characteristic of the field K" does not divide the order |G| of the group, then this is
a ring isomorphism.

Proof. 1. As K is algebraically closed, the semisimple K [G]-module M := Ly & ---® L, has
endomorphism ring

Endgie)(Li @ ® L) =K x K x - x K .
Thus we have

EndEndK[G (M) = EIldKX...XK(M) = EndK(Ll) X .. EndK(LT)

]

and the surjectivity follows from the density theorem [4.5.1]

2. If the characteristic of K does not divide the order of the group, then by Maschke’s
|Theorem 4.3.13| the group ring K[G] is semisimple, i.e. a direct sum of simple subrep-
resentations. Then the isomorphism follows from [Theorem 4.4.3] Alternatively, one can
consider @ € K[G] in the kernel of the surjection. Then left multiplication with a induces
the zero map on every simple module, and thus on every semisimple module, and thus
also on the regular module K[G]. Writing a = ) \;jg we get ae = 0, and so A\, = 0 for all
group elements g € GG, hence a = 0. [

It is an important goal to describe for every pair of field K and group G all irreducible
K-linear representations of GG. (Ideally, one would then also like to describe tensor products
of representations.) This information is not sufficient to describe the group ring as a ring,
when it is not semisimple. However, when it is semisimple, e.g. in characteristic zero, then this
information is indeed sufficient. We now collect facts about irreducible representations in the
semisimple case.

From [Theorem 4.5.6| we immediately get:

Corollary 4.5.7 Let K be an algebraically closed field and G a finite group, whose order
is not divisible by the the characteristic of K. Let L4, ..., L, be a system of representatives of
the isomorphism classes of simple representations. Then we have

|G| = (dimg L1)? + (dimg Lo)? + - - - + (dimg L, )?

Corollary 4.5.8 Under the same assumptions we have: There exist as many isomorphism
classes of simple representations of G' as conjugacy classes in G.
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Proof. The centre Z(R) of a ring is
Z(R):={2€ R|za=az forallaec R}.

It is a commutative subring of R. Warning: in general the centre Z(K[G]) of the group ring
K[G] of a group G is distinct from the group ring of the centre Z(G) of the group; but we have
K|Z(G)] € Z(K[G).

By [Theorem 4.5.6| the dimension dimy Z(K[G]) of the group ring of a finite group equals
the number of inequivalent irreducible representations,

dimg Z(K[G]) = |iso classes of simple representations| .
For an element in the centre Z(K[G]) of the group ring we make the ansatz z = > \,d;, with
h
An € K. By comparing

zg = Z)\hh~g = Z)\hg_lh

heG heG
gz = Z Ag-1ph .
heG
we find Agp,-1 = Ay, for all g,h € G. Here one has to choose one coefficient for each conjugacy

class of GG, and so
dimg Z(K[G]) = |conjugacy classes| .

By comparing the two formulas for dimg Z(K[G]) we conclude the desired statement. [

Remark 4.5.9 Here we explain the relation to the usual Fourier transform. Consider all
complex numbers of unit norm as an abelian group with respect to multiplication,

St={zeC||z| =1}.

One can show that all irreducible, continuous, finite-dimensional representations are one-
dimensional. A representative for all isomorphism classes can be described by the group homo-
morphism

L,: S' — GL(1,C)=C* forn e Z.

A AL

As analogue of the group ring we consider continuous complex-valued functions on S*, C?(S?),
that we may identify with periodic functions on R. The product is given by the convolution

(f*g)(h) = . f(hx)g(z~")dz,

cf. Definition [1.1.16] The continuous function f € CY(S') acts on a continuous finite-
dimensional representation V' by

fv= . f@pv(z)(v)dz for wveV

and, in particular, on the irreducible representation L, by multiplication with

f(z)z"dz e C,
S1

which are exactly the Fourier coefficients of f. The map in [I'heorem 4.5.6

c(s") = [ EndeL, =[] C

neZ nel

sends a function f € C°(S!) to its sequence of Fourier coefficients.
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4.6 Characters

In this section we let K be an algebraically closed field and G a finite group, such that char K
does not divide the the order |G| of the group. Then we have by [Theorem 4.5.6/an isomorphism
of rings

F: K[G] ;> (EHdKLl) X+ X (EHdKLT> .

Definition 4.6.1 Let L be a simple representation of G. By the isomorphism from
there exists a unique element e;, € K[G], that acts as the identity on L and by zero

on any simple representation M of G, that is not isomorphic to L:

idy if M=L

eL:M%M:{ 0 if M simple, M % L

This element
er = F! <idEndKL> € K[G]

is called the (central) projector or idempotent associated with the simple representation L.

Lemma 4.6.2 Let (L;);—1., be representatives of the isomorphism classes of irreducible
representations of G and e; € K[G] the associated central idempotents of the group ring. Then
we have
€; €j = 5l~jei
l=e1+--+e

and the family (e;);=1, , of idempotents forms a basis of the centre of K[G].

Proof. A direct consequence of [I'heorem 4.5.6{ on the Fourier transform. n

We aim to express the idempotents (er,) explicitly and need the following definition:

Definition 4.6.3 For a finite-dimensional representation of a group G on a K-vector space
V the character
Xv- G— K

is defined by xv(g9) = Tr v g = Tr v p(g). This function on the group G can be extended to a
linear form on the group algebra K[G], which we also denote by xy € K[G]*:

Xv: K[G] — K
By linearity of the trace we have xy(h) = Tr yh for every h € K[G].

Example 4.6.4 The group algebra K[G] is, like every ring, a module over itself, the so-called
regular module. This left action is given by

plg) : K[G] — KI[G]

p(g)(Z)\hh> = 3 Mogh

heG heG

We can thus compute the character of the regular module:

G| forg=ce
xx(a)(9) = Tr kiap(g) = { |0| otherwise.
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We recall the isomorphism of K[G]-modules from [Lemma 4.3.5, the Frobenius map:

¢: K|[G]* — KI[G]
f= Yeeafl@g™t.

Theorem 4.6.5 [character projector formula] The Frobenius map ® relates the character
X1z € K[G]* and the projector e;, € K[G] for a simple representation L:

ITe]

D(xz) -

Proof. For every K[G]-module M we have a ring homomorphism K[G] “% Endg (M) and thus
consider the map

e K[G S K[G] ™ Endy(M).

Using the character of the regular module from [Example 4.6.4] we find for an arbitrary
function f € K[G]*:

(%) Ir kg (P(Q)TK[G](f)) = Zf(h)Tl" K[G] gh™ =1|G|f(9g) -

heG

We are looking for the function f; € K[G]* that is the preimage of the ith projector under the
Frobenius map, ®(f;) = e;. For this function and every K[G]-module L we have the equation

7L(fi) = pr(ei).

Now we compute

1
filg) = @TTK[G]P(Q)TK[G](JQ)

1y (+)
- |G| ZTI EndK(Lj)(pLj (g))* o ,OLj(ei)* .
j=1

where we have first used (x) and then the isomorphism from [Theorem 4.5.6] To evaluate the
result we will use the following linear algebra lemma. O

Lemma 4.6.6 If L is a finite-dimensional K-vector space and A: L — L a K-linear map,
then the linear map given by postcomposing with A

A,: Endxgl — EndglL
%) — Aoy

has trace

Proof. Without loss of generality let L = K™. Then Endg(K") = M(n x n, K). The map
multiplies the matrix associated with A on the left onto an arbitrary n x n matrix. Here one
multiplies every column vector of this matrix by A. Thus A, acts on every column of the

n X n-matrix like A on K™. Thus the matrix of A, is block diagonal with n blocks of type
A. [

Proof. Proof of [Theorem 4.6.5 continued Equation (*) implies

dim K Lz

|Gl

filg) = Z MTI‘ L;(p(9))r, o pr,;(e:) = Xi(g) - O



Remarks 4.6.7 The familiar properties of the trace immediately imply:
1. The character is constant on conjugacy classes, i.e. it is a class function:
xe(ghg™') = xu(h) forall g hed

By linear extension we consider the space of class functions as a vector subspace of the
dual space K[G]*.

2. If V and W are representations of GG, then for the direct sum we have yyvew = xv + xw-

3. If V and W are G-representations, then the tensor product of vector spaces V ®x W has
the structure of a G-representation by

g(v @ w) = (gv) @ (gw).

Then we have
Xvew = XV " XW -
Warning: this tensor product should not be confused with the tensor product V ®gq W

of a right and a left module, which carries only the structure of a K-vector space; here it
is actually a quotient of V ®x W.

4. For a G-representation V' the dual space V* = Homg(V, K) with the action
gV () =Ag'v) for N\eV* geG,veV

is called the contragradient representation. Then we have

xve(9) =xvig™").

To learn more about characters we define another product on K[G]* (the first was the
pointwise product), by declaring the Frobenius map to be an algebra isomorphism

K[G]" — K[G]°?,
The resulting product need not be commutative.

Definition 4.6.8 For two functions fi, fo € K[G|* we define the convolution product by
fix fo(h) = @7H(@(f1) - 2(f2))(h)
= (X hee J1(h) fa(ho) BT hy V) (h) = 30, oep J1(ha) - fa(ha)

Lemma 4.6.9 Let (L;) be a system of representatives for the isomorphism classes of simple
K-linear representations of a finite group . Then for the convolution product of the characters
we have

G|

g lelK L,L

XL; * X1; = 0; XL

Proof. In the group algebra K|[G] we have

€L, " €L; = 6ijeLi

and using yg = dir‘nGIlLCI)_l(eL) we compute
GJ? 4 G|? 0 G|
4 = P e ) = 5 TP S el B VR
XL % XL = Jimpe L dimg L; (e, - er,) dimy L; dimg L; (e,) I dimg L, 5

]
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Theorem 4.6.10 Let GG be a finite group and K a field of characteristic zero. Then the
dimension of any simple G-representation divides the order |G| of the group.

Proof. Let L be a simple representation. Let n = |G| be the order of the group. Then we have
g" =1 for all g € G. The value x(g) of the character is the trace, i.e. the sum of eigenvalues,
of p(g). Thus x1(g) is an element of the ring Z[(], with ¢ a primitive nth root of unity.

Let I C Z[(] be the ideal generated by the values of the character. implies the
inclusion

G|

dimK L ’
From number theory we know that Z[(] is a finitely generated free abelian group. By
the subgroup I is also finitely generated and free, and thus torsion-free. Hence we
have I = Z" for some r € N and we must have

G|
—— € Z
dlmKL < ’

ID

because only scaling by an integer maps Z" to itself. O]
Theorem 4.6.11  On the vector space K[G]|* we consider the symmetric bilinear form
1 _
(pw) == D elg)uls™)
Gl =

Then the characters form an orthonormal basis for the space of class functions with respect to
this bilinear form.

Proof. By [Definition 4.6.8| of the convolution product we have

1
(0, 9) = = (e x¥)(e)
|G|
with e € G the neutral element. Let (L;) be a system of representatives for for the isomorphism
classes of simple representations. Evaluating the equality in on the neutral element
e and noting
xr(e) = Tr pp(e) = Tr pid, = dimg L,

we get
1 |G

. ) =0 —
(XL17XLJ) J |G’ dl

—_— (e) = 0;; -

my L] XLJ( ) J
In particular, the characters of simple representations are linearly independent in the space of
class functions. By [Corollary 4.5.7| they also span the space of class functions, and thus form a

basis. O

If the group algebra K[G] is not semisimple, then the characters only span a proper subspace
of the space of class functions.

Corollary 4.6.12 Two finite-dimensional representations of a finite group over an alge-
braically closed field of characteristic zero are isomorphic if and only if they have the same
character.

Proof. Since the group algebra is semisimple by Maschke’s [Theorem 4.3.13| [Corollary 4.3.9|
implies that every finite-dimensional representation is a finite direct sum of simple represen-
tations. We can compute the multiplicity of a given simple representation L in a direct sum
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decomposition of the representation V' into simples as follows: if V' = @]_;n;L; then for the
character we get xv = >_._, n;xz, and thus (xr, xv) = nr.

Thus if two representations have the same character, then the irreducible representations
appear with the same multiplicities n;, and both representations are isomorphic to the direct
sum @®;_n;L;. [l

Corollary 4.6.13 Let s € G and let ¢(s) be the number of group elements in the conjugacy
class of s. Then we have

> xlo)uls™) = ('% ;

If t € G is not conjugate to s, then we have
> xils)t™) =0 .
i=1

Proof. For s € G let f, be the class function that takes the value one on the conjugacy class of
s and zero on all other conjugacy classes. Since the characters form an orthonormal basis for
the class functions by [Theorem 4.6.11} we can expand

fs = zzl AiXi with coeflicients Ai = (fssxi) = %Xi(sl)'

Then we have i
0 = Sl Sl =

We specialize to the case of complex group algebras.

Corollary 4.6.14 Consider on the dual of the complex group algebra C[G] the (hermitian)

inner product (-, -) given by
1 S
o) = i > lg)(y) -

geG

Then the simple characters form an orthonormal basis in the space of class functions.

Proof. e For every character x = yy over C we will show

x(g7") = x(g)-

For every complex vector space (V,+,:) there exists another complex vector space
(V, 4, %) which is equal as abelian group, but with the scalar multiplication twisted by
conjugation:

A¥v:i=\-v forall A\ e C,bv e V.

Here X € C is the complex conjugate of A € C.

e If V is a G-representation, then so is V (with the same structure map!). With respect to
the chosen basis of V' the action is described by matrices with complex conjugate entries.
Thus we have

xv(9) = xv(g) -
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e On the other hand we know from [Remarks 4.6.7(4), that for the contragradient represen-
tation we have

xv-(9) =xv(g™")

It thus suffices to exhibit an isomorphism of G-representations

VeV,

By |Lemma 4.3.14] there exists a G-invariant inner product on V. We define a linear map

L VE SV

by requiring for p € V*
p(v) = (v, ()

for all v € V. Since (-, -) is non-degenerate, this defines a bijection. The map ¢ is even a
G-morphism, because for all g € G, v € V', and ¢ € V* we have:

(v, 1(g9)) = gp(v) = ©(g~"v) = (g7 v, () = (v, gu(p)) .

Here we used the definition of ¢, the action of g on V*, again the definition of ¢, and the
G-invariance of the inner product. [

Remark 4.6.15 The values of characters of the irreducible complex representations of a
finite group G are collected in the form of a character table. The columns of such a table are
indexed by representatives of conjugacy classes, and the the rows are indexed by irreducible
representations. The table contains the values of the characters of the irreducible representations
on the elements of the conjugacy class. Above the conjugacy classes one typically records in a
separate row their sizes, so that one can also read off the values of the inner product on the
space of class functions.

Examples 4.6.16

1. The irreducible complex representations of the symmetric group S3 Are the trivial repre-
sentation triv, the sign representation sign and the 2-dimensional reflection representation
refl on C3/C(1,1,1)" induced by permuting coordinates in C*. This results from extend-
ing scalars from R to C in the familiar interpretation of S3 as the symmetry group of an
equilateral triangle. In this picture, the odd permutations act by reflections in three lines
through the origin in R?, which are spaced at 60 degree angles relative to each other.

If we choose two odd transpositions s, € S3, then the elements of are S3 =
{e,s,t,sts,ts, st}. The character table has the form

1 3 2

e |s,t,sts| ts,st
triv | 1 1 1
sign | 1 -1 1
refl | 2 0 —1

Only the lowest row poses any challenges. To see that it is plausible, note that every
reflection in a line in the plane has trace zero, and every rotation by 120 degrees has trace
—1 = {3+ (3 with (3 a primitive third root of unity. Checking the orthogonality relations
from |Corollary 4.6.14] and |[Corollary 4.6.13|is left as an exercise.
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2. To determine the one-dimensional complex irreducible representations of a cyclic group
C, = (g) with a generator g and relation ¢" = e we make the ansatz p(g) = w with
w € GL(1,C) = C*. The relation implies 1 = p(¢") = p(g9)" = w™. We thus find n
one-dimensional irreducible representations with

kh
xn(g") = eXP(ng) ;

indexed by h € Z/nZ. The characters are apparently orthogonal, as we have:

1 n—1 ]
- 2mik (h—p/) _ s mod nZ
€ = Onnw :
n
k=0
For the tensor product of these representations we see XpXn = Xath' modn- In fact we

have found all irreducible representations: in an abelian group all conjugacy classes have
exactly one element. For a finite abelian group there are as many isomorphism classes of
simple representations as group elements. The square sum of dimensions of the n one-
dimensional representations equals the order of the group |C,| = n.

3. The dihedral group D,, is defined as the symmetry group of the regular n-gon. It contains
the rotations by multiples of %’T as cyclic subgroup of order n. Additionally it contains
n reflections in lines. As generator we choose the rotation r by %’r and one reflection s.
Then er have the relations

=1, s*=1 and rs=sr!.

k

The group elements are all of the form r*, sr* with £ mod n, and so there are 2n group

elements.

Suppose that n is even. Then there exist four isomorphism classes of one-dimensional
representations

Tk STk
(o 1 1
vy | 1 —1

vs | (=18 (=D)F
Ya | (DF (=D

where k is taken modulo n. To find two-dimensional representations we choose a primitive
nth root of unity w := exp(27i/n) and set for h € Z:

whk 0 0 wh*
P(h)(Tk) = ( 0 w—hk ) P(h)(srk) = ( whk 0 )

Clearly it suffices to consider A modulo n. Further, by exchanging the basis vectors e; and
ey of the standard basis we get the isomorphism p = p(»=") The representations p(®)
and p(/?) are decomposable because all matrices have the common eigenvectors e; & e,.
Thus we have the following decomposition into one-dimensional representations:

PO 2y @ipy p™D 2y Dy .

For 0 < h < n/2 the representations p® are irreducible, because the matrix p™(r) is
diagonalizable with distinct eigenvalues but not simultaneously with p*)(s). We thus get
the additional characters

2wkh
n

xn(r") = 2 cos xn(sr®) =0 for h=1,....n/2—1.
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One can check that these characters are all orthogonal in the sense of [['heorem 4.6.11}
which implies that the representations are pairwise non-isomorphic. By computing the
square sum of dimensions

|D,| =2n= 4-14+(n/2-1)-2% |

we deduce that we have found all n/2 + 3 isomorphism classes of irreducible representa-
tions. Also the number of conjugacy classes
n
{e}, {3, {*r7F} k;zl,...,§—1
together with the two conjugacy classes of reflections in lines through edge bisectors resp.
through corners {sr'} with i even resp. odd coincides with the number of isomorphism

classes.

For odd n one finds only two one-dimensional representations and the character table

\ rk srk
U 1 1
Yo 1 —1

Xn | 2cos 2 (0 with 0 < h < %

In the case of odd n there exists only one conjugacy class of reflections.

. The alternating group A4 can be identified with the rotational symmetries of a regular
tetrahedron, whose corners we number by 1,2, 3,4. The 12 elements consist of

e the neutral element,

e three double transpositions
r:=(12)(34) y:=(13)(24) =z:=(14)(23),

which generate a normal subgroup H C A isomorphic to the Klein four-group
7./27 x Z)2Z. Geometrically they correspond to rotations of the tetrahedron by
in an axis through the centres of opposite edges.

e There also exist 8 cyclic permutations of order 3, which geometrically correspond
to rotations by %’r in an axis through one of the four vertices and the centre of the
opposite face.

If we choose the rotation ¢ := (123)4, then we find four conjugacy classes:

{1} A{z,y, 2} {tto, by, tz} {%, 82,7y, 1%}
Let K := {e,t,1*} = Z/3Z be a cyclic subgroup of A4, then we find a short exact sequence
of groups
1 H—>A —-K-—1,

in which the surjection onto K has kernel {1, x,y, z}.

The characters of three one-dimensional irreducible representations can be found by
pulling back the three irreducible characters of the cyclic group K. The fourth character
we find via the orthogonality relations:

1 3 4 4

1z ¢t ¢
xo|1l 1 1 1
xill 1 w w?
2|1 1 w? w
v 3 -1 0 0
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where w is a primitive third root of unity. It is straightforward to check the remaining
orthogonality relations.

Finally we describe the irreducible three-dimensional representation: A4 acts as subgroup
of Sy on C* = C(ey, e, e3,64) by permuting the elements of the standard basis. The
orthogonal complement of the trivial subrepresentation C(e; 4 e + e3 + €4) is the sought-
after three-dimensional irreducible representation.

Definition 4.6.17

1. The Quaternions are the real 4-dimensional associative unital algebra H with basis 1,1, j, k,
for which the multiplication is determined on the basis elements by the relations

i =

j2:k2:_1
i = k.

2. An H-module we will also call an H-vector space or a quaternionic vector space.

The algebra H of quaternions is a skew field, or also called division algebra, because every
ap + aii + agj + azk € H\ {0} has an inverse, ﬁ(ag — a1l — asj — agk). A classical result of
Frobenius says that there are only three finite-dimensional real division algebras: the fields R
and C of real and complex numbers, as well as the quaternions.

The nomenclature “quaternionic vector space” is justified by the following theorem, which
implies that all H-modules are isomorphic to direct sums of a single irreducible H-module.

Theorem 4.6.18 Let D be a division ring and V' a finitely generated D-module. Then the
ring Endp (V) is semisimple and all simple Endp(V)-modules are isomorphic.

Proof. As in linear algebra one shows that V' has a finite D-basis. Choose a D-basis (e1, ... ¢e,)

of V and consider
R:=Endp(V) —» V&...0V

o (e, flen))

which is a homomorphism of R-modules. Since a D-linear map can be uniquely determined
by specifying values on a basis, the morphism is injective and surjective, thus an isomorphism
of R-modules. Now since V' is simple as Endp(V)-module, and thus also semisimple, the ring
Endp (V) is semisimple. By [Theorem 4.3.10| every simple Endp(V)-module is isomorphic to a
submodule of Endp(V), i.e. isomorphic to V. Every Endp(V')-module is thus a direct sum of
simple Endp(V)-modules, namely of copies of V. ]

The following lemma establishes a connection to complex vector spaces:

Lemma 4.6.19 An H-module is equivalent to a complex vector space V with an antilinear
map J that satisfies J2 = —idy.

Proof. Let V' be a H-module. We defined the action of the imaginary unit of C by acting with
i € H. This endows V' with the structure of a complex vector space. Now set J(v) = jv. The
properties of J are easily checked.

Conversely, given a complex vector space V' with an antilinear map J, then one defines the
action of the quaternion i by the action of i € C and the action of j by the action J. The action
of k = ij is then determined. O

Theorem 4.6.20 Let GG be a group and V' a simple finite-dimensional representation of G
over C. Then exactly one of the following three cases applies:
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(a) V is obtained from a simple real representation Vg by extension of scalars, i.e.

V =C ®g Vi = Indg (Vi) .
In this case we say that V is of real type.

(b) V is obtained from a simple quaternionic representation Vi on an H-module by restriction
of scalars onto C C Hi, i.e.

V = Res?([r;]I Vi

In this case we say that V is of quaternionic type.

(¢) V is not isomorphic to V. In this case we say that V is of complex type.

Proof. e If the representations V and V are not isomorphic, then by Schur’s lemma m
there are no nonzero G-intertwiners between them. If, on the other hand V' = V', then

dime Homg(V, V) =1.

For a nonzero homomorphism J € Homg(V, V) we have
Jav =aJv forall aeCiveV

i.e. J is antilinear. By applying the underlying R-linear map twice, then we obtain a
C-linear map, to which we can apply Schur’s lemma. Thus

J? = Ndy  with A € C*,

Mo = J*v = J(J*) = J v = Mo,

which implies A = ), and so A € R. If we replace J by a complex multiple J’, i.e. J' = 2.J
with z € C*, then
(J)? = zJzd = |2*J* = |2]* X\ idy .

In the case V

>~ V we can thus find an antilinear G-isomorphism J with either (a)
J? =idy or (b) J* =

—idy.

e In case (a) we consider the real vector subspace of J-fixed points V/ C V. The endomor-
phisms p, commute with J and so V7 is a real G-representation:

Jpgv = pgJv = pgv
and so we get for every g € G that p,v € V. The map

V7 ®Qr C — V
UV Qr ()\1 + 1)\2) = AU+ Aqdv

with A, Ay € R is then an isomorphism of complex G-representations. (On the left-hand
side G acts non-trivially only on V', but trivially on C.) In case (b) the map J provides
V' with the structure of an H-vector space by [Lemma 4.6.19|

O

One can read off the type from the character table, cf. [STT7, Proposition 39]: the expression

ﬁ > e x(g?) takes the value 1 for real, —1 for quaternionic and 0 for complex representations.
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5]

5.1

Artinian and Noetherian modules

Noetherian modules

Let R be a unital ring.

Theorem 5.1.1 For a (left) R-module M the following are equivalent.

1.

3.

Every ascending chain Ny C Ny C --- C Ny € Niyq C --- of submodules of M becomes
stationary, i.e. there exists an index k, such that N; = Ny for all + > k. We also say that
M satisfies the ascending chain condition.

. Every non-empty subset of submodules of M has a maximal element with respect to

inclusion.

Every submodule of M is finitely generated.

Definition 5.1.2
o A left R-module M, that satisfies one (and thus all) conditions from [Theorem 5.1.1] is

called a Noetherian module.

e A ring R is called (left-)Noetherian, if it is Noetherian as left module over itself.

e Analogously one defines Noetherian right modules and right-Noetherian rings.

e A ring is called Noetherian, if it is both left- and right-Noetherian.

A left Noetherian ring is not automatically right-Noetherian. A counterexample will be
discussed in the exercises.

Proof of|Theorem 5.1.1].

(1) = (2)

Every non-empty set X of submodules satisfies the requirements of Zorn’s lemma: let
Ny € Ny C ... be achain in X, then |JN; = Ny € X is by (1) an upper bound for the

family {N;}. The existence of a maximal element thus follows from Zorn’s lemma.

Let N € M be a submodule. We consider the set
X :={N'|N"C N N'finitely generated submodule of M, }

This set is non-empty because the it contains the zero module, 0 € X. Let Ny € X be
a maximal element. We claim that Ny = N. Otherwise, for z € N\Ny, we would have
(No,z) € X and (Ny,x) 2 Ny, in contradiction to maximality of Nj.

Let Ny € Ny C --- be a chain of submodules. The union N’ := [JN; is a submodule

and finitely generated by (3), say N’ = (z1,...,z,). Now there exists a k € N such that
x; € N for all i = 1,...,r. Thus N’ C N; and so the chain of submodules becomes
stationary. O

Examples 5.1.3

1.

2.

If R is an algebra over a field K, then every R-module that is finite-dimensional over K
is also Noetherian. If R is a finite-dimensional algebra over a field, then R is Noetherian.

Semisimple rings are Noetherian by [[heorem 4.3.10|
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3. The submodules of a ring are its ideals. In the case of PIDs, these are generated by a
single element, in particular they are all finitely generated. By [T'heorem 5.1.1| PIDs are
thus Noetherian.

4. We give an example of a ring, that is not Noetherian:

R = {f(X)eQ[X]| f(0) ez}
= {m+Xg|meZgeQX]}

Every subgroup G of (Q, +) defines an ideal
Ag = GX + X*Q[X]

of R. Consider for every ¢ € N the subgroup G; := {%mm € Z}. Here we get an infinite
ascending chain of ideals
AG2 CAG4 CAGs C ...

in R that does not become stationary. More examples of Noetherian rings will result from
|Corollary 5.1.7] below.

Theorem 5.1.4
1. Submodules and homomorphic images of Noetherian modules are Noetherian.
2. If U is a submodule such that U and M /U are Noetherian, then so is M.

Proof. 1. Let M be Noetherian and U a submodule of M. Every submodule U’ of U is also
a submodule of M, thus finitely generated. Thus the submodule U is also Noetherian by
heorem 5.1.11
Let M’ be a homomorphic image of M, ie. f: M — M’  so that M' = M/ker f. Let V
be a submodule of M’ and f~!(V) its preimage under the surjection f. Then f~1(V) is
a submodule of the Noetherian module M and thus finitely generated, say:

fHV) = (vy,...,v.) withv; € M.

This implies
V = (v +ker f,... v, +ker f),

and so V is also finitely generated. Thus the homomorphic image M’ is Noetherian.

2. Let N; € Ny C --- be an ascending chain of submodules in M. Via the canonical
surjection p: M — M /U we obtain an ascending chain of submodules in M /U

(N1 +U)/UC (N, +U)/UC ---
and by intersecting with U an ascending chain of submodules in U:
NyNUCN,NUC---
As both U and M /U were assumed to be Noetherian, there exists a k € N, such that

Ne+U=Np 1 +U="--- and N,NU=Ng 1 NU=....
This implies Ny, = Niy1, because the stationary chain in the quotient implies that x €
N1 can be written as x = y+u withy € Ny andu e U. Thusu =2 —y € U N Ngy1 =
U N N, C Ny, which implies x € Ny. O
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Corollary 5.1.5 Finite direct sums of Noetherian modules are Noetherian.

Proof. Let U,V be Noetherian modules. Then also (U @ V)/V = U is Noetherian. Now
rem 5.1.4|(2) implies that the direct sum U @ V is Noetherian. O

Theorem 5.1.6 A module over a Noetherian ring is Noetherian if and only if it is finitely
generated.

Proof. Every Noetherian module is finitely generated (since it is a submodule of itself). Con-
versely, let M = (ay,...,a,) and let F':= R". Consider the surjection

F=R" — M
T

(1,9, ..., 0) +— Zaiai
=1

By |Corollary 5.1.5| the direct sum R" is Noetherian and by [Theorem 5.1.4] (1) so is its homo-
morphic image M. O

Corollary 5.1.7
1. Finitely generated modules over PIDs are Noetherian.

2. The finitely generated abelian groups are the Noetherian Z-modules.

3. Every subgroup of a finitely generated abelian group is finitely generated.

Proof. 1. [Theorem 5.1.6| immediately implies that finitely generated modules over PIDs are
Noetherian.

2. Since Z is a PID, this is a special case of (1).

3. Follows from [Theorem 5.1.1} as a subgroup of an abelian group is also a Z-submodule.
O

Theorem 5.1.8 [Hilbert’s basis theorem]  Let R be a commutative ring. If R is Noetherian,
then so is the polynomial ring R[X].

Proof. Let I C R[X] be an ideal. Let a; C R be the ideal generated by the leading coefficients
of all polynomials of degree ¢ in the ideal I. The multiplication with the monomial X shows
the following inclusion of ideals of R:

aggal Qagg...aigaiH Q .
For this ascending chain of ideals in the Noetherian ring R there exists a j, such that
a; =041 =....

Each of the finitely many ideals a; with ¢ < 7 is finitely generated since R is Noetherian, see
[[heorem 5.1.6, Now we can choose finitely many polynomials from I, whose leading coefficients
generated all ideals a; of R.

We claim that these finitely many polynomials generate the ideal I in the polynomial ring:
let p € I of degree n, then we find a; € R with associated polynomial p;, such that p and the
polynomial ), a; X™p; have the same leading coefficient. The difference p — >, &, X™p; has
degree less or equal than n — 1. One now proceeds by induction to find that p is contained in
the ideal generated by the polynomials p;.

]
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5.2 Artinian modules

Artinian modules behave similarly to Noetherian modules. We keep their discussion brief.

Definition 5.2.1

1. An R-module is called Artinian, if for every descending chain My D M; D Ms--- of
submodules in M there exists an index n, such that M; = M,, for all i > n. We say that
M satisfies the descending chain condition.

2. A ring is called left-Artinian, if it is Artinian as a left module over itself.

3. Analogously one defines Artinian right modules and right-Artinian rings.

4. A ring is called Artinian, if it is both left- and right-Artinian.

Examples 5.2.2

1. If R is an algebra over a field K, then every R-module that is finite-dimensional over K,
is also Artinian. If R is a finite-dimensional algebra over a field, then R is Artinian.

2. The ring Z is not Artinian, as shown by the chain Z D 27Z D 47 O - - -. For every positive
n € Z is the ring Z/nZ is finite and thus Artinian. (Note that the ring Z is Noetherian,
as it is a PID.)

One can show:

Theorem 5.2.3

1. Let M be an R-module and N a submodule of M. Then M is Artinian if and only if
M/N and N are Artinian.

2. Let My, My, ..., M, be modules over R. Then the direct sum @]_,M; is Artinian if and
only if all summands M; are Artinian.

3. Every finitely generated module over a left-Artinian ring is Artinian.

Remark 5.2.4

e Note that an R-module is finitely generated if and only if for every family (M;);e; of
submodules with ) .., M; = M there exists a finite subset J C I, such that M =
> jes M. If M is finitely generated, M = (z1,...z,), then we find submodules M; with
x; € M; and so M = 22:1 M;. For the converse we use that M = ZmeM Rm and we can

find a finite subset of M that generates M.

e Dually one now defines: An R-module M is called finitely cogenerated, if for every family
(M;)ier of submodules with M;e;M; = 0 there exists a finite subset J C I with N,e;M; = 0.

e If N is a submodule of an R-module M, then the definition implies that the quotient
module M /N is finitely cogenerated if and only for every family (M;);c; of submodules
of M with NMjc;M; = N there exists a finite subset J C I with N;c;M; = N.

Theorem 5.2.5 Let M be an R-module. Then the following statements are equivalent:
1. M is Artinian.

2. Every non-empty set of submodules of M contains a minimal element with respect to
inclusion.
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3. Every quotient module of M is finitely cogenerated.
Proof.

(1) = (2) is proved analogously to the corresponding statement (1) = (2) in [Theorem 5.1.1| for
Noetherian modules.

(2) = (3) Let N and (M;);e; be submodules of M with N = NierM;. Set X = {Nje,M;|J C
I finite}. By assumption X contains a minimal element N;. Then we have N; D N. If
this were a proper inclusion, then we could find an x € N; \ N. By N = N;e;M; there
would exists an ¢ € [ with z € M;, and so x € Ny = N1 N M;. We thus have N, € X and
Ny C Nj: a contradiction!

(3) = (1) For a descending chain My D M; D My D --- of submodules of M we set N := N;enM;.
As M/N is finitely cogenerated, there exists a finite subset J C N with N = N, M;.
Setting n := max(J), then we get N = M,,, and so M; = M,, for all i > n. ]

We finally state without proof the following theorem of Hopkins: A left-Artinian ring is also
left-Noetherian. (The converse is false, with the ring Z providing a counterexample.)

Definition 5.2.6
A ring R is called a simple, if it has no non-trivial two-sided ideals, i.e. no ideals except 0 and
R itself.

Warning: a ring that is simple as a module over itself, is a simple ring. The submodules are
exactly the left ideals, and the module has no non-trivial submodules. Thus there are no non-
trivial left ideals, hence also no non-trivial two-sided ideals. The converse is false: there exist
simple rings that are not simple as modules over themselves. For example, the ring M (n x n, K)
of n x n matrics over a field K is simple, but not simple as a module over itself: it is a direct
sum of n simple modules of dimension n.

Theorem 5.2.7 For a ring R the following are equivalent
1. R is a simple Artinian ring.
2. R is isomorphic to a matrix ring over a division ring.
3. R is semisimple and all simple R-modules are isomorphic.

4. R is semisimple as R-module and in the decomposition of the left module R one only
finds a single isomorphism class of simple modules.

5. R is Artinian and has a faithful simple module.

Proof. We will only prove the implications (5) = (4) and (1) = (5). The others are simple
consequences of definitions and the Artin—Wedderburn [I'heorem 4.4.3|

(5) = (4) Consider for the faithful module M and for all n all R-module homomorphisms
R— M" .

The kernels of such morphisms are (left-)ideals of R; as R is Artinian, we can choose a
morphism f with minimal kernel.
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We show that this f must be injective. If r € R\ {0} with f(r) = 0, then we could use
the faithful module M to find an m € M with r.m # 0. But then

R — M"eoM
r — (f(r),r.m)

would have strictly smaller kernel than f, in contradiction the minimality of the kernel
of f. Now we have found R as a submodule of the homogenous (i.e. consisting of a single
non-trivial isotypic component) semisimple module M™, so it is itself homogenous and
semisimple.

(1) = (5) For every R-module M the annihilator Ann(M) is a two-sided ideal. As R is simple and

1 ¢ Ann(M) for a non-zero R-module M, the annihilator must vanish and thus every
non-zero R-module is faithful.

As R is Artinian, simple modules exist: every descending chain of ideals becomes station-
ary and the smallest appearing ideal is a simple module. O]

Corollary 5.2.8 Let K be a field and R a K-algebra. Let M be a simple R-module with
dimg M < oo, for which we have Endg(M) = Kidy,. (For example, this is always the case if
K is algebraically closed.) Then the structure map

R — EndR(M)

r — ridy
is surjective.
Proof. We factor the structure map
R EHdR(M)
R/Ann(M)

Here M is a faithful R/Ann(M )-module, such that the map R/Ann(M) — Endg (M) is injec-
tive. Thus R/Ann(M) is a finite-dimensional K-algebra and thus Artinian. Hence R/Ann(M)
is an Artinian ring that is simple since M is a simple module. By [Theorem 5.2.7/2 we have
R/Ann(M) = Endg(M).

Alternatively, we can use the Jacobson density theorem [Theorem 4.5.1} Let f € Endg (M) =
Endgnag ) (M). Let my,...m, be afinite basis of the K-vector space M. The density
implies that there is * € R such that z.m; = f(m;) for all i = 1,... n. Since a
K-linear map is uniquely determined on a basis, f is in the image of the map R — Endg(M).

O

Here is a consequence:

Corollary 5.2.9 Let K be a field and R a simple, finite-dimensional K-algebra, dimyx R = n,
whose centre is K1g. Then we have an isomorphism of rings:

R®k R®®* =2 M(n xn,K) .

Proof. We may consider R as an R — R-bimodule and, equivalently, as R ® g R°*P-module. The
two-sided ideals are precisely the R ®x R°PP-submodules, and since R is a simple ring, it is also
simple as R ® R°PP-module. Now we have
EndR®KR0ppR — Z(R)
fo=rQ@,
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since r.f(1) = f(r-1) = f(1-r) = f(1).r for all » € R. We thus have the isomorphism
Endgg,rer R = Z(R) = K .
By the previous corollary we get that
R®k R — Endg(R) = M(n xn, K)

is surjective. The image and preimage are K-vector spaces of the same dimension n?, thus the
map is even an isomorphism. O
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6 Resolutions and derived functors

In an abelian category, the functor Hom(U, —) is exact if and only if U is a projective object;
similarly Hom(—, U) is exact if and only if U is an injective object. The functor U ® — is exact
exactly for the flat objects in an abelian tensor category. We now aim to study these functors
on general objects.

6.1 Projective and injective resolutions

Definition 6.1.1
1. An abelian category C has enough projective objects, if for every object M € C there
exists an epimorphism P — M — 0 from a projective object P.

2. It has enough injective objects, if for every object M there exists a monomorphism 0 —
M — I into an injective object I.

Examples 6.1.2
1. For every ring R, the category R—Mod has enough projective and injective objects. This
is a consequence of the fact that every module is a submodule of a cofree module and the
image of a free module, cf. [Theorem 3.3.4]

2. The category Aby;, of finite abelian groups has no projective or injective objects what-
soever, in particular not enough.

Here we have to be careful: Aby, is a full subcategory of Ab, but in general the projective
or injective objects of a subcategory are not simply the projective or injective objects,
the happen to lie in the subcategory. For example, every vector space over the field Z /27
is an abelian group and every linear map is a group homomorphism. Thus vectz/; C Ab
is a subcategory. Every vector space is free and thus projective. In particular, Z/2Z is
projective in vectyz/oz, but not in Ab.

To see this we argue that for every n € N the short exact sequence
0 — Z/nZ — Z/n*Z — Z/nZ — O

does not split. Thus the cyclic group Z/nZ is neither projective nor injective. According to
|Corollary 4.2.4] every finite abelian group A can be written as A = @ Z/n;Z = [[ Z/n;Z.
As a sum (product) of non-projective (non-injective) modules it is non-projective (non-

injective) in the category the finite abelian groups by [Lemma 3.3.1

3. The category of finitely generated abelian groups has enough projective objects (the free
abelian group on a finite generating set is projective and maps surjectively onto such
a group), but no injective objects. According to |Corollary 4.2.4] any finitely generated
abelian group A can be written as a finite product [[Z/n;Z x Z™. By it is
injective in Ab, if every factor if injective. By |Corollary 1.4.16|the injective abelian groups
are exactly the divisible abelian groups; but the factors Z and Z/n;Z are not divisible.
(Note that the coregular module is not finitely generated.)

Definition 6.1.3 Let M be an object in an abelian category C.

1. A projective resolution of M is an exact sequence

o> P->P 4y —--—=>P—-F—>M=0

in which all objects (except M) are projective. The surjective morphism P, — M is
known as the augmentation.
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2. An injective resolution is an exact sequence

0—-M-—=>Q)— Q1 — -,

in which all objects @); are injective.

Free resolutions are special cases of projective resolutions. We have already seen in [Obser-]
vation 4.1.3| that modules over PIDs admit free resolutions of length 1:

O—->F —>Fp— M —0.

Lemma 6.1.4 If a category C has enough projectives, then every object of C has a projective
resolution. If C has enough injectives, then every object has an injective resolution.

Proof. We only prove the statement for projective resolutions; the statement for injective reso-
lutions is the corresponding statement in C°PP. First we note that there exists an epimorphism
Py - M — 0, as C has enough projectives. Let K, := ker(Py, — M). The object Kj is in
general not projective, but we can find an epimorphism P; — K, from a projective object P;.
The resulting sequence

P = M 0
Ky
0 0
is exact. [terating this procedure, one obtains a projective resolution. [

Remark 6.1.5 To motivate the appearance of resolutions, we start by discussing systems
of linear equations. In contrast to linear algebra, the coefficients of the equations will now be
elements of a K-algebra A, where K is a commutative ring. Thus let B € M(q X p, A) a matrix
with entries in A.

The solutions we are interested in are p-tuples (u;);—1,, of elements in an arbitrary left

A-module S. Indeed, in

P
j=1
Here B;ju; is the left action of the element B;; € A on the element u; in the A-module S. The
inhomogeneity (v;);=1, 4 is an element in the A-module S?.
Such a situation is realized in the following examples.

e Let K to be a field and A = K[X7, ..., X,] the polynomial ring over K in several indeter-
minates. We endow S = K™ with the structure of an A-module as follows: any choice of
s-tuples (qi, ..., ¢s) € K* gives an evaluation morphism ev(g, . q.): A= K[Xy,..., X,] =
K. Pulling back the K-module structure on S = K" along this evaluation, we obtain an
A-module structure on K™. The homogeneous linear system (x) is then a system of linear
equations depending polynomially on s parameters in K.

e In another example we take K = R and A the algebra of real-valued smooth functions on
a smooth manifold X. If X is compact, thenby the Serre-Swann theorem finitely generated
projective A-modules are exactly the spaces of smooth sections in vector bundles over X.
Let B be a linear differential operator (for example the Laplace operator if the manifold
X has a metric). Then we are looking for solutions of inhomogeneous system of linear
differential equations Bu = v.
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We now describe the situation in terms of resolutions. To encode the matrix B, we observe
that its action by right multiplication gives a morphism of free left A-modules

F=A1 B F = aAr

We form the quotient module M := F/Im B which comes with a canonical surjection ¢: AP —
M. We obtain an exact sequence

F=A"2p-—abpmao.

1. We are in a first step interested in solutions of the homogeneous system associated to
() with values in an arbitrary A-module S. Apply the contravariant left-exact functor
Hom,(—, S) to this exact sequence to get the new exact sequence

0 — Homu (M, S) — SP B g

where B now acts by left multiplication. We see that for any A-module S, the K-module
Hom, (M, S) is isomorphic to the kernel of B. and thus equal to the space of solutions of
the homogeneous systems of equations to () with values in the module S.

The quotient module M = AP/A?B can thus be considered as a “coordinate-free” version
of the homogeneous linear system to (x): the homomorphisms from the quotient module M
into a module S is the space of solutions of the homogeneous system for the module S. Note
that after choosing the standard basis (e;);—1,., of A? and setting u; := ¢(e;) € M, the
module M has generators (u;);—1,., which obey the relations Z§=1 Bjjujfori=1,...,q.

2. We now assume that A is left-Noetherian. For example, this is the case for the polynomial
ring A = K[X,...,X,] over a field K. As a submodule of a finitely generated module,
ker B is then finitely generated. This allows us to find a finitely generated free module
Fy, = A" and a surjection F, — ker B. We extend the exact sequence above to find

(x¢) FRS3R=A"5F=45M->0

an exact sequence finitely generated free modules. Iterating, we find a free and thus, in
particular, projective resolution of M.

Again, we apply the left-exact contravariant functoir Hom4(—, S) to obtain a chain com-
plex

0 — Homu(M, S) — 57 55 51 % g

of K-modules. A necessary condition for the inhomogeneous linear system (*) with inho-
mogeity (u;);=1, 4 to have solution is that v is in the image of B. Exactness implies that
this is equivalent to Xv = 0. We have thus characterized the inhomogenuous terms for
which solutions exist by a linear condition.

3. It remains to describe the solutions of the homogeneous system using the complex ().

The images of r generators of Fy are generators for the space of solutions of the ho-
mogeneous system Bu = 0 in Fj. Over rings, in contrast to fields, this is typically an
over-parametrization: in general, the free resolution continues:

R FR=R 35F=R2F =R - R/BR" 0.

The elements of the module F3 describe dependencies between parametrizations; they
are called syzygies. One can show that for the ring K[Xy,. .., X;] the free resolution can
be chosen to terminate after s steps. For a PID such as K[X] we already know from
|Observation 4.1.3] that free resolutions of length 1 exist.
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6.2 Homology and homotopy

We denote by Che the category of chain complexes in an abelian category C. Chain complexes
were introduced in |Definition 1.4.1, The morphisms in C'he are the “ladders” of morphisms in
C, i.e. commutative diagrams

dn+1 dn, dnfl
Cn+1 On o
fn+1 lfn
dn+1 dn dp—1
Dn+1 Dn o

that are called chain maps.

Remarks 6.2.1
1. There exist interesting (full) subcategories: e.g. the chain complexes supported in non-
negative or non-positive degrees, or the bounded chain complexes, for which only finitely
many objects C; are nonzero in the abelian category C. For simplicity we will denote all
differentials in a chain complex by the symbol d in what follows.

2. In an exercise we will see that the category Che is abelian.

Definition 6.2.2
1. Let (Co,ds) € Che. The i-cycles are defined as Z;(C,, ds) := ker(d;—1) C C;.

2. The i-boundaries B;(C,,d,) are defined as the image of d; in C;.

3. The image B; is a subobject of the chains C;. By the chain complex condition d? = 0, the

composite of inclusion B; = C; and the differential C; LN C;_1 vanishes. The inclusion
hence factors over the kernel Z; of d

d
B,—— C;—C;
AN
A N Tkerd
Q
Z;

with a monomorphism. The boundaries are thus a subobject of the cycles. The ¢th
homology of the complex C, is defined as the cokernel of this monomorphism.

By realizing the abelian category explicitly as full subcategory of a category of modules
over a ring, then we can compute with elements. The cycles in Z; are exactly the elements

Z; = {Ci e C; | di_1¢; = 0}
and the boundaries
Bz' = {Ci € CZ | 3 bi—l—l S Ci—l—l such that dib“_l = C; } .

Then boundaries are, in particular, cycles because ¢; = d;b;y; implies d;_1¢; = d;_1 o
d;b;+ 1 = 0. The homology is then the quotient

Hi(C., d.) = ZZ/Bl = ker(di,l)/lm (dz) .
4. A chain complex C, is called acyclic , if H,,(C,) = 0 holds for all n > 1. (This terminology

is typically used in cases when C,, = 0 for n < 0. It then says that the complex has trivial
homology, except possibly in degree zero.)
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Remarks 6.2.3

1.

For every n € 7Z the assignment H,,: Che — C is a functor, because every morphism of
chain complexes maps kernels of d auf kernels of d and images of d to images of d. For a
chain map f, one typically also writes f,, instead of H,(f) for the induced map.

Let P, - M — 0 be a projective resolution of an object M € C. Then the complex
P, — 0 is acyclic. It zeroth homology is Py/(Im (P, — Fy) = Py/ker(Py — M) = M,
since Py — M is surjective.

. Let C, be a chain complex, concentrated in non-negative degrees, i.e. one that ends with

. — C; — Cy — 0. Then we have Hy(C,) = Cy/Im (C; — Cj) and the canonical
surjection provides a surjective morphism Cy — Hy(C,). Then one can form the so-called
augmented complex

o= C,—=Chy = o= Cyp— Ho(Cy) = 0

which is exact if and only if C, is acyclic.

. The notions of cycles and boundaries come from topology. There the differential d, can

often be interpreted as taking the geometric boundary of an object, e.g. of a manifold,
and a cycles is an object without boundary.

Consider a ring R and an element x € R. Then right multiplication by x defines the
differential in a chain complex
0—R>3R—0.

Here we have Hy(C,) = R/R.x and H,(C,) = {r € R|r.x =0} = Ann(x).

. For a slightly more complicated example we consider two elements a,b € R of a commu-

tative ring R and the complex

0 R—X R A4.R 0

with matrices

A= (a,b) and X = ( - )

a

Here we have Hy(C,) = R/(ax +by) a measure to what extent the inhomogeneous linear
equation ax + by = c is solvable. The homology H(C,) = {(r1,72) € R*|ria + rb =
0}/ {(—=Ab, Aa)} is the space of solutions of the homogeneous linear equation modulo the
trivial solutions.

In some contexts it is usual to reverse the grading of chain complexes, i.e. with the
differential mapping from C; to C;.;, and to call the resulting homology cohomology
instead. For simplicity we do not reverse differentials and instead define the cohomology
as H'(C,,d,) :== H_;(C,,d,) and also C* = C_;.

. Note that a complex is exact if and only if its homology vanishes. The homology measures

the failure of exactness.
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9. It is possible that a map between two chain complexes is not an isomorphism, but that
it induces an isomorphism upon passing to homology. Here is an example for C = Ab:

0—=Z 2.7 0

]

0 0 7)27 —0— - -

Degree 2 1 0 —1

In both cases is Hy = Z /27, and all other homology groups vanish. A morphism of chain
complexes fo: Cy — D,, that induces an isomorphism H,(f): H,(C,) — H,(D,) in every
degree n € 7, is called a quasi-isomorphism of complexes.

A subclass of quasi-isomorphisms is given by the chain homotopy equivalences.

Definition 6.2.4
1. Let f,g: Cq — D, be two chain maps. A sequence of maps h,: C,_1 — D, with the

property
f—g=hod+doh

is called (chain-)homotopy from g to f. Graphically:

CnJrl Cn Cnfl Can -

/s Ve s s
/ Ve s .
s ¥ ¥ 4

/,—>Dn+l Dn Dn—l Dn—2_>"'

where the vertical arrows are (f — g), and the diagonal arrows are h,. Note that this
should not be read as a commutative diagram. If there exists a chain homotopy between
f and g, then the two maps are called (chain) homotopic and we write f ~ g.

2. If f: Cy — D, and g: Dy — C, are chain maps with the property f o g ~ idp, and
go f ~idg,, then we say the complexes C, and D, are (chain) homotopy equivalent and
write Cy ~ D,. This defines an equivalence relation on chain complexes.

Remarks 6.2.5

1. A chain homotopy is not a chain map, already for degree reasons.

2. The following considerations give a hint why it makes sense to introduce chain homotopies.
We consider only consider chain complexes Cy and D, of modules, that are concentrated
in degrees 1 and 0. We associate to the chain complex C, the category C(C,) whose objects
are the elements of Cy and with morphisms Hom(c,¢) := {¢; € C}|dc; = ¢ — '}. The
composition of morphisms is the addition in Cj.

Then every chain map f: Cy — D, defines a functor
C(f): C(Cy) — C(D,)

This maps the object ¢y € Cy to the object f(cg) € Dy and the morphism ¢, < ¢ to
f(ch) T f(co). Indeed, we have f(c¢;) € Hom (f(co), f(cp)) since

df (c1) = f(dey) = f(co — o) = f(co) — f(cp)
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Let f,g: C¢ — D, be chain maps. A chain homotopy h: g ~ f yields a a natural
transformation C(h): C(g) = C(f). The only non-zero component for such short chain
complexes is hg: Cy — D;. By

f(co) — g(co) = h_1(dcy) + dho(co) = dho(co)

we have hg(cy) € Hom(g(cp), f(co)). Furthermore, for a morphism ¢; € Hom(cj, ¢g) the
equation
fler) = gler) = holder) + dhi(cr) = ho(der) = ho(co) — ho(cp)

implies the commutativity of the following diagram in C(D,)

(e1)
g(ch) == g(co)

ho(ca)j lho(co)

Theorem 6.2.6

1. Chain homotopic maps induce the same map in homology.
2. Chain homotopy equivalences induce isomorphisms in homology.

Proof. Clearly the second statement follows immediately from the first one and
ftion 6.2.412.

Let h be a chain homotopy. We have to show that h = (hod+doh) induces the zero map
in homology Restricting hy, to the cycles, we get: h|kerd = d o h. This implies h|kerd C Im d and

thus h, = 0 in homology. O]

In the Example [6.2.3]9 we have seen a chain map that induces an isomorphism in homology,
i.e. a quasi-isomorphism. However, this chain map is not a chain homotopy equivalence: all
chain maps from the lower complex to the upper complex are zero, so there cannot be an
inverse up to homotopy.

6.3 The fundamental lemma of homological algebra

The following statement is central for the entire subject of homological algebra:

Theorem 6.3.1 Let f: M — N be a morphism in an abelian category, P, - M — 0 a
chain complex of projective objects, and N, — N — 0 an arbitrary exact sequence.

1. Then there exists a extension fo: P, — N, of f to a morphism of chain complexes.

2. Any two such extensions f,, f, are chain homotopic.

Analogous statements hold for injective resolutions.

Proof. e Consider the diagram
Py —%s M
|
. |
Y
Ny N 0
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As P, is projective, there exists a extension of the morphism fod to Py — Ny, such that the
resulting diagram commutes. This extension is typically not unique. Let M’ C P, denote
the kernel of the upper horizontal map, i.e. the kernel of the differential, and N’ C Ny the
kernel of the lower map, then we consider the restriction of the map Py — Ny to M’. Let
x € kerd = M’, then we have dfy(z) = fi(dx) = f1(0) = 0, thus by restriction to ker d we
obtain a map f': M’ — N’. Thus we have a new diagram

Plé'M/
|

S

\

Ny— N — 0

in which the lower row is again exact. Since P, is projective by assumption, we can proceed
in the same fashion and obtain a morphism P; — N;. Inductively we find an extension
of f over the entire resolutions.

For the second part of the statement it is sufficient to show that every lift f, of the zero

map M 5% Nis homotopic to the zero map on the chain complex, i.e. that there exists a
chain homotopy h, such that f = hod + d o h. Consider the ladder diagram:

Py—%4~ M

N

Nl d No 7 N 0

Since do fo =00d = 0, the map fy gives a morphism Py — ker(Ng — N). By exactness
of the sequence N, the morphism N; — ker(Ny — N) is surjective. In the diagram
Fy

-

ho _ <~
-~
-

Ny = ker(Ny = N) —=0

the projectivity of Py allows us to find a lift hg: Py — Ny over Ny — ker(Nyg — N) — 0,
such that dohy = fy. Similarly as before we can now repeat the argument for the morphism
fl - h() od:

p—4~p,

v
P Lfly lfo
»

Ny ——= Ny —>kerd —0

Note that in the square only the lower triangle commutes! Then we have do (f; —hgod) =
do f; — food = 0. Using this we can lift f; — hgod to a map hy; with target N, such that
do hy+ hgod= f;. Iterating the construction completes the proof. O]

Corollary 6.3.2  Any two projective (injective) resolutions of an object are chain homotopy
equivalent.

Proof. Let P, and P, be two projective resolutions of an object M € C. Then by [Theorem 6.3.1}1
we can extend the identity on M to chain maps f: P, — P, and f’: P, — P,. Then fo f’is an
extension of the identity idy; to an endomorphism of the chain complex P.. Another extension
is given by the identity in every degree. By |Theorem 6.3.1,2 these two extensions are homotopic.
Thus f, f' are mutually inverse chain homotopy equivalences. O]
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We can now pursue the idea to replace objects of the category C by chain complexes of
“better” objects, i.e. here projective or injective objects. As we have just seen, we can also lift
morphisms, uniquely up to chain homotopy.

Let I’ be an additive functor, F': C — D. By applying F' termwise to a chain complex P, in
Che, we obtain another chain complex F(P,) thanks to the additivity of F. However, F' does
not need to send exact chain complexes to exact chain complex: for an exact complex P, the
chain complex F(P,) is guaranteed to be exact only if F' is exact as a functor.

Definition 6.3.3 Let C,D be abelian categories and F': C — D an additive functor.

1. If C has enough projectives, then the left derived functors L,F': C — D of F are defined
on objects by the homology of the complex F'(P,):

L,F(X):=H,(F(PR,)),
where P, — X is an arbitrary projective resolution of X.

2. If C has enough injectives, then the (right-)derived functors R"F: C — D are defined
analogously on objects by:

R"F(X) := H"(F(1,)) ,
where X — I, is an injective resolution.

Remarks 6.3.4

e The derived functors vanish for n > 1 if the functor F' is exact.

e By [Theorem 6.3.1| the derived functors are well-defined up to isomorphism: if P, and
P, are two projective resolutions, then by [Corollary 6.3.2] there exists a chain homotopy
equivalence P, ~ P); whose image under F' yields a chain homotopy equivalence F'(P,) ~
F(P,).|Theorem 6.2.6| then implies that the homology groups are isomorphic.

e [Theorem 6.3.1] also implies that the derived functors are indeed functors, i.e. also defined
on morphisms. If f: X — Y is a morphism, then one can lift f to a morphism f,: Py, — Qs
between the projective resolutions P, and (),, unique up to homotopy. Thus one obtains a
morphism F(f,): F(P,) — F(Q.) of chain complexes, which induces a unique morphism
F(f,)« on the homology. More precisely, [Definition 6.2.2 implies that the final morphism
does not depend on the choice of the lift f,. The functor axioms are easy to check.

Lemma 6.3.5 Let I’ be a right exact functor; then we have LoF = F. Let F' be left exact;
then we have RF = F.

Proof. We only show the first part of the statement. If P, — X is a projective resolution, then
the right exactness of F' implies that the sequence

F(P)— F(P) — F(X)—0
is exact. By the homomorphism theorem we have
F(X) = F(R)/(ker(F(R) — F(X)) = F(F)/Im (F(P)) = Hy(F(F)) . O

From now on we will only consider left derived functors only for right exact functors and
right derived functors only for left exact functors.
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6.4 The long exact sequence

We have seen in that the derived functors L, F' resp. R"F vanish for n > 1 if the
functor F' is exact. To make statements in cases when the derived functors no not vanish, we
need the long exact sequence of derived functors. This needs some preparations.

Lemma 6.4.1 [Snake lemma] Consider a commutative diagram of the following form in an
abelian category C with exact rows:

(%) M'— M —> M" 0
f,l fj f,,l
0 N' — >N N

Then there exists an exact sequence

ker f — ker f — ker f” % cokerf’ — cokerf — coker f”

with a so-called connecting morphism 0, that will be described in the proof. The name “Snake
lemma” is motivated by adding the row ker f* — ker f — ker f” above and the row coker f" —
coker f — coker f” below:

ker f ker f ker " - - T

N/ L N N//

S j
I
|

L > coker f' —— coker f —— coker f”

If M" — M is a monomorphism, then so is ker f* — ker f. If N — N” is an epimorphism,
then so is cokerf — coker f”.

Proof. By diagram chase, where we may assume by the full embedding theorem that C is a
full abelian subcategory of modules over a ring R. For proofs of this and similar results, which
avoid the diagram chase, we refer to [McL71, pp. 202].

e We first construct the connecting morphism 0. Let m” € ker f”. As M — M" is surjective,
there exists a preimage mg € M, and by exactness at M every other such preimage has
the form m = mg + ¢(m’) for some m’ € M'. Now f(mo) € N maps under N — N” to 0,
because we took m” € ker f”. Exactness of the lower row at both sites implies that there
exists a unique ny € N’ with ny — f(mg). If we had picked m € M with m := mg+¢(m’)
where m’ € M’, then by N’ 3 nj+ f'(m’) — f(m) € N the element ny+ f'(m’) would be
a preimage of f(m). Thus the class [ny] =: d(m") is well-defined up to an image under
f', i.e. well-defined in coker f’. By construction 0 is a module homomorphism.

e For the proof of exactness we restrict our attention to two sites, e.g. exactness at ker f
and exactness at ker f”. The additional statement about the injectivity of ker f* — ker f
is clear. Then the exactness at cokerf’ and cokerf as well as the statement about the
surjectivity follow by proceeding to the opposite category C°PP.
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e Exactness at ker f: Exactness of the upper row implies that the image of ker f/ — ker f is
in the kernel of ker f — ker f”. Conversely, let m € ker f with m — 0 € M". By exactness
of the upper row, there exists a preimage m’ € M’, but we still have to show that it is in
the submodule ker f* C M’. From f(m) = 0 we deduce f(c(m)) = ¢f'(m’) — 0 € N. Since
the lower row is exact, the map ¢: N’ — N is injective; and so we must have f’(m’) = 0.

e Exactness at ker f”: We retain the notation of elements from the first part of the proof,
where the connecting morphism 0 was constructed. First we show that the composite
ker f — ker f” 9 coker f!is zero. If m” € M" is the image of an element m € ker f under
M — M", then f(m) = 0 and by construction of d we have d(m”) = 0. This shows one
inclusion.

Let m” € ker 9Nker f”; we look for a preimage in ker f. By exactness of the upper row we
find a preimage m € M, which not necessarily lies in ker f. But f(m) € N has a preimage
n’ in N’ since f(m) — 0 € N”. By assumption we have d(m”) = 0 and so there exists a
preimage m’ € M’ of n’ under f’. Let mg be the image of m’ in M, so mg = «(m'). The
difference § := m — my € M has the same image as m in M", i.e. the given m”. Then we
also have

f(0) = f(m) — f(mo) = f(m) —of'(m') = f(m) —wm' =0 .

In the last step we have used that n’ is a preimage of f(m) € N. Thus ¢ is the desired
preimage of m” in ker f. O

Remark 6.4.2 (Naturality) The construction implies that the connecting morphism 0 is
natural, i.e., given a morphism of diagrams D; — D5 of the form (%) in [Lemma 6.4.1} we get a

commutative diagram

d
ker(fglz Mgl — Ngl)—>coker(fblz Mbl — Nbl)

| |

0
ker(fp,: Mp, — Np,) — coker(fp,: Mp, — Np,)
The category of chain complexes C'he of an abelian category is again an abelian category.
Thus it is clear what a short exact sequence
0— M, — My — M! -0

of chain complexes is. In particular, for an exact sequence of chain complexes we have that for
every n the sequence 0 — M) — M, — M) — 0 is exact.

Theorem 6.4.3 If 0 — M) — M, — M! — 0 is a short exact sequence of chain complexes
in C, then there exists a long exact sequence in homology:

oo Hy (ML) = Hy(M)) — Hy (M) 2 H_ (M) — -+ .

Proof. We again assume that C is a full subcategory of the category of R-modules over a ring
R. The commuting diagram

0 M M, M 0
dt dj dl
0— M) _, — M, My, 0



together with the Snake yields for all n > 1 a long exact sequence

M;zfl My N M’I,l/fl
Bn—lM/ Bn—lM Bn—lM”

00— 2ZM — 272, M — Z,M" — —0

since the kernels of the differential d are the cycles and the images are the boundaries. Thus
we have exact rows in the following commuting diagram

M! /B,M' —= M, B,M —= M" /B, M" — 0

T

0—>Zn,1M/ anlM anlM”

Here we have kerd = H,, and cokerd = H,,_;. Another application of the Snake
yields the long exact sequence in homology. O]

Theorem 6.4.4 [Horseshoe lemmal

1. Let C be an abelian category with enough injectives, D an arbitrary abelian category and
F: C — D a left exact additive functor. Let

0= M S5 MB M =0
be a short exact sequence in C. Then there exists a long exact sequence in D

R'F(p

B REQD "B REOM") S RYEOL) -

0— RF(M') — - = R'F(M)

2. If C has enough projectives and if the functor F'is right exact, then there exists a long
exact sequence in D

L;F(v)

s LMY MY ey PEP)

LF(M"Y % L \F(M') % - = LyF(M") = 0

The homomorphism 9 is again called connecting morphism.

Proof. To compute derived functors we need to consider projective resolutions of P, —
M'. P, — M and P} — M". To be able to apply [Theorem 6.4.3] these resolutions should
form a short exact sequence 0 — P, — P, — P! — 0 of chain complexes, i.e. the diagram

P — P, —=P"

0 M —=M M" 0

should commute. Here ¢’ and ¢’ are the augmentations of the projective resolutions of M’ resp.
M". Then the claim follows from [Theorem 6.4.3l

To construct such a diagram we choose two projective resolutions P, — M’ and P — M"
and set Py := Pj @& Pj. We consider on the first component ¢ o €': F; — M. For the second
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component we note that M — M" is surjective and use the projectivity of P} to lift €” to a
morphism P — M. Together we obtain a morphism e: Py = P, & Py — M, such that the
diagram

0 P, Py P 0
0 M —t M M 0
0 0 0

commutes. The two lower rows are exact. The Snake implies that the upper row
is exact and coker(e) = 0, and so Py — M is surjective.
Thus we have filled the first stage. Now we proceed to the situation

which is again a horseshoe and proceed inductively. O]

Remarks 6.4.5

1. The right derived functors of a left exact functor (for n > 1) vanish if and only if the
functor F is exact. The exactness of F' follows from the vanishing of R'F resp. L1 F, cf.
the exercises.

2. From the naturality of the connecting morphism we can deduce naturality statements:
given

0 M:! M, M 0

L]

0 N! N. N 0

a commutative diagram of exact sequences of chain complexes, then we obtain a morphism
between the associated long exact sequences from |I'heorem 6.4.3| i.e. a commuting ladder

o Hy (M) —= Hy(M,) —= Hy(MY) = Hy (M) — -

| L |

o HY(NL) ——= Hi(N2) —— (V) 2 Hy 3 (N)) —
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It

0 M’ M M 0
0 N’ N N” 0

is a commutative diagram with short exact rows in a category C with enough projectives,

then induced ladder from [Theorem 6.4.4] also commutes:

o —— LF(M') 2> L F(M) 2> L,F(M") —2> L, {F(M')"*— .. —— LyF(M") = 0

| | | |

o ——> L;F(N'") =2~ L;F(N) 2> L, F(N") —2> L, {F(N")*— .. — = LyF(N") = 0

6.5 Tor and Ext

Arguable the most important derived functors are the derived functors of the tensor product
and the Hom-functor.

Definition 6.5.1 Let R be a ring.

1. Define for each R-right module X a functor Fx: R—Mod — Ab by Fx(Y) := X ®g Y.
This functor is right exact (cf. Example [3.1.14]3). Its left derived functors are denoted

Tor®(X,Y) := L, Fx(Y) .
2. Define for each R-module X a functor Gx: (R—Mod)®® — Ab by Gx(Y) :=
Hompg(Y, X). The functor Gx is left exact (cf. Example[3.1.1415). Its right derived functors

are denoted
Exti(Y, X) = R"Gx(Y) .

In the definition of Ext, one uses an injective resolution in (R—Mod)°PP, which is the same
as a projective resolution in R—Mod.
The following observations follow immediately from the definitions:

e Tor(X,Y) =0 for all Y and for all n > 0 if and only if the right module X is flat.
o Exth(Y,X) =0 for all Y and for all n > 0 if and only if the module X is injective.
e Tor and Ext are not only functors in the argument Y, but also in X.

Examples 6.5.2

1. Let R=7Z and Y = Z/nZ. A free and thus also projective resolution of the Z-module
Y = 7Z/nZ is given by the augmented complex

0723572 —7Z,—0.

We now compute Tor?(X,Y) for the Z-module X = Z/mZ. By Z/m7Z ®z 7 = 7./mZ
tensoring the projective resolution with Z/mZ yields the complex

0—Z/mZ "% Z/mZ — 0,
whose homology Tor%(Z/mZ, Z/nZ) is:

; otherwise.

Tor(Z/mZ, Z/n1) g{ Zagnyi 1K =0.1
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To see this we write n = g - x with g := ged(m,n) and x € N. The multiplication by x
acts on Z/mZ as isomorphism since z is relatively prime to m. The kernel ker n- = ker g-
consists of all multiples of m/g, which form a cyclic group of order g. The cokernel
cokern- = cokerg- is the quotient of Z/mZ modulo all multiples of g, so again a cyclic
group of order g.

By [Lemma 6.3.5| Tor for £ = 0 must coincide with the original functor: Tory(X,Y) =
X ®z Y. Comparing with [Examples 1.2.63, we find agreement.

The higher (i.e. k£ > 2) Tor-groups indeed vanish over Z for all Z-modules: as Z is a PID,
by |[Observation 4.1.3| one can always construct a free resolution that is concentrated in
the degrees 0 and 1.

We also compute Tor”(Z, Z/nZ) as homology of the complex
0=Z57Z—0
and find
Tord(Z,7/nZ) 2 Z/n7 = 7 @5 Z/nZ and Tor’(Z,7Z/nZ) =0 .

The functor Tory (—, Z/nZ) on finitely generated abelian groups vanishes unless the groups
have a torsion part, thus the name.

. A very similar computation shows that

Lggtmmny; itk =0,1

k ~
Exty (Zm, Zn) = { 0; otherwise.

The notation Ext will be explained in [Section 6.7}

. In the following example there exist infinitely many non-trivial Tor-groups: Let R =
Z[t]/(t™ — 1) be the group ring of the cyclic group Z/nZ of order n over the integers.

The ring homomorphism € : R — 7Z that sends ¢ — 1 endows Z with the structure of
an R-module with t.m = m, the trivial R-module. We choose X =Y = Z with trivial
module structure. We claim that a projective (and indeed free) resolution is given by the
projective part of the augmented complex

B RYRAERY RS Z 50
where ¢ is defined as above by evaluating at 1, i.e. €(t) =1 and N :=1+¢t+---+t""1 A
quick computation shows (1 —¢t)N =1 — ¢", so the differential squares to zero. We show
exactness: the class of a polynomial f € Z[t] in the quotient ring R vanishes if and only if
f is a multiple of 1 — t™. The ring Z[t] is a unique factorization domain. Thus a multiple

of N if also a multiple of 1 — ¢" if and only if it is also divisible by 1 — ¢. The complex is
thus exact.

By tensoring the projective resolution over R with Z, one obtains R ®r Z = Z in all
degrees. The map induced by 1 —t is zero, because one evaluates at ¢ = 1. Multiplication
with N induces the multiplication by n € N. Thus we get the complex

725725757 50

and

Z; if k=0 (cf. Lemma 6.3.5)
Torf(Z,7) = { Z,; ifkodd
0 it £ > 0 even.
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4. Tt is clear that for a free Z-module A one has Extj(A,Z) = 0. The converse, whether
Ext}(A,Z) = 0 implies that the Z-module A is free, is a surprisingly subtle question,
whose answer depends on the underlying set theory [HSI1970, Second Edition, p. 330
“note to the third corrected printing”].

6.6 Symmetry of Tor and double complexes

It seems natural to define a second variant Tor’ of Tor by using a projective resolution
of the first variable. Similarly, there exists a variant Ext’ of Ext, in which for a fixes the
contravariant variable X and considers the right derived functors of the left exact functor
Hompg(X,—): R—Mod — Ab.

We show the isomorphism of Tor and Tor’, by showing that Tor is isomorphic to a third
functor Tor, which is manifestly symmetric in both arguments; analogous statements hold for
Ext. For all of this we need double complexes.

Definition 6.6.1
1. The category of double complexes in an abelian category C has as objects the triples
(Xij,dp,d,) consisting of objects X;; of C for i,j € Z and morphisms dj,: X;; — X;_1;
and d,: X;; — X, ;_1 such that

dhdv = —dydh and dhdh = dvdv =0.
The sum ¢ + j is called the total degree of the object X;;.

2. The morphisms of double complexes are given by families of morphisms f;;: X;; — Yij,
that commute with the two differentials d;, and d,.

3. Using the coproduct and product one assigns to a double complex two ordinary complexes
Xaolw = [ Xy (TotXe)n == [] X
it+j=n it+j=n

for both of which the differential is given by d = dj + d,. Both complexes are called
total complexes of the double complex.

Remark 6.6.2

1. Note that the indexing of double complexes is not the usual indexing of rows and columns
of matrices!

2. The diagram

dp,
Xij——Xi1,

l dv l dv
dp,

Xij1—= X141

does not commute! The anticommutativity of the differentials, d,d, = —d,d;, ensures
that the total complexes |X| and TotX are again chain complexes: If € Xj;, then for
d =d; + d, we have

d(dx) = d(dpz + dyx) = dpdpx + dpdyx + dydpx + dydy,xz = 0.
Definition 6.6.3 Let R be a ring.
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1. Let (P.,d) be an R°PP-chain complex and (Q.,d) an R-chain complex. Define a double
complex (P ®g ())e s 0f Z-modules by

(P®rQ)i; =P®rQ;,

where the maps for p € P, q € Q; are given by d(p ® q¢) = d(p) ® ¢ and d,(p ® q) =
(—1)'p ® d(q). We call i the degree of p and write |p| = 4. If we abstractly define the
degree of d by —1 (since d takes P, to P,_1), then the sign convention above is a special
case of the so-called Koszul sign rule:

Whenever an element of degree i commutes past an element of degree j, a sign (—1)%
appears.

2. We call the total complex |P ®g Q| the tensor product of the chain complexes P, and Q,.

3. Let (P, d) be chain complex of R-modules, then we define a double complex Hompg (P, Q)es
of abelian groups by
HOIHR(P, Q)Z,j = HOIHR(PZ‘, QJ) .

Here the differentials of the double complex are given by pre- and postcomposing with
the differentials of P, and @),.

Remark 6.6.4 Tensor products of chain complexes occur in the following problem, for
example: let X and Y be topological spaces. Singular homology determines two chain complexes
Co(X) and Co(Y). The Eilenberg—Zilber theorem says that the chain complex Co(X X Y)
of the Cartesian product is chain homotopy equivalent to the tensor product chain complex

Co(X) ® C,(Y).
We need another auxiliary result to study total complexes:

Lemma 6.6.5 Let X,, be a double complex in an abelian category C. If for every j € Z we
have that the row complex X, ; is exact, then:

1. the total complex |X| exact, if there exists an N € Z such that X;; = 0 for all rows
J <N

2. the total complex TotX is exact, if there exists an N € Z, such that X;; = 0 for all
columns ¢ < N.

Both conditions 1. and 2. automatically satisfied, if X is non-negatively graded in both
indices. Neither condition is necessary; they are merely sufficient to ensure “convergence”.

Proof. e For the proof of 1. we may assume without loss of generality that N = 0, otherwise
we may shift the complex vertically. Likewise, it is enough to show exactness of the total
complex at the site | X|o, for otherwise we can shift any other total degree to zero by left
or right shifts of X.

Then we have
’X|0 - @nGZX—n,n = @nZOX—n,n .

Let © = (g, Tng—1,---,T0) € | X|o be an element, with x,, € X_,,,,, for which d(z) =0
holds. By dyz, € X_,_1, and d,z, € X_, ,,—1 this means for the homogeneous compo-
nents

dy(z;) +dp(xi1) =0in X_;; 1 for 0<i<mog+1. (%)
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As 2,41 = 0 we have for ¢ =ng + 1
dh(l‘ng) =0.

Since the rows are exact by assumption, dy(z,,) = 0 implies that there exists a y,, €
X—no-i-l,no with dh(yno) = Tng-

We now inductively find elements y, € X_, 11, such that

dh(yno) = Tng
dn(yi) = m —dy(yir1) for 0 <i < mny

It is possible to solve the second equation, because for 0 <7 < ny we have

dh(l"i - dv(yiJrl)) = dh($i) + dvdh<yi+1) £ dpx; + dyxipg — dvdv<yi+2) (;) 0,

and by exactness of the rows we can find y; € X_;; with

dryi = v — dy¥iy1 -

Thus with ¥ = (Yng, --»¥%0) € |X |1 we have found an element with d(y) = z. The total
complex | X| is thus exact.

e For the proof of the statement concerning Tot(X) we also assume N = 0 and consider
(...,x_9,x_1,20) € (TotX)p, which is allowed to have infinitely many non-vanishing
entries z; € X_;;. We obtain equations d,(z;) + dp(x;—1) = 0 for all ¢ < 0. The boundary
conditions imply again that the Oth equation has the form d,xy = 0, so that we can find a
Yo € X1 with dpyo = 2o by exactness of the rows. As before one inductively solves such a
sequence equations to find y; € X_; 1 ,, which again may have infinitely many non-trivial
entries, which is fine for an element of TotX. O]

Let P, — X be a projective resolution of R°°P-modules and (), — Y a projective resolution
of R-modules. To get a complex that is symmetric in both resolutions, we consider the tensor
product of the resolutions and the homology of the associated total complex and set

Tor, (X.Y) = Ha(IP @ Q)
Theorem 6.6.6 For an R-right module X and an R-left module Y we have
Tor®(X,Y) = Tor (X, Y) .
As T\o/ri (X,Y) has been constructed via a double complex that is symmetric in both argu-

ments, this shows that we could have also projectively resolved the other tensor factors.

Proof. e Let P, - X and (), — Y be projective resolutions. We denote by P, the aug-
mented complex with ]5n = P, for n > 0 and P_; = X. The augmented complex P, is
exact and for every ¢ the module Q); is projective and thus flat by [Theorem 1.4.10] which
together imply that the double complex P ®p Q has exact rows. Thus the total complex
|f~’ ® @] which is concentrated in one quadrant is also exact by [Lemma 6.6.5|
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e (learly
0— X[-1] =P, —- P, —0

is a short exact sequence of complexes, where X[—1] denotes the complex which has the
module X in degree —1 and 0 everywhere else. Since @); is projective, tensoring with @),
yields an exact sequence of double complexes. Since the functor | — |, which sends double
complexes to complexes, is exact, we obtain a short exact sequence of total complexes

0= | X[-1]®Q = |P2Q|—=|PoQ|—=0

Since the middle complex P®pr Q is exact as we have seen in the first step of the proof, its
homology vanishes, and the associated long exact sequence (from [Theorem 6.4.3)) breaks
into small exact pieces

0— H,|P®RQ| — H, 1| X[-1]®@Q| =0,
for n > 0, thus the connecting morphisms are isomorphisms.

e We now interpret the abelian groups that appear as the source and target of this isomor-
phism: by definition of Tor the first one is

H,|P® Q| = Tor, (X,Y) ;
and for the second we use the definition of Tor
H, 1| X[-1]®Q| = H,(X ® Q) = Tor®(X,Y) .
Thus we shown the isomorphism of the functors Tor and Tor. [

For a commutative ring R both tensor products X ®zr Y and Y ®g X are defined and
isomorphic by swapping the factors. Let P, — X and ()4 — X be projective resolutions. Then
we have the isomorphism

PRQ — QP
v, ®w, — (—1)Pw,®v, forwv,e P,and w, € Q,

of double complexes. We thus find

Tor(X,V) = Tor, (X,Y) = H.(P®rQl)
H.(1Q @ PI) = Tor, (X,Y) = Tor/{(¥ X)

I

In the case of commutative rings R the derived functor Torf is thus commutative in both
arguments. In the case of Ext we can also resolve the second argument injectively instead of
resolving the first argument projectively:

Theorem 6.6.7 Let X,Y € R—Mod and Y — I, be an injective resolution and P, — X a
projective resolution. Set:

Ext?(X,Y) := H"(Homg(X,1,)) and Extp(X,Y):= H,(TotHomg (P, 1.)) .
Here we grade the complex of abelian groups by
Hom(PF,, 1,); j := Hom(P_;, [;) .

Then we have .
Exth(X,Y) = Extp(X,Y) = Ext’}g(X, Y)

Proof. Exercise. L

140



6.7 Extensions of modules

We have already seen in|Examples 6.5.2|that the notation “Tor” can be motivated by considering
torsion in abelian groups, but we have yet to make sense of the notation “Ext”. In this section
we discuss an alternative definition of Ext-groups via equivalence classes of extensions of R-
modules by other R-modules, which goes back to Yoneda.

Let C be an abelian category and let M, N be two objects in C. Consider for n > 1 the sets
of exact sequences

Ex"M,N)={0 > N—-X,.1 > X, 20— Xo—>M—0}/~,

where ~ is the equivalence relation that is generated by declaring F ~ E’ if there exists a chain
map F — E’, which is the identity on the entries M and N. (Here it is not sufficient to require
isomorphism on the entries M and N.) Note that the Nine implies in the case
n = 1 that the morphism Xy — X{) is an isomorphism. In general the components of the chain
maps are not isomorphisms.

We now aim to turn Ex" into a functor C°P? x C — Set. (In we will see that it
takes values in abelian groups.) To define the functor on morphisms, suppose we are given an
extension

E=0—-N—=X,— M—0)eEx*(M,N)

and morphisms
f:M —-M and g¢g:N— N'.

Consider for f the pullback diagram

Xo—2 - M

where the morphisms X; — Xy — M are taken from the exact sequence E, and thus compose
to zero. Consider the complex

ffE: 0-N—=X, 11— =X —>XoxuyM —-M -0
Dually we define by pushout under N a complex

gE: 0N =X, UyN =X, o— =Xy M—=0.
Lemma 6.7.1 Retain the notation from above.

1. The complexes f*F and g,F are again exact. Their equivalence classes do not depend on
the choice of representatives E in Ex.

2. We obtain a functor C°PP x C — Set.

Proof. 1. To see that these constructions are well-defined, we need to check that f* does not
depend on the representatives E of the source equivalence class. Let

E:0 ]ﬂf X, ]W 0
E':0 N X! M 0
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be an a elementary equivalence of exact sequences and f: M’ — M a morphism. Then
by functoriality of the pullback from [Remarks 2.2.1114, we obtain a map

X()XMM/—>X6><MM/,

that, together with the other morphisms X; — X/, provides an elementary equivalence
between the complexes f*E and f*FE’. The dual argument applies to g,.

. We also need to show that f*FE is exact and thus an extension, as required.

— The map X x,; M’ — M’ is surjective: for any m’ € M’ we can find z € Xy with
f(m’) = dz because d: Xg — M is surjective. Then (x,m’) is a preimage of m' € M’
in the fibre product X x5, M.

— The morphism X; — Xy x; M'"is z — (dx,0), and by d(dz) = 0 = f(0) this indeed
lands in the fibre product Xy x,; M’. Thus we have the exactness condition

ker(Xl — XO XM M,) = ker(X1 — Xo) =Im (X2 — Xl) .

by the exactness of the original sequence F.

— Finally, ker(Xo xpr M’ — M’) contains the elements of Xy X, M’ which are of the
form (z,0). For these we must have dz = f(0) = 0. By exactness of £ this means
r € Im (Xl — Xo) and thus (I,O) € Im (Xl — X(] XM M/)

The arguments for the exactness of the complex ¢, F are again dual.

. Now we consider the second part of the lemma, which concerns functoriality: let M, LS

M, LY My be two morphisms; we have to show that (foo fi1)*E = f; o f;E. This follows
from the canonical isomorphism

(Xo Xary My) Xpr, Mo = Xo Xpgy Ms

compare Remark [2.2.11)5.

. Finally we have to show f*g. = g.f* for f: M’ — M and g: N — N’. This is clear for
n > 2, as both functors operate on different parts of the exact sequence. For n = 1, on
the other hand, we consider the diagram

and thus obtain an isomorphism
(X XMM,) L'NN, = (X|_|NN/> XNM,
(best checked on elements), which provides an equivalence of the sequences f*g.E and

g [*E.
O
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We aim to equip the sets Ex" with the structure of abelian groups. Let F, E' € Ex"(M, N).
For n > 2 we consider the pullback diagram

X, M

and the dual pushout diagram. We define a complex E + E’ by direct sums and the dashed
morphism in the diagram:

EF+FE:0—-N—=X, 1UvX, 1 2 Xy 200X, 5= > X10X, > Xogxy Xy —>M—0 .
In case n = 1 we have to define the middle term of the complex E + E’ as

{(z,2") € X ® X'|d(x) = d'(2")}/(d(n),0) ~ (0,d'(n))(n € N) .
Lemma 6.7.2 The sets Ex"(M, N) are thus equipped with the structure of abelian groups.

Proof. e We first verify the exactness of the complex E + E'.

— The exactness is clear at the middle (direct sums-)groups.

— Exactness at M is surjectivity: given m € M, find 2o € Xy and z{ € X| with
dxy = m and d'z{, = m using the surjectivity in the extensions E, E’. Then (z, x{)
is the desired preimage.

Exactness at Xy x5 X(: The kernel in X x5 X{ is exactly
ker(Xo — M) X ker(X) — M) =Im (X; & X] — Xo xu XJ).

— The exactness at N and at X,,_; Uy X/ _; follows dually.

e The associativity and commutativity of the sum is manifest in the definition. We describe
the neutral element; for n > 2 it is given by

0-NS NS0 M8 M=o

resp. for n = 1 by the splitting short exact sequence.

e The proof of the existence of inverses is omitted.
O

The following theorem explains the notation Ext for the right derived functor of the Hom-
functor. It also makes extensions of modules computable via projective resolutions.

Theorem 6.7.3 If the category C has enough projectives, then there exists a natural iso-
morphism of functors Ex" = Ext".
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Proof. e Let P, - M be a projective resolution of M. Let E € Ex"(M,N). Then by
[Theorem 6.3.1] the lifting problem for the identity id,,

P —4=P, P, P, P, M 0
fn éfn71 éfn72 éfo H
\% \% \ \% Y

E 0 N X1 X2 Xo M 0

has a solution. By commutativity of the leftmost square we have f,, od =0, so
£, € ker(Hom(P,, N) & Hom (P41, N)) .
We can thus consider the class

O(E) := [f,] € Ext"(M, N).

e We first show that ®(F) € Ext"(M,N) is well-defined: this element depends neither
on the choice of lift f, of the identity id;; nor on the choice of extension E within its
equivalence class. Then we show that ®: Ex"(M, N) — Ext" (M, N) is an isomorphism
of abelian groups.

|Theorem 6.3.1] shows that the lift f,: P, — N not only exists but is also unique up
to homotopy. Thus every other solution is of the form f, + H od = f, + d*(H), where
H: P, 1 — N is part of a chain homotopy. Since this does not make any difference in
homology, the first part of well-definedness is shown.

Thus the class of f,, in H"(Hom(P,, N)) = Ext"(M, N) is well-defined, provided we can
show that it is invariant under the equivalence relation in Ex. If ' — E’ is an elementary
equivalence, then we can choose the lift P, — E’ of the identity in the special form of a
lift P, — E of idy;, followed by the equivalence £ — E’. Since this is, by definition, the
identity on NN, we obtain the same element in Ext".

e We now set out to construct an inverse to ®. Let f: P, — N be a representative of an
element of Ext™(M, N). Consider the pushout diagram

Pn d Pn—l

]

N——=NUp, P,y

0

and construct from it (following arguments dual to those in the proof of |Lemma 6.7.2)

an exact sequence
O—+N—=NUp P,1—PFP,9o—FP, 35— —=F—=M=0.

This determines an element in Ex". It is clear that the composite Ext — Ex — Ext is
the identity; the other direction is given by the following diagram, that determines an
equivalence in Ex:

O—>N—>N|_|pnpn_1—>Pn_2 PD M 0
| [T o]
0 N—2.x, ,—4 X, , . X, M 0
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e It is clear, that ® sends the zero in Ex" to the zero in Ext", because we can choose as lift
on P, the zero morphism.

e We still have to show that the bijection between Ext™ and Ex" respects the addition. For
this we first observe that we can characterize the addition in Ext" as follows.

Let A: M — M & M be the diagonal map and ¥: N & N — N the sum map, then
Hom(M, N) & Hom(M, N) — Hom(M & M, N & N) =2 Hom(M, N)
is by
Yo (f,9) 0 Alm) =X (f(m),g(m)) = f(m) + g(m)
the addition of abelian group Hom(M, N) and likewise
Ext(M, N) @ Ext(M, N) — Ext(M & M, N & N) =2 Ext(M, N)

is the addition the abelian group Ext(M, N): we have

S A(feg =f+g.

For Ex" the functoriality for A* was defined via a pullback and for X, via a pushforward,
see [Lemma 6.7.1] Exactly the same operations also appear in the definition of the sum in

Lemma 6.7.2 Thus we also have in Ex":
E+E=S.A(EaE),

where E @ E’ is the direct sum sequence from N @& N to M & M. If we choose a projective
resolution P, of M, then in the diagram

L(fn,f;L) j(fn,fm H
EgFE" NeN— - — Xy Xj— MeM—0

we can choose the lift as the direct sum of the lifts f, f’ that correspond to E resp. E’.
The application of ¥,A* then shows the additivity. O

Example 6.7.4 Let p be a prime number; then by |[Examples 6.5.2] we have
Extl, (Z/pZ,7./pZ) = 7Z/pZ in the category the abelian groups. We thus know that there
are p equivalence classes of extensions:

0—Z/pZ — G — Z/pZ — 0

For the non-trivial group elements of Extl,(Z/pZ,7Z/pZ) we have G = Z/p*Z, and for the
neutral element G = Z/pZ x 7./ pZ.

The interpretation via the Yoneda-Ext allows us to find more structure on the collection
of groups Ext*(M,N). If £ € Ex"(M,N), E' € Ex™(Q, M) with m > 0 and n > 0, then the
composite Xog - M — X/ | gives a morphism. From the exactness of X; - Xo - M — 0
and 0 = M — X/, _, we deduce that

0—=N—>=X, X, X! X} Q

N

M
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is again an extension.
We define Ex’(M, N) to be Hom(M, N); the multiplication Ex” x Ex” — Ex” is simply the
composition of morphisms. Further we set:

Ex’ x Ex" — Ex° | Ex" x Ex® — Ex°

Theorem 6.7.5 [Yoneda product] If E € Ex"(M,N),E" € Ex™(Q, M), then we define the
Yoneda product EE’ € Ex"™™(Q, N) to be represented by the extension

0O>N—->X, 1> =2Xo2 X, 1> =X —Q,
The map (E, E') — E - E' is a well-defined, bilinear, associative multiplication.

Proof. The associativity for n,m > 0 is immediately clear. Similarly the well-definedness, as
any two elementary equivalences can be glued to an equivalence of the product.
The associativity for the cases n = 0 and m = 0 is a reformulation of the functoriality of

Ex" from Lemma 6.7.11 O

6.8 The Kunneth formula

In [Definition 6.6.3l2 we have defined the tensor product of chain complexes X, and Y, of R-
modules as total complex | X, ®@g Y,|. We would like to express the homology of such a tensor
product Cy ®g D, in terms of the homologies of Cy and D,. Here we restrict to the case when
R is a PID. In particular, R will be commutative.

Example 6.8.1 Let R = Z and let C, = D, be complexes concentrated in degree zero
with entry Z/27Z. Let C, be the complex with Z in degrees 0 and 1 and 0 — Z 27 - 0.
By [Remarks 6.2.3 the complexes C, and C. are quasi-isomorphic, and thus have isomorphic
homology,

H,(C.,) = Hy(C,) forallpeZ.

Now we have H,(Ce ® D,) = 0, but H,(C, ® D,) = Z/2Z because
Cl®D,:0— Z/27 % 7.)27. — 0 .

The tensor product of the quasi-isomorphic complexes Cy and C. with the complex D, are
thus no longer quasi-isomorphic! The tensor product is not compatible with quasi-isomorphisms!

In particular, knowing the homology of the complexes is not sufficient to determine the
homology of the tensor product. Put differently, if one considers complexes up to quasi-
isomorphism as the fundamental objects, then one needs a different definition of the tensor
product.

In the following theorem we make additional assumptions that, in particular, exclude torsion
groups concentrated in a single degree, such as the ones in [Example 6.8.1]

Theorem 6.8.2 [Kiinneth] Let C,, D, be chain complexes of modules over a PID R. Suppose
that one of the two complexes is flat, i.e. all involved modules are flat. Then there exists a natural
short exact sequence

0 @ Hy(C.)®r Hy(Ds) S Hi(Co® D)) — B Torf(H,(Ch), Hy(Da)) = 0 |

p+q=n ptg=n—1
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where ( is induced by the inclusion
Zp(Ce) @R Zg(De) = Zpig(Co @r Ds)
of cycles. The sequence splits, though not naturally.
Proof. e Using the swap isomorphism of tensor product complexes over the ring R

C.®RD. — D.®RC.
c®d — (-1)Md®c forceC,andde D,

we may assume without loss of generality that the complex C, is flat.

e We introduce shorthand notation for cycles and boundaries

Z, = Z,(C,) B, := B,(C,)

Zy, = Zy(D,) B, := B,(D.,)

and consider the the associated complexes with vanishing differential. We obtain an exact
sequence of complexes

0= Zo5 Co S B[—1]s — 0 .

Since R is a PID, all these complexes are again flat, since they consist of subobjects of
flat objects. As in the proof of [Theorem 6.6.6| we obtain an exact sequence of complexes

0— Zo®r Dy ‘D' C, @5 D 2 B~1], @ Ds — 0 .

By [Theorem 6.4.3| this gives rise to a long exact sequence in homology, that we symboli-
cally represent by:

(1®id)«

H(Z, ®p D.) H(Cy ®r D,) ,

H(B,[-1] ®r D.)

where all morphisms have degree zero, except the morphism w, which is generated by the
connecting morphisms and which has degree —1. Undoing the degree shift at B, we can
also consider w of degree zero and 0 of degree —1.

e We inspect the homology H(B[—1] ®g D,). In the first tensor factor the differential is
trivial and (after changing signs) we may work with the differential id ® 0. As all the B,
are flat, the kernels and images of this differential are tensor products of the kernel and
images of the differential in D,. Thus we have

H,(B[—1]e ®g Ds) = (Be ®r H(Da4))n—1

Analogously we get
H,(Ze ®r Do) = (Ze @ H(Da))s, -

Thus we have a long exact sequence in homology

Zo @p H(D.) (:®1d). H(C.®r D)) (%)

\ (Boid).

B, ®r H(D,)
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e We still have to inspect the morphism w that comes from the connecting morphism. If we
represent dc ® [z] € B ®p H(D,) by 0c ® z then we see that w(0dc ® [z]) is the homology
class of dc ® z in Z, @ H(D,). Thus w is induced by the inclusion B, — Z,.

Thus it is clear that (¢ ® id), induces the map H(C,) ®g H(D,) AN H,(Ce ® D,) when
computing modulo boundaries, i.e. modulo the image of w.

e We need another exact sequence: tensoring the short exact sequence
0— By = Zg — H(Cy) = 0

with H(D,) and noting Tor?(Z,, H(D,)) = 0, because Z, is flat, the long exact sequence
in homology yields the exact sequence

0 — Torf(H(C,), H(D,)) = Bs®@rH(Dy) = Zy@pH (Ds) — H(C)@rH(D,) — 0 (%%)

of complexes.

By (*) the kernel of ¢ is the image of w. Thus we have Z, ®g H(D,)/ ker ( = cokerw -
H(C,) ®g H(D,) and we obtain the injection

0 — H(C.) ®r H(D.) > H(C\ ®5 D.) .
We still have to compute the cokernel of (. We find

coker¢ = H(C, @ D.)/Im ¢ 2 H(C, @5 D.)/ ker(d @ id),
D Im (0 ®1id), ® kerw & Torf(H(C,), H(D,)) .

—

where we have used the homomorphism theorem at (H).
e For a proof of the fact that the Kiinneth sequence splits, we refer to [HS1970, V.2]. O

An important special case is when C, is flat and D, is an R-module A concentrated in
degree 0.

Corollary 6.8.3 [Universal coefficient theorem in homology] Let R be a PID, C, a flat chain
complex of R-modules and A an R-module. Then there exists a natural short exact sequence

0 — H,(Cy) @ A= H,(Co @p A) — Tor®(H,_1(C.), A) = 0 .
This exact sequence splits, naturally in A, though not naturally in Ci.
Proof. Only the naturality statement is still open, and we refer again to [HS1970] for a proof. [
We also state the corresponding theorem for Ext, a proof appears in [HS1970], V.3].

Theorem 6.8.4 Let C,, D, be chain complexes of modules over a PID R. Assume that the
complex C is free. Then there exists a natural short exact sequence

0= [ Extih(Hy(C.),Hy(Ds)) — Hy(Homp(Cy, D.) AN D Homp(H,(C.), Hy(Ds)) — 0
q—p=n+1 q—p=n

where ¢ maps the morphism f € Z,,(Homg(C,, D,)) to the induced morphism F,,: H,(C.) —

H, (D,). The sequence splits, though not naturally.
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Analogously we get:

Corollary 6.8.5 [Universal coefficient theorem in cohomology] Let R be a PID, C, a free
chain complex of R-modules, and B an R-module. Then there exists a natural short exact
sequence

0 — Exth(H,_1(C.), B) — H"(Homp(C,, B)) - Homp(H,(C.), B) = 0 .

This exact sequence splits, naturally in B, though not naturally in Ci.

7 Group cohomology

7.1 Definition and examples

Let G be a group. By a G-module we mean Z[G|-module in this chapter. This is nothing but
an abelian group M with a G-action G — Autz(M) by morphisms of abelian groups. If A is
an abelian group, then we may consider A as G-module with the trivial action, p(g) = id4 for
all g € G.

We first define:

Definition 7.1.1  The invariants M of a G-module M are the fixed points of the G-action:
MCE ={m € M|g.m =m for all g € G} ,
i.e. the largest trivial submodule. The coinvariants M are defined as the quotient abelian group
Mg =M/(gm —m|ge G,m e M),
i.e. as the largest trivial quotient.
We turn invariants and coinvariants into additive functors
()9, (=) Z[G]—Mod — Ab ,

that are defined on Z[G]-module homomorphism f: M — N as follows. By g.m = m for all
g € G we get g.f(m) = f(g.m) = f(m) for all g € G, and so the the restriction of f to the
invariants M yields a homomorphism f¢: M% — N of abelian groups. Since f(gm —m) =
gf(m)— f(m), the homomorphism M J N Ng factors through a homomorphism of abelian
groups fa: Mg — Ng on the coinvariants,

Mo N
Mg - — = Ng

Lemma 7.1.2 There exist natural isomorphisms M = Homg(Z, M) and M¢ =2 ZQza M,
where the abelian group Z is equipped with the trivial left- resp. right module structure. In
particular, by Example 4, the functor of taking invariants (—)¢ is left exact and the
functor of taking coinvariants (—)q is right exact by Example .3.
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Proof. For the first isomorphism, we note that an element of Homy(Z, M) is uniquely deter-
mined by the value on 1 € Z. For such a homomorphism to lie in Homy(Z, M) C Homg(Z, M),
we must have for all g € G that g.f(1) = f(g.1) = f(1), hence f(1) € M. Conversely, every
such € M¢ defines a morphism in Homg g (Z, M).

For the second isomorphism we consider the surjective map

¢2M — Z®Z[G]M
m — 1®m

In the abelian group Z ®ziq M we have
l@(gm—m)=1g@m—-1®@m=0

and so the map ¢ descends to the quotient M, i.e. to the coinvariants. The map ¢ and thus
also its induced map is surjective. It is clear that 1 ® m and 1 ® m’ are equal if and only if
m € M and m’ € M represent the same class in the coinvariants. [

Definition 7.1.3 Let M be a Z[G]|-module.

1. The nth homology of the group G with coefficients in the Z[G]-module M is defined as
the nth left derived functor of the coinvariants:

H,(G; M) = (Ln(—)e)(M) = Tor?%Y(z, M) .
2. The nth cohomology of the group G with coefficients in the Z[G]-module M is defined as
H"(G; M) := (R"(=)%)(M) = Extyg(Z, M) .

If M is the trivial G-module Z, then we abbreviate H,(G) := H,(G,Z) and H"(G) := H"(G,Z).

Remark 7.1.4 The preceding definitions also make sense for monoids in place of groups G.
Several effective methods work only for groups, so we restrict to this case.

Example 7.1.5 (homology of a cyclic group C,,)

1. Let G = C,, = (t) be a cyclic group of order n € N with generator t € G. Then
R = Z|G] = Z[t]/(t™ — 1), and we have already computed the homology in Example

6.5.213:
7, ifk=0;
Hy(C,) =< Z/nZ, ifkodd ;
0, otherwise.

2. Now we consider the abelian group A = Z/nZ with the trivial Z[G]-module structure as
coefficients. After tensoring the resolution from Example [6.5.2]3

A RYRERYRSZ 0 (%)
(recall N := 1+t +---+t"1) with Z/nZ, we get the complex
52z S 2z — 0

and thus Hy(Cp;Z/nZ) = Z/nZ for all k > 0.
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3. Next we consider an arbitrary module over a cyclic group C,,. The image of the multi-
plication by N =1+ ¢+ --- 4+ t""! is contained in the invariants M since gN = N for
all ¢ € C,,. The multiplication thus maps M — M¢. Furthermore, Ngm = Nm for all
g € C,, and so the multiplication by N descends to a so-called norm map N: Mg — M¢
on the quotient M.

In the case of a cyclic group with generator ¢ we have for the invariants resp. coinvariants
ker(1 —t) = MY resp. M/Im(1—1t)= Mg
and thus
ker N/Im (1 —t) =ker N resp. ker(1 —t)/Im N = M%/Im N = cokerN .
By tensoring the resolution () from Example [6.5.2/3 with M we get the complex
M MEME Mo
and thus

M/Im (1 —t) = Mg, ~ if k=0 (cf. [Lemma 6.3.5));
Hy(Zyp; M) = ¢ ker(1 —t)/Im N = cokerN, if k odd,;
ker N/Im (1 —t) =ker N,  if k> 0 and k even.

4. Analogously we can compute the cohomology. By applying Homg(—, M) to the resolution
(*) from Example m?) we get the complex

oM mMEmwS S ...
and thus
ker(1 —t) = M¢ if k=0 (cf. [Lemma 6.3.5));

H*(Zp; M) = { ker N/Im (1 —t) =ker N,  if k odd;
ker(1 —t)/Im N = cokerN, if k> 0 even.

Example 7.1.6 (homology of the free abelian group Z) The group ring of the group G = Z
is Z|G] = Z[t,t7'], i.e. the ring of Laurent polynomials a,,t™ + -+ + a,t" with m < n and
n,€ Z and a, € Z. A free resolution of the trivial module Z as Z[G]-module is given by the
augmented complex

t—1

0o Ztt | Szt Z—0 .
Tensoring the corresponding resolution with a module M over Z[G], one obtains the complex
0> M= M—0
from which we get
Ho(G;M)=M/Im (1 —1t)=Mg and H(G;M)=ker(l —t) =M.

The result for Hy(G, M) again agrees with |Lemma 6.3.5] The application of Homy(—, M) yields
the same complex, but with different grading, and thus

Hy(G; M) = H'(G; M) = Mg and Hy(G; M) = H°(G; M) = M¢ .

Alle higher homology and cohomology groups vanish since the resolution of the trivial Z[G]-
module Z has length 2.
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Remark 7.1.7 (Maschke’s theorem)  We can interpret Maschke’s theorem as a consequence
of a statement concerning group cohomology. Let G' be a finite group and K a field, whose
characteristic does not divide the order |G| of the group. One can show (cf. [HS1970, Lemma
VI.16.7]) that for every K[G]-module W and all n > 1 one has H"(G,W) = 0. We show that
this vanishing result implies Maschke’s |Theorem 4.3.13|

To see this we let

0=V -2V -sV">0

be an arbitrary short exact sequence of K[G]-modules. We aim to show that the induced
sequence
0 — Homg(V", V') — Homg(V, V') — Homg(V', V') — 0 (%)

is exact. Then any preimage of the identity idy- yields a retraction V' — V' of K[G]-modules, so
that the exact sequence 0 — V' — V — V" — 0 splits, cf. [Theorem 1.4.3| To see the exactness
of (*), we consider the corresponding short exact sequence of K-vector spaces,

0 — Homg (V" V') = Homg (V, V') = Homg (V' V') = 0,

that we may interpret as exact sequence of K[G]-modules. The G-action on these vector spaces
of linear maps is given by

K[G] x Homg(V,W) — Homg(V, W)
(9,0) = gelg'=) .

Since the elements of Homg(V,W) are exactly the G-invariants in the K[G]-module
Homg (V, W) we have to show that the sequence of invariants

0 — H°(G, Homg (V', V")) — H°(G,Homg (V, V")) = H°(G, Homg (V" V') = 0

is exact. This follows via the long exact sequence from H'(G,W) = 0 with the K[G]-
module W = Homg (V' V).

7.2 Functoriality

Homology and cohomology are functors, but the definition requires some care.

Definition 7.2.1  Let GrpMod be the category, whose objects are pairs, consisting of a group
G and a G-module M, and whose morphisms are defined by

HomGTpM0d<<G7 M)? (leM/)) = {Oé: G — Gl?f: M — Mllf(gm) = a(g)f(m)
and « group homomorphism} .

Remarks 7.2.2
1. A morphism (a, f): (G,M) — (G’,N) is thus a morphism f: M — o*N of K|[G]-
modules, where o* N denotes the K[G]|-module obtained by pullback along «, i.e. re-
striction of scalars, from N.

2. For a fixed G' one can consider the category Modzg as subcategory of GrpMod. This
subcategory is not full, since GrpM od has more morphisms, namely also those with o #
idg. We know that homology is a functor on this subcategory, because of the functoriality
of Tor in the second argument.
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3. On the other hand, one can fix an abelian group M and consider Grp — GrpMod as a
subcategory by mapping the group G to (G, M) with the trivial G-module structure on M.
Once we know that group homology is a functor, we obtain for every group homomorphism
a: G — H an induced map «,: H;(G) — H;(H) on the group homology with trivial
coefficients.

Theorem 7.2.3  Group homology defines a functor GrpMod — Ab in every degree.

Proof. We have to define the functor on morphisms. Let (a, f): (G, M) — (H,N) be a mor-
phism in GrpMod. Choose projective resolutions P, — M over the ring Z|G| and Qs — N over
Z[H]. We can pull back all H-modules @, in @, along o to G-modules, and thus consider @,
as complex of Z[G]-modules, with the same map as differential. This complex may no longer be
projective; but since the differential is unchanged, the complex is still acyclic. By [I'heorem 6.3.1]
there exists an up to homotopy unique lift fo: P, — a*(Q)e of the morphism f: M — a*(N)
of G-modules. This induces a morphism of complexes of abelian groups

id® fo: Z Rz[q] P, — 7Z Rz[q] Oé*(Q)o .

The tensor product Z ®zjq *(Q)e on the right hand side surjects to H;(H;N). Hence, we get
a well-defined map («, f).: H;(G; M) — H;(H; N). The functoriality is a consequence of the
uniqueness of the lift up to homotopy. n

Example 7.2.4 We show that the surjective group homomorphism «: Z — Z/nZ induces a
surjective morphism on the homology group H;(—;Z). We consider the standard resolutions of
the trivial modules from [Example 7.1.5| and [Example 7.1.6| and an obvious lift of the identity
on the trivial module Z:

0—=7Z[t, t7 ]| — = Z[t, t 7] Z 0

t—t lb—)t

2 (= 1) == Z[)/ (" — 1) —Z—0

By passing to coinvariants on the resolutions we obtain the chain map
Z—~17
n i 0 l

and so the map on H;(—,Z) is the standard reduction Z — Z/nZ of abelian groups.

0 0

0

Theorem 7.2.5 Let G be a group and M a G-module. Let gy € G and consider the au-
tomorphism (a, f): M — M in GrpMod given by a(g) := goggy* and f(m) := go.m. ["| This
induces the identity in homology, (o, f). = idu, (c;m)-

Proof. Let P, — M be a projective resolution of M over the ring Z[G]. Define an automorphism
of P, by 7(x) = go.x for x € P,, for all n. Then 7 is an automorphism of chain complexes,
that extends the morphism f: M — M, thus the morphism («, f), can be computed as the
map induced by 7 in homology. But upon tensoring with the trivial module Z, on which g, acts
trivially, we have that

idZ KRz T: Z ®Z[G] P, — Z ®Z[G] P,

is the identity. O]

3Then we have f(gm) = gogm = goggglgom = a(g)f(m).
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Remark 7.2.6 If G is a group, then the automorphism that can be represented as conjugation
are called the inner automorphisms; these form a normal subgroup Inn(G) C Aut(G). The
quotient group Out(G) = Aut(G)/Inn(G) is called the group of outer automorphisms. Then
|Theorem 7.2.5 shows, that the group homology H,.(G) carries an action of the quotient group
Out(G).

7.3 The bar resolution

In the previous examples we have always constructed resolutions by hand and in an ad hoc
way. It is natural to ask whether there is a canonical, functorial way to construct a resolution
of a module over Z[G]. Indeed there ist, but only rarely is it helpful for explicitly computating
the entire group homology, because it is so large.

Definition 7.3.1 Let R be aring and M an R-module. To define the bar complex B, (R; M),
we consider for n > 0 the abelian groups

B,(R; M) =R @, M = R®y -+ ® R®z M.

For historical reasons we use the notation a|b for a ® b; this is where the name comes from. We
equip the abelian group B, (R; M) with an R-module structure by left multiplication

r.(ro| -+ [rn|m) == rro|ry] - jra|m .

Finally we define the differentials d: B,(R, M) — B,_1(R, M) by

n

d:= Z(—l)idi with d;(ro| -« - [ra|m) :=ro| -+ |ririgca| - -+ |rnlm

i=0
with r;, € R forv <nand r,,, =m € M.

Theorem 7.3.2 The complex B,(R; M) is a resolution of M over R, i.e. an acyclic complex
of R-modules with surjection to M.

Proof. In order to show that Be(R; M) a complex is, we note that

holds. It is instructive to check that for ¢ = j + 1 this equation uses the associativity of the
multiplication in R and the module properties of M. Now we compute

dod & SIS (<1)Hd;od,
Yy Xmo(=D)™Mdi o dj + 3750 Y (=1) T di 0 d;
n i1 itj— n—1x~n i+j
= Do Zj:0<_1) Holdjodi+ 300 Zj:iJrl(_l) d; o d,
n—1 n i — n—1 n i+
ijo Zi:jJrl(_l) I 1alj od; + Zi:(} Zj:i+1(_1) ﬂdz’ © dj =0.
Here we first split the sum, then apply the relation (x) to the first summands and finally reorder
the first sum.
We have to show that the complex B,(R; M) is exact upon augmenting with the obvious
surjection to M, which we temporarily denote by M =: B_1(R; M). To this end we construct

a contracting homotopy, i.e. a chain homotopy h: B, (R; M) — B,1(R; M) for n > —1, such
that hod+ do h =id. For this we use the unit 1 € R and set

—~
*
=

h(ro|---|ralm) == 1ro| -+ - |ra]m .
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Then we have hod; =d;y10h for e =0,...,n and thus

n+1 n
doh+hod® Y (~1)idioh+> (~1)hod;=dyoh=id. O
=0 =0

Remarks 7.3.3
1. The R-module B, (R, M) is not necessarily projective; for example when R = Z and
M = Z/nZ, we have B, (R; M) = R®"*! @, Z/nZ = Z/nZ. However, if the ring R and
the module M are free as abelian groups, then B, (R; M) is a free R-module for all n,
since we tensor over Z. We have found a free and, in particular, projective resolution.

2. Group rings R = é[G] are always free as abelian groups, whenever the ground ring R is
free as abelian group.

3. More generally, if K is a commutative ground ring, R is a K-algebra, and if all tensor
products in B, (R; M) are formed over K instead if Z, then B,(R; M) is a free R-module
whenever R and M are free K-modules. For a field K this is always the case.

We can now give a concrete interpretation of the first homology group in terms of classical
algebraic notions.

Example 7.3.4 (First homology)

e We recall the concept of abelianization: Let G be an arbitrary group, and denote by G,
the abelianization, i.e. the maximal abelian quotient of G. Then Gy, = G/G’, where G’
is the normal subgroup generated by the commutators [z,y] := zyz 'y~ with z,y € G.

By |[Examples 2.3.2\5 abelianization is the left adjoint functor to the inclusion functor
Ab — Grp. For every abelian group A we thus have

Homg, (G, A) = Homy (Gap, A) .
The corresponding universal property determines G, up to unique isomorphism.

e We claim that for all groups we have H(G;Z) = Gy. To see this, we consider the start
of the bar resolution of the trivial module Z over Z[G| and note:

Bn(Z[G),Z) = Z]|G%*"Y &, 7 = Z[G](X)Z(n—H)

The first differentials are:

Z[G) ®z Z[G) ®z Z|G) Z[G) ®z Z[G] Z|G)
90\91\92%9091|92 - 90|9192 + 90’91
golgr 1 9091 — 9o

Note that on the trivial module the rightmost element acts trivially. Since Z is a free
Z-module, we have found a free resolution of the trivial Z[G]-module Z. To compute the
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homology H;(G,Z) with coefficients in the trivial module Z, we tensor this sequence on
the left with the trivial Z|G]-module Z over Z[G] and obtain

Z[G) @5 Z[G] Z[G] z

gilge——=92 — 9192 + 9

g———0

Thus we have
H\(G;Z) =Z|G]/(g1 + g2 — 9192 || 91,92 € G) .

e The map

G — ZIG] = ZIG) /(g1 + 92 — 192 | 91, 92 € G) = H1(G; Z)

is an epimorphism of groups because in the quotient the class of ng € Z|G| equals the
class of ¢". It thus suffices to show that this map satisfies the universal property of the
abelianization, i.e. that every group homomorphism f: G — A into an abelian group
factors uniquely through H;(G;Z). Since A is abelian, one can extend f uniquely to a
homomorphism Z[G] — A, namely by > a,g — >, a,f(g). Under this map an element
of the form ¢, + g2 — g19> is sent to zero because f is a group homomorphism. Thus
H,(G;Z) satisfies the universal property of the abelianization, see Example 3.

7.4 Group cohomology and group extensions

Observation 7.4.1

1. Let G'<G be a normal subgroup in a group G with quotient group G”. We take the liberty
to encode this by an exact sequence 1 — G' — G — G"” — 1, even though the category of
groups is not abelian. In this case we call G an extension of G” by G’. Two extensions are
said to be equivalent, if there exists a commutative diagram of group homomorphisms:

In this case f is automatically an isomorphism: The commutativity of the right triangle
means ker f C ker(G; — G”). If x € ker f C ker(Gy — G”) = Im (G' — G), then we can
find a preimage y € G’, which is mapped injectively into G5. There the image f(z) is the
neutral element, and so the two elements y € G’ and also # € G are both the neutral
elements. Thus f is injective.

To verify surjectivity, consider x5 € G5 and its image z” € G”, for which we can find a
preimage z; € Gy. Then f(z;) and 2, have the same image in G”, and so f(z1)z;"' €
ker(Gy — G") =Im (G' — G2). Thus f(z1) = x2t2(g’) = x2f(11¢") for some ¢ € G'. We
have x5 = f(z111(¢')™!) and so f is surjective.
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2. Consider an extension 1 - G’ — G — G” — 1 with abelian normal subgroup G’. Then
the quotient group G”, which is not necessarily abelian, acts on the abelian group G’ as
follows. Let g € G be a preimage of ¢” € G”. For gy € G’ we set

q".90 = gg09" .

As G’ is a normal subgroup, the element ¢”.g is again in G’. The choice of preimage g of
¢” is immaterial, since any two choices differ by conjugation by an element of the abelian
group G’, and conjugation by elements of G’ is the identity on on the abelian group G’.

3. Conversely, every action «: G” — Aut(G') of G” on an arbitrary group G' by group
automorphisms gives rise to an extension G = G’ x, G”, called the semi-direct product .
The underlying set of G is G' x G”, and the multiplication is defined by

(91, 9Y) - (92, 92) := (91(91-92), 9195) -
This defines a group, and we sometimes suppress the datum « from the notation G’ x, G”
by simply writing G’ x G” instead. The group homomorphisms
G = G'xG
g = (g€
and
G'xG" — G
(¢,9") = ¢
give an extension 1 - G’ = G' x G” — G"” — 1. In particular, G’ is a normal subgroup.
(The mnemonic for the symbol x: the pointy end of the triangle is towards the normal
subgroup). More specifically, one can verify that conjugation by (e, ¢”) in G’ x G” recovers
the automorphism a:

(e,9")(g e)(e,g") " = (alg")(g'), ) -

4. The extension 1 — G' — G' x G" — G” — 1 splits, with a section given by the group
homomorphism sg: G” — G’ x G” that sends ¢” +— (1, ¢"). Two sections s, s9: G" —
G' x G" are said to be equivalent, if they differ by conjugation with an element from G’,
ie. if s5(¢") = ¢'s1(g")(¢’) ! for some ¢’ € G’ and for all ¢” € G”. Conversely, every split
extension exhibits the middle group as isomorphic to a semi-direct product of the outer
two groups.

5. Two natural questions arise:
e Do all extensions split, so that we have a semi-direct product? If not, how can one
classify extensions up to equivalence?
e in case we have a semidirect product: is so the only possible section? If not, how can

one describe the set of all sections up to equivalence?

6. Group cohomology answers both questions, at least for abelian normal subgroups G’. We
first consider the second item. A section s = (4,id): G” — G’ x G” must be the identity
on the second coordinate. We write the first component with values in an abelian group
G’ additively. The section is required to be a group homomorphism,

! n 1 n 1 i

!
(691, 97) - (095, 99) = (697 + 91-095,9195) = (6(9195), 9195)

and so the function §: G” — G’, that determines the section s, must satisfy the equation
0(gYgy) = (1) + gY-0(g3) - (3)
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7. If two functions &;,02: G” — G’ both satisfy the equation (3)), then so does their sum
01 + 0; this defines an abelian group structure on the set of all sections. A section ¢ is
equivalent to the zero section sq if and only if there exists a ¢’ € G’ such that

gV =9 —4¢".(¢) forall ¢" € G".

Theorem 7.4.2 Let G’ be an abelian group; let G” be a group that acts by group automor-
phisms on G’ via a: G” — Aut(G’). Then the group of sections G” — G'x,G” up to equivalence
is isomorphic to H'(G”,G"), where we consider the abelian group G’ as a G”-module using the
action a.

Proof. e As in|Example 7.3.4) we consider the bar resolution of the trivial G”-module Z and
study the complex of abelian groups with

c" = HOIHZ[G//}(Z[G”]@n—i_l, G/) .

Then by definition of group cohomology we have H"(G",G") = H"(C*). A 1-cochain in
C' is a Z|G"]-linear morphism with values in the abelian group G/,

fZIG" @5 Z[G"] — G .

By the isomorphism for induced Z[G”]-modules
HomZ GH]( [G”] X7z Z[G”} G,) — HOmZ(Z[GH],G/)
fro=os(=)=f(1-)
this function is equivalent to a Z-linear morphism s: Z[G"] — G'. (Conversely f(g7|g5) =
g7.s(g4).) The morphism of abelian groups s: Z[G"”] — G’ is determined by its values on
the basis G C Z[G"] and thus equivalent to a function 6: G” — G'. The function f is a
cocycle in the resolution if and only if

0=df(g0l91197) = fan9il92) — faoldigs) + flgolgr)
gilt, i.e. if and only if (for gj = 1) the function J satisfies

0= g70(g%) — 6(g192) + (g1 - (4)
In other words, § satisfies the equation . So 1-cochains correspond to sections.
e Furthermore, f is a coboundary if and only if there exists a Z[G]-linear morphism
f: Z|G] — G’ such that ) .
flgold?) = f(g5) — f(gY)

i.e. iff there exists an ¢ = f(1) € G, such that

o(g7) = f(1,g7) = F(1) = fg)) = o' — 91 (¢) - (5)
By [Observation 7.4.1\7 this is the case if and only if the section is equivalent to the zero
section sg. n

In preparation for [Theorem 7.4.3] we describe the elements of the cohomology group
H?(G",@") as equivalence classes of functions f: G” x G" — G’ with

(df)(91,92,95) = 91-f(92,95) — f(9195,93) + f(d),9595) — fg],95) =0, (6)

modulo the equivalence relation generated by declaring two functions equivalent if they differ
by an expression of the form

"N

da(gy,gy) = al(g)) — alggy) + g1-a(g5)

for some function a: G" — G'.
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Theorem 7.4.3 Let G” be a group, that acts on the abelian group G’ by group automor-
phisms. Then there exists a bijection from the set of extensions of G” by G’ up to equivalence
as in [Observation 7.4.1}1 to H*(G",G’), where we consider the abelian group G’ as G”-module
as before.

Proof. e let £: 1 - G — G — G” — 1 be such an extension. In general, one will not be
able to find a section G” — @ that is a group homomorphism. We thus choose a section

s: G" — G of sets. Then we have s(g{)s(g5)s(g7gy)~" in ker(G — G") =Im (G' — G) =
G’. We can thus define the function

fre: G"x G = &
(97,95) — s(g!)s(g5)s(g795)~"

One can check that the cocycle condition @ is satisfied; so fg, defines a class in

HQ(G//, G/)

e If ' G” — (G is another section for the same extension, then we set a := s's71: G — G'.
Then we have

(fB. = JEs)(91,92) = alg)s(g1)algy)s(gs)s (gi’gé’) ' (9’1’95) s(9195)s(95) " s(g1) ™"
= a(gy)s(g7)algs)s(g7) ™" (gi’gé’)
= a(gy) — algigs) + g91-algy) = (da)(gy, g5) -

Here we have written the last row additively, since all terms lie in the abelian subgroup

G'. The class of f in H*(G",G") is thus independent of the choice of the section s. One
also checks that equivalent extensions define the same function f.

e Conversely, let an arbitrary function f: G” x G” — G’ be given. We shall try to define a
group structure Gy on the set G’ x G” by setting:

1" //)

(91 91)(95, 95) == (91 + 91-95 + f(97, 95), 91 95

The projection Gy — G" gives a short exact sequence Ey: 1 — G' — Gy = G" — 1.
A straightforward check shows that Gy has inverses. However, the associativity of the
multiplication is not automatic:

/1

(91, 97)(95,95)) (95, 95) = gi+gi’g’2 [, 9%),9195) - (g5, 95)

n 1

gy + 9195+ (g, 95) + (9195)-95 + [(9795. 95), 919595 -

/"1

(
(

(g5, 90)(g5, d5) (g5, 95)) = (9%, 97) (g5 + g5.95 + f(95.9%), 9545)
9y + g (g5 + g5.95+ [(95.9%)) + (g7, 959%). 91 d545)

The G'-component of the difference of the two expressions is:

91 f(95,95) — f(di93,95) + f(91, 9595) — f(91,95) = (df) (97, 95, 95) -

Thus f defines a group structure if and only if df = 0. If f = fg s, then Ey is equivalent
to E, and so we obtain a bijection

extensions of G by G’ | ., | functions f: G" x G" — G’ with df =0
modulo equivalence ~ | modulo functions da for a: G — G’ '

By the preceding discussion, the right-hand side is exactly H?(G”,G"). O
Observation 7.4.4
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e Let K/k be a Galois extension and G := Gal(K/k) the Galois group. Then the groups

H™(G, K*) are called the Galois cohomology groups of the extension K /k with coefficients
in K*.

A version of Hilbert’s Theorem 90 says that for finite Galois extensions H°(G, K*) = k*
and H'(G, K*) = 1.

We first investigate H'. A function ¢: G — K* that represents a class in H'(G, K*) =1
satisfies by the equation

p(oT) =7 (p(0)) ¢(7) - (*)

Classically such functions are called crossed homomorphisms. By equation this is a
coboundary if and only if there exists an element o € K* such that

In that case one says that the crossed homomorphism splits. Hilbert’s Theorem 90 says
that this is indeed the case for finite Galois extensions.

If the field extension is cyclic, i.e. G = (o), then for every crossed homomorphism ¢ we

have:
() - (o)

o?)

=¥
@
h

" Hp(0))...o*(p(0)) - oly
0" (o) ... a%(e(0)) -
0" Hp(0)) ... p(0®) = p(0") =1

Omne can also check that, conversely, for every element v € K of norm N(7y) = 1 there
exists a unique crossed homomorphism that is defined on the generator by p(o) = 7.

N(p(a))

—
*
~

—~
*
~

For cyclic field extensions we recover the classical statement: an element v € K* has norm
1 if and only if there exists a crossed homomorphism with p(0) =7, i.e. an € K* with
v =p(o) = ﬁ This statement is used to investigate under which conditions K can be
obtained from £ by adjoining an nth root of unity.

The cohomology H?*(G, K*) also has classical applications. For additional background for
the following remarks we refer to [F'D1993].

Definition 7.4.5

1.

2.

An algebra A over a commutative ring R is called central, if the centre is Z(A) = R.

An algebra is called central simple, if it is central and simple, i.e. if it is central has no
non-trivial two-sided ideals.

Examples 7.4.6

1.
2.
3.
4.

The quaternions H are a central simple R-algebra.
Every full matrix algebra M (n x n, k) over a field k is central simple.
A proper field extension K/k is not central simple, because Z(K) = K 2 k.

Division algebras are not necessarily central simple, e.g. the real division algebra C is not
semisimple.

Remarks 7.4.7
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1. If R and S are central simple algebras, then so is R®.S. For example, the algebras H®g H
and M (n x n, k) ® S for a central simple algebra S are central simple.

2. For a finite-dimensional central simple k-algebra R one has R® R°P? = M (n X n, k) with
n = dimy, R.

3. Let D be a division algebra over k. A field extension K/k such that Dg := D ® K =
M(n x n, K) is called a splitting field for D.

Every maximal subfield K C D is a splitting field of D and [K : k] =: n.

Definition 7.4.8

1. Let S and T be finite-dimensional central simple k-algebras. We say that S and T are
similar, S ~ T, if one of the following equivalent conditions are satisfied:

(a) If S =2 M(n xn,D) and T = M(m x m, E) with division algebras D, E, then
D=FE.

(b) There exist m,n, such that S @y M, (k) = T @ M, (k).
(c) There exist m,n, such that M,,(S) = M,(T).

2. The Brauer group Br(k) of a field k is defined on the set of equivalence classes of finite-
dimensional simple k-algebras under similarity. The group operation is induced by the
tensor product and the class [k] is the neutral element.

The Brauer group is abelian and it classifies division algebras over k.

Examples 7.4.9

1. We have Br(k) = 0 if k is an algebraically closed field, because in that case, there exist
no non-trivial division algebras.

2. For a finite field & we have Br(k) = 0. In particular, is every finite division ring is
commutative (Wedderburn’s theorem).

3. We have Br(R) = Z/27. A representative of the generator are the quaternions H. Indeed,
one has H®g H = M (4 x 4,R).

Remark 7.4.10

1. For every field extension K/k there exists a homomorphism, given by extension of scalars:

Br(k) — Br(K)
[S] — [Sk| =[S ® K]

2. The relative Brauer group is
Br(K/k) = ker(Br(k) — Br(K))

i.e. the set of finite-dimensional central division algebras over k, which split over the field
K.

3. One can show that for every division algebra D with centre k& and dim; D = n?, there
exists a finite Galois extension K/k, such that D splits over K.

4. Thus one has Br(k) = UBr(K/k), where K runs over all finite Galois extensions of k.
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5. We have the following isomorphism of groups
Br(K/k) = H*(Gal(K/k), K*)

Here we note that for a 2-cocycle a,, with 0,7 € G := Gal(K/k), the freely generated
K-vector space over G with multiplication

(aeo) : (5€T) = Oéo—(ﬂ)a’cr,’recﬂ'
is a central simple algebra.

Let S be a central simple algebra and K a field, over which S splits. We first observe that
by the Skolem-Noether theorem for every o € GG there exists a x, € S with

ola) =2, -a-x;",
and the x, unique up to factors in K. Thus there exists a function a: G x G — K* with

Tolr = (0, T)Tyr -
From the associativity of the multiplication of the x,

2,0(0,T) - Tor = a(p, 0)Tpy - T5
and thus
plap,0))alp,oT)Tper = alp, 0)a(po, 7)2sor

we deduce that a satisfies the equation (), and thus defines a class in H*(G, K*). One
also shows that the family (z,),eq forms a K-basis of S.

A Zorn’s lemma

Let S be a set. We recall the following notions and results from set theory:

1. A partial order on S is a relation = < y with the following properties:

z<zx reflexive ,
r<y AN y<z = z<z transitive,
r<y AN y<zx = x =y antisymmetric.

2. A total order on S is a partial order, for which any two elements are comparable:
z,2yesS = <y or y<zx.

3. Let S be partially ordered and T" C S a subset.
A element b € S is called an upper bound for the subset T', if
r<b forall ze&T.

4. Let S be partially ordered. An element m € S is called a maximal element, if

m<r = m=uzx.

A maximal element need not be unique. For example, consider the set of ideals of the
rings Z with partial ordered given by inclusion. All prime ideals (p) (with p a prime) are
maximal.

5. A partially ordered set S is called induktively ordered, if every non-empty, totally ordered
subset of S has an upper bound.

6. Zorn’s lemma Let S be a non-empty, inductively ordered set. Then S has maximal ele-
ments.
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B Glossary German-English

For the benefit of German speaking students, we include a table with German versions of
important notions.

English

German

abelian Lie algebra
absolutely simple object
adjoint functor
alternating algebra
augmentation ideal
character

class function
coinvariant
companion matrix
convolution product
counitality

derivation

enriched category
essentially small category
exterior algebra

forgetful functor
free vector space
invariant factor
Horseshoe lemma
left adjoint functor
left module

monic polynomial
opposite algebra

projective module

pullback of a representation

representation
right adjoint functor

semisimple algebra
semisimple module
separable algebra
simple module
trace

trivial module

abelsche Lie-Algebra
absolut einfaches Objekt
adjungierter Funktor
alternierende Algebra
Augmentationsideal
Charakter
Klassenfunktion
Koinvariante
Begleitmantrix
Konvolutionsprodukt, Faltungsprodukt
Kounitaritat

Derivation

angereicherte Kategorie
wesentlich kleine Kategorie
auBere Algebra

Vergissfunktor

freier Vektorraum
Invariantenteiler
Hufeisenlemma
linksadjungierter Funktor
Linksmodul

normiertes Polynom
opponierte Algebra

projektiver Modul
Pullback einer Darstellung

Darstellung
rechtsadjungierter Funktor

halbeinfache Algebra
halbeinfacher Modul (der)
separable Algebra
einfacher Modul (der)
Spur

trivialer Modul (der)
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Index
R-linear map,

abelian category,
absolutely simple module, [I00]
acyclic chain complex,
additive,

additive category,

additive functor, [70]

adjoint functors,

algebra over a ring, [4]
amalgamated sums,
annihilator,
antihomomorphism, [4]
Artin-Wedderburn theorem,
Artinian module,
Artinian ring, [I17]
augmentation, [12]]

axiom of choice,

bar complex, [153]

basis of a module,
bimodule,

boundaries in a complex,

category, [40]
central algebra, [159)

centre of a ring, [103
chain complex,
chain homotopy, 126
chain map, (124
character, [105
character table,
class function, [106
cocomplete category,
cocone, [0
coequaliser,

cofree module,
cohomology, [149
coinduction,
coinvariants, [I4§]
cokernel,

colimit,
commutative ring, [I]
companion matrix, 02]
complement,
complete category,
composition factors,

composition series, [36]

cone, 50|
connecting morphism,

continuous functor,
contragradient representation, [L06
contravariant functor,
convolution,

convolution product,
coregular module,
cospans, [p3|

counit of an adjunction,
covariant functor,

crossed homomorphisms, (159
cycles in a complex, (124
cyclic module,

de Rham complex,
diagram chase,

difference cokernel,
difference kernel,
differential,

dinatural transformation,
direct sum of modules,
direct sum of representations,
discrete category,
divisible module,

double complex, [130]

elementary divisors,
elementary tensors,
endomorphism ring,
epimorphism,

equaliser,

equivalence of categories, [46] [64]
essentially surjective functor,
evaluation homomorphism, [7]
exact, [20]

exact functor, [74]

exact sequence, [24]

extension of scalars, [62]

factor module,

faithful functor,
faithful module,
faithful representation,
fibre product,

finite ordinals,
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finitely cogenerated module,
finitely generated module,
flat module,

flat object,

forgetful functor,

free family,

free module, [21]
Frobenius map,

Frobenius normal form,
full functor,

full subcategory,
fully faithful functor, [46]

functor,
functor category,

generating set, [12]
generator of a category,
group extension, [I55]
group ring,

groupoid,

half exact functor,
hereditary ring,

Hilbert’s basis theorem,
homology,

homology of a cyclic group, [149
homology of the group Z, [150
homotopy, [126

identity functor,

image of a morphism,
indecomposable module,
indecomposable representation,
induction,

inductively ordered set,
initial object,

initial ring,

initial universal morphism,
injective module,
injective object,

injective resolution, [122
inner automorphism, (153
inner direct sum,

integral domain,
intertwiner, [I0]

invariant factors,
invariants, [I4§]

irreducible representation,
isomorphic categories, [44]
isomorphic objects,

isotypic component, [90]

Jacobson density theorem, [101
Jordan normal form,
Jordan-Holder theorem,

Kiinneth theorem,
kernel,
Koszul sign rule,

left adjoint functor,
left derived functor, [129
left exact functor,
left module,
left-exact,

length of a module,
limit,

loinear category,

Maschke’s theorem, [97]
maximal element,

module homomorphism,
monomorphism,

morphism of representations,

natural transformation,
Noetherian module,
Noetherian ring, [114

opposite ring, []
outer automorphisms, (153
over category, 53|

partial order, [I6]]
pasting pullback diagrams,
path algebra,

pointed categories, [70]
polynomial, [6]
polynomial ring, [6]
product category,
product of modules,
projective module,
projective object, [76]
projective resolution, (121

pullback, [12]
pullback functor,

pushout,

quasi-isomorphism, (126
quaternionic vector space, [112]
Quaternions, [112
Quillen—Suslin theorem,
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quiver, [67] torsion-free module,

quotient module, total complex, [L30]

total degree, (136
rank of a module, total order, [[G]]
rank of an abelian group,
regular module, unital ring,
representable functor, unitarian trick,
representation, [J] universal coefficient theorem, [147]
representing object, [47] universal property, [0}
restriction of scalars, upper bound,
retraction, [25]
right adjoint functor, Wedderburn theorem, (102
r¥ght derived functor, [129 Yoneda embedding,
right exact functor, [74] Yoneda lemma
right module, 7
ring, [1] Zorn’s lemma, [161

ring homomorphism,

Schur’s lemma,
section, [25]

self-injective ring,
semi-direct product,
semisimple category, [76]
semisimple module, [94]
semisimple ring,
sequence, [24]

short exact sequence,

simple module,

simple representation,
simple ring, (119

simplicial object,
simplicial set,

small category,

Smith normal form,
Snake lemma, {130

socle of a module,

span, [52]

split (short exact sequence),
structure map of a module, [0]
subcategory,

submodule,

subquotients,
subrepresentation,

syzygies, [123]

tensor product,

terminal object,

terminal ring,

terminal universal morphism,
torsion element,

167



	Modules over rings
	Foundational definitions
	Operations on modules, the tensor product
	Free modules
	Projective, flat, divisible and injective modules
	Simple modules and composition series

	Categories, functors and natural transformations
	Categories
	Limits and colimits
	Universal properties and adjoint functors
	A brief look at quivers

	Additive, abelian and linear categories
	Abelian categories
	Finite linear categories and categories of finite-dimensional modules
	Free and cofree modules

	Representation theory
	Submodules and morphisms of modules over principal ideal domains
	Classification of modules over principal ideal domains
	Semisimple rings and categories
	Structure theory of semisimple rings
	Fourier transform for groups
	Characters

	Artinian and Noetherian modules
	Noetherian modules
	Artinian modules

	Resolutions and derived functors
	Projective and injective resolutions
	Homology and homotopy
	The fundamental lemma of homological algebra
	The long exact sequence
	Tor and Ext
	Symmetry of Tor and double complexes
	Extensions of modules
	The Künneth formula

	Group cohomology
	Definition and examples
	Functoriality
	The bar resolution
	Group cohomology and group extensions

	Zorn's lemma
	Glossary German-English

