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Part 1. GENERAL CONSTRUCTIONS AND TECHNIQUES

1. Categories and functors

1.1. The concept of a category. A category C consists of the following data:
e A collection of objects 0b(C).
e For any two objects A, B in ob(C), a set of morphisms
Mor (A, B).
e For any three objects A, B, C of ob(C), a composition map
Mor(B,C) x Mor(A, B) — Mor(A,C), (¢, f)—gof.
e For any object A a morphism 14 € Mor(A, A).
And subject to the following:
e For all f € Mor(A, B),g € Mor(B,C),h € Mor(C,D)

ho(gof)=(hog)of.
e For all f € Mor(A, B)
fOlA:f, lBof:f.

Remark 1.1.1. We note that

(1) 14 is unique. If 114 is another morphism with the same properties as 14 then
1A = 1A01fA = 1/A

(2) f € Mor(A, B) is called an isomorphism if 3¢ € Mor(B, A) such that go f =14 and fog = 1p.
Such g, if it exists, is unique: if ¢’ has the same properties then

g=golp=go(fog)=(gof)og =1a08 =¢"

An object A of Cis called initial (respectively, final) if for any object B, including the object A itself, the set
Mor (A, B) (respectively, Mor(B, A)) has a single element. An initial (respectively, final) object, if it exists,
is unique up to unique isomorphism. Namely, if A is an initial object and also A’ is an initial object then the
unique morphism f € Mor(A, A") is an isomorphism. And similarly for final objects. We leave that as an
exercise. An object is called a zero object if it is both initial and final.

1.1.1. Examples. Here are examples of categories that will be very important to us.

(1) Sets. The objects are sets and morphisms are functions. 14, for a set A, is the identity function
from A to A. Any set with one element is a final object. The empty set is an initial object.

(2) RMod and Modg. Let R be a ring (always associative with 1, but not necessarily commutative).
The category kMod (respectively, Modg) is the category of left R-modules (resp., right R-modules)
M. Namely, M is an abelian group and there is a function

RxM—M, (r,m)—rm
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such that (1) (rq +r)m = rym+rom, (2) (rir2)m = ri1(ram), (3) 1m =m and (4) r(my +my) =
rmq + rmo, where r,r1,rp € R, m,mq,mpy € M.

The definition of a right R-module is entirely analogous, but now we write mr and have axioms of
the sort (mr1)ry = m(rira).

A morphism between two left R-modules M, N, is a function

ftM—=N,

which is a homomorphism of groups and also satisfies f(rm) = rf(m), for all ¥ € R,m € M. (For
right R-modules we require f(mr) = f(m)r.)

(3) Gps. The objects are groups and the morphisms are group homomorphisms.

(4) Top. The objects are topological spaces (X, Tx) and morphisms are continuous maps. Recall that a
topological space is a set X together with a collection Tx of subsets of X (called open sets) that
is closed under arbitrary unions and finite intersections, and such that @ and X are open sets. The
collection Tx is called a topology on X.

A function f: X — Y between topological spaces is called continuous if for every U € Ty,
Y (U) :={x € X: f(x) € U} belongs to Tx.

(5) Posets. A poset A is a partially order set, namely a set for which for some elements x,y we have
that x < y. We require that always x < x and that if x <y and y < z then x < z. We also require
thatif x <y and y < x then x = y.

For example, if we take the positive integers and we define that x < y if x|y, then we get a poset.
If we take the set of all non-zero integers and define x < y if x|y, we do not get a poset (what
fails?). Note that there is no requirement that for any x,y either x <y or y < x and, indeed, in our
example the numbers 3 and 5 cannot be compared.

A morphism f: X — Y of posets is a function f such that whenever x1,x, € X and x1 < x5 then

f(x1) < f(x2).

In a category C, a morphism f: A — B is called a monomorphism if for every object X and morphisms
91,82 X = A, fogr = fogy implies g1 = g2. It is called an epimorphism if for every object X and
morphisms g1,42: B — X, g1 0 f = go o f implies g1 = g». For example, in the category of sets a morphism
is mono if and only if it is injective, and it is epi if and only if it is surjective. However, the natural inclusion
Z. — Q in the category of rings is both mono and epi, but is not an isomorphism.

1.2. The concept of a functor. Let C,D be categories. A covariant functor (respectively, conravariant
functor)
F:C—D

is a rule associating to every object A of C an object FA of D, and to any morphism f € Morc(A,B) a
morphism Ff € Morp (FA, FB) (respectively, Ff € Morp(FB, FA)), such that the following hold:

° FlA = 1FA;
e F(gof)=FgoFf (respectively, F(go f) = Ff o Fg).

A functor F is called faithful if for any A, B € ob(C) and fi, fo € Morc(A, B) we have
Ff=Ffa= fi=fo
namely, F is injective on morphisms. F is called full if it is surjective on morphisms:

F: Morc(A, B) - Morp(FA, FB)
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(respectively, F: Morc(A, B) = Morp(FB,FA)).

1.2.1. Examples.

(1)

(2)

(3)

(4)

Forgetful functors.  These are functors that forget some of the information in the source category.
A simple instance is the functor

®: Gps — Sets,

where @G = G, now viewed only as a set, and ®f = f, now viewed merely as a function. This
is a covariant, faithful, but not full, functor. There are many other kind of forgetful functors. For
example, there is a natural functor gMod — AbGps associating to an R-module its underlying
abelian group and viewing any module homomorphism merely as a group homomorphism, and so on.

Abelianization. The definition of the category AbGps is quite clear (objects = abelian groups,
morphisms = group homomorphisms). We have a functor

F: Gps — AbGps,
that takes a group G to its abelianization
FG=G"=G/d,

where G’ is the commutator subgroup. Let us denote an element of G* by g. Then to a homomor-
phism f: G — H we associate a homomorphism

Ff: G" — H®, Ff(3)=f(g).

We leave as an exercise to show that Ff is a well-defined homomorphism and that F is a functor
that is covariant, but neither full nor faithful.

If G is a group let xg be the category with one object, denoted %, and
Mor(x,*) := G

where composition is simply multiplication in the group go f := gf. If H is a another group, a
covariant functor F: x5 — *p is the same thing as a homomorphism G — H.

kVSp. Let k be a field. Then the category yMod is what we normally call the category of k-
vector spaces and we denote it 1 VSp; we also denote Mor(V, W) by Homy(V,W). In particular,
morphisms are just k-linear maps. Given a vector space V, the dual vector space V* is defined as

Homk(V, k),

the space of k-linear functionals (k-linear maps from V to k). If T: V — W is a linear map, we have
the dual map T*: W* — V* defined by

(T*¢p)(v) = ¢p(Tv), ¢€W"'veV.
The association V +— V*, T — T* defines a contravariant functor  \ VSp — VSp.
The group ring k[G].  Let G be a group and k a field. The group ring k[G] can be described as
k[G] = { Y ag[g] s ag € k,g € G, all but finitely many ag are zero} .
geG

Here the sums are formal sums and [g] is a formal symbol associated to an element g € G. So we
can also think about k[G] as the direct sum of copies of k, indexed by elements of G. Or, from yet
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another perspective, as functions G — k that are non-zero on finitely many elements. We define

(X aglgh) + (X belsl) = ) (ag + be)lgl,

geG 8€G geG

and

(L agleD (X belgh) = Y (X anby1)l8)-

g€G g€eG 8€G heG

This is a (non-commutative, in general) ring. In the interpretation of k[G} as functions, we can think
about the product as convolution of functions. Further, G — k[G] is functor from the category of
groups to the category of rings.

We shall sometimes use the notation ey for [¢]; mainly for “psychological reasons". A general
element of C[G] will then be written as Yo ageq.

(6) Rep(G). Let G be a finite group. A complex representation of G is a pair (p, V) where V is
a finite dimensional complex vector space and p: G — GL(V) is a homomorphism of groups. The
complex representations are the objects of the category Rep(G). The morphisms are

Homg((p, V), (T,W)) :={T: V=W :Top(g) =1(g) o T,Vg € G}.

For example, C[G] is a complex representation of G, the regular representation, where

p(8)( 2 anlh]) = }_ anlgh] = [g](}_ anlh]).

heG heG heG
(7) Any category C has the identity functor Tc that takes any object, and any morphism, to itself. It
is of course covariant, full and faithful.

(8) Hom. Let R be a ring and fix some A € ob(grMod). Define functors:

F = Homg(A, —): kMod — AbGps (covariant)
G = Homg(—, A): kRMod — AbGps (contravariant)

Namely, for any B € gMod, Homg(A,B) (resp., Homg(B,A)) is an abelian group and any
f: B — C induces a group homomorphism

Ff: Homg (A, B) - Homg(A,C), Ff(g)=fog
Gf: Homg(C,A) — Homg(B,A), Ff(g)=gof.

(9) A composition of two functors is a functor. If the two functors have the same variance then the
composition is covariant.

1.3. Morphisms of functors and equivalence of categories. Let F,G: C — D be functors of the same
variance, i.e., either both covariant, or both contravariant. A morphism of functors (or, a natural transfor-
mation)

¢: F =G,

is a collection of morphisms {4},

@4 € Morp(FA,GA), VA € 0b(C),
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such that for all f € Morc(A, B), the following diagram commutes in the covariant case:

rA - ca

s

FB—— GB
¢B

In the contravariant case, we require instead the commutativity of the following diagram (the vertical arrow
now point up)

raA -1 ca

s

FB——- GB
¢B

We say that F is isomorphic to G (or that F is naturally equivalent to G) if there is such a morphism ¢
such that all ¢4 are isomorphisms. We then write F = G.

Two categories C,D are called (anti)-equivalent if there exists a covariant (respectively, contravariant)
functors

F:C—D, G:D—C,

such that
GoF=1¢, FoG=21lp.
For example, Go F = 1l¢c means that for every A € ob(C) and for any f € Morc(A, B) we have a

commutative diagram:
GFA 4o A
GFfl lf
GFB -2 . B.
Typically, GFA is not actually equal to A, but we are given a natural way to “identify" them with the morphism
PA-

Example 1.3.1. Suppose that C = D is the category of finite dimensional k-vector spaces. Then the duality
functor F from C to itself, V — V*,T +— T%*, is an anti-equivalence. That is, for every finite-dimensional
k-vector space V there is a natural isomorphism

py:V > FFV=V", v {¢p— ¢(v)},

and under this the transformation T** is identified with T.

A functor F: C — D is called essentially surjective if for any object B of D there is an object A of C and an
isomorphism FA = B. The following theorem is extremely useful in proving equivalence of categories. The
proof is not very enlightening, and is not more complicated in the general case than our Example 1.3.4 below.
We omit it.

Theorem 1.3.2. A functor F: C — D is an (anti) equivalence of categories, i.e., there is a functorG: D — C,
such that Go F 2 1i¢c, Fo G = 1lp, if and only if F is fully-faithful and essentially surjective.
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Example 1.3.3. Let G be a finite group. The category Rep(G) of finite-dimensional complex representations
of G is equivalent to the category fgeg/Mod of finitely-generated left C[G]-modules:

Let (p, V) be a finite-dimensional representation of G. We make V into a C[G]-module by defining for
veV,

(L aglgl) o=} agp(8)(v).

geG geG
Note that if {v;} generate V as a C-vector space, they generate V as a C[G]-module, as we have C — C[G]
by z — z[1]. Amap T: (p,V) — (T, W) of representations becomes a map of C[G]-modules as

T((X agl8]) #v) = T(}_ ag p(8)(v)) = } ag T(p(3)(v))

g€G geG geG

=) ag T(8)(T(v)) = () aglg]) * T(v).
geG geG

Conversely, given a C[G]-module M, where we denote multiplication of a module element m by a ring
element as (Locc agg]) * m, we make M into a C-vector space by defining zm = z[1]  m, namely, by using
the natural inclusion of C in C[G]. If {m; :i=1,...,n} generate M as a C[G|-module then {[g] *m;: g €
G,i=1,...,n} generate M as a C-vector space. Maps of C[G]-modules induce maps of representations, by
a similar calculation.

In this example, the composition of the two functors, in either order, is the identity functor.

Example 1.3.4. Let k be a field and consider a category C whose objects are k" forn = 0,1,2,... and where
morphisms are
Hom(k?, k") = M, (k)
(matrices of size a x b with entries in k). Composition of morphisms is simply matrix multiplication.
On the other hand, we have the category g, VSp of finite dimensional k-vector spaces with morphisms
being linear maps, and there is a natural functor

F: C — g, VSp,

where F(k") = k" and where we view a matrix in M € M, (k) as a k-linear map k? — k% v +— Mo. One
of the first results we prove in linear algebra is that this functor is essentially surjective (namely, every vector
space has a basis, etc.) and fully-faithful which means that we can identify Homy (k?, k%) with M, ; (k).

Although this is a very simple example, it shows an important feature: an equivalence of categories can be
very far from being a bijection on the level of objects. The objects in C are a set of cardinality Ry, while the
collection of objects of fg, VSp is not even a set.

A much deeper example of equivalence of categories is provided by Morita's equivalence.

1.4. Morita equivalence. Let R be a ring, not necessarily commutative. Then the set of n X n matrices
with entries from R, M, (R), is also a ring under the usual matrix operation, only that one has to be very
methodic keeping right right and left left. Namely,

(a;j) (bij) = (cij),
where
cij = ) aibyj,
7

IWe do not explain it further; here, as well as throughout the text, we will attempt to disregard any foundational difficulties
unless absolutely necessary.
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which might be different than Y-, byja;;. We view R as contained in M, (R) via

R — My(R), rw—r-I,.

Denote by Ej; the n x n matrix all whose entries are zero, except the ij entry which is 1. These matrices
have two important properties:

e for r € R we have rE;; = Ejjr;
o let J;; is Kronecker's delta function, then

EwEij = 6kiEyj.

As an application of our criterion for equivalence of categories, we prove the following theorem, which is part
of what's called Morita equivalence.

Theorem 1.4.1 (Morita). Let R be a ring and let n > 1 an integer. The categories kgMod and Mn(R)Mod
are equivalent.

Proof. Define
F: RMOd — Mn(R)MOd
by
F(M) =M"
on objects M, and
F(f)="(f,f,--/ f)
for a morphism f: M — N. Here we think about M" as columns vectors with entries in M and denote an
element (my,...,my) of it by m. The action of M, (R) is given by the usual formula
my Y a1ty
(@i |+ | = :
My Y0 Apety
It is obvious that F is a faithful functor.
We prove that F is a full functor. Any morphism ¢: M" — N" of M, (R)-modules is of the form
p(m) ="' (g1(m),..., pn(m)),
and the @; are maps of R-modules. We therefore have
¢(*(m,0,...,0)) = ¢(E;1*(m,0,...,0)) = Eyyo(*(m,0,...,0)) = (p1(m,0,...,0),0,...,0).

This implies that ¢; vanishes on t(m,O,...,O) for all i # 1. Similarly, we conclude that ¢; vanishes on
t0,...,0,m,0,...,0) for any i # j. Using additivity of ¢, it follows that
]

o('(my,...,mn)) = (gr(m1), ..., n(mn)).

(Where by @;(m;) we mean ¢;(*(0,...,0, mj,O,...,O)).)
]
Let ¢ € S, and E(o) the matrix p% (0~ 1) so that

m Mg(1)
E@) | : | =

my ma(n)
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Then, on the one hand,

P(E(0)! (m1,...,mn)) = (@1(mg1)), - @u(mg(n)),
while on the other hand,
@(E(0) (my,...,mn)) = E(@)p("(m1,...,mn)) = (9o1) (o)) -+ @) (Mo (n))-
As this holds for all o and every m; € M, we conclude that
q)l —_ i = q)i’l'
That is,

¢ = F(¢1),
and F is a full functor.
It remains to prove that F is essentially surjective and this is the most subtle part. Let M be an M, (R)-
module. We need to show that M = N" as M, (R)-modules, for some R-module N. The proof will show
that N = E{1 M works.

Claim 1. We have an isomorphism of left R-modules
MZ=E;1 -M@---®Ey, - M.
To prove that consider the functions
fiM—E1- M& - BEy,-M, mw— (Eym,..., Eyym)

and
S EH-M®---®Eyu-M— M, (El],...,an)»—>a1+..._|_an.

We claim that these maps, that are homomorphisms of R-modules, are mutual inverses. We have
):ZEii'm: (EEii)~m:1~m:m.
i i
Writing a; = Eja; we find that

f(g(all"'r Ell ZE]] il /Enn ZEU i
ZEHEJ] i ZE"” J]]

= (Ellal, ey Ennan)

= (a1,...,an).

Claim 2. We have equalities E/yM = EppM.

Indeed, as Ey; = EgEpq, we have EgyM = Ep(EpyM) C EgpM. On the other hand, as Ejy = EpEqy, we
have EMM = Eﬁl (ElgM) - EglM.
We thus conclude that

Ex{M&---E, M= M, (al,...,an)HZai.

Claim 3. We have isomorphisms E11M =2 E;y M by the map a »i> Epna.
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The map a — Eyqa is restriction of the R-module homomorphism M — Ey; M given by the same formula.
Therefore, it is an R-module homomorphism. We claim that the map

EqM — EnM, b+ Eyb,
is a well-defined inverse map. Let us write a = Eyja’ € E;nM,b = Epb’ € EqM. We first note that
¢(b) = EyyEnb’ = Epb’ € E13M and so g is well-defined. Now,
¢(f(a)) = ¢(f(Ena’)) = EyyEpEnnd’ = Eppd’ = a.
Also,
f(g(b)) = EnEyEnb’ = Enb’ =b.

Collecting the three claims together, we conclude that we have an isomorphism
Q: F(EHM) =EjgM®---®E;iM — M,
given by the map

n
(a1,...,an) = (Enay, ..., Enan) — Z Epay.
=1

But this is so far an isomorphism of R-modules. We have to check that this isomorphism is an isomorphism
of My (R)-modules. As M;(R) is spanned over R by the matrices E;; and (E;;M)" is spanned over R by
vectors of the form £(0,...,0,a,0,...,0), it is enough to check that

@(Ex'(0,...,0,a,0,...,0)) = Exe('(0,...,0,a,0,...,0)),

where a is at the i-th coordinate.

Ifi # kthen E4'(0,...,0,4,0,...,0) = 0and so ¢(Eg4!(O0,...,0,a,0,...,0)) = 0. Also, ¢(*(0,...,0,4,0,...,0)) =
Ejia and so Eg@(1(0,...,0,a,0,...,0)) = EgEqa = 0.

If i = k then go(Egit(O,...,O,cl;,O,...,0)) = go(t(O,...,O,%z,O,...,O)) = Epa, and on the other hand,

EgiQ)(t(O,...,O,a,O,...,0)) = EyiEj1a = Epa. O

Example 1.4.2. Morita equivalence can be used to provide a quick and conceptual proof of the following
statement. Let R be a ring, n,k positive integers. Consider M,,x(R) as a left-M;;(R) module. Then its
endomorphisms as an M, (R)-module are My(R), acting from the right.

Endyy, (r) (M k(R)) = Mi(R).

1.4.1. Division algebras. A classical application of Morita's equivalence is when one can completely classify
the R-modules. You can amuse yourself by considering finitely generated Z-modules. We will discuss an
extreme case when R is a division ring. Recall that a division ring, or a skew field, is a ring R in which 0 £ 1
and every non-zero element is a unit of R. That is, if x # 0 is an element of R then there exists y € R such
that xy = yx = 1. The simplest example is a field, of course.

If R is a division ring then the centre of R is a field and R is an algebra over it. It thus makes sense to
already discuss division algebras R over a field K, meaning that R is a division ring containing K in its centre.
The problem of classifying division algebras over a field K is a complicated and difficult one. Assume that R
is of finite dimension over K. Here are some interesting results:

e If K is a finite field then R is a finite field as well. See Theorem 1.4.3.
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e If K is the real numbers, R is either R, C or the Hamilton quaternions
H=Re&Ri®Rjd Rk

with 2 = > = k> = —1 and ij = —ji = k. In particular, there are no division algebras whose
dimension over C is 9, say.

e Suppose that the characteristic of K is not 2. There is then a general construction of 4-dimensional
K-algebras called quaternion algebras.2 Let a,b € K* and define an algebra R, often denoted

().

2

K@ Ki ® Kj @ Kk,

where i = a,j> = b,ij = —ji = k. Define the norm of an element u = x + yi + zj + wk,

x,y,z,w € K, of R by
N(u) = N(x + i+ zj + wk) = x*> — ay* — bz* + abw?.

We have the following properties of the norm function:
(1) N(u) = uii, where il = x — yi — zj — wk;
(2) N(uquz) = N(u1)N(uz).

Using this, it is not hard to prove that u is invertible if and only if N(u) # 0. Thus, R is a division
algebra if and only if the quadratic form x2 — ay2 — bz? + abw? does not represent 0 (this means
that the only solution to x? — ay? — bz? + abw? = 0is x =y = z = w = 0). For example, if K = R
and a = b = —1 we get the form x2 +y2 + 22 + w? and conclude that the Hamilton quaternions H
are indeed a division algebra.

e Over Q there are "plenty" of non-isomorphic non-commutative division algebras. For example, for
every positive integer n there is a division algebra whose centre is precisely Q and whose dimension
over Q is n%. A more general notion is that of a central simple algebra over Q, or a field K. It turns
out that there is a group whose elements are central simple algebras R over K, up to an equivalence
R ~ M, (R) for every n. It is called the Brauer group. In this group every quaternion algebra over
K has order equal to 2, unless it is isomorphic to M,(K), in which case it has order 1. The group
structure is given by the tensor product over K. See § 29.4.

If R is a division algebra, the theory of R-modules is rather similar to the theory of vector spaces initially.
Things get complicated once we get to determinants, eigenvectors, eigenvalues, and so-on due to the non-
commutativity of R, but initially there is hardly a difference. For example, the definition of linearly independent
sets, spanning sets and so on, are the same. There are the same characterizations of a basis and Steinitz
substitution lemma works and provides the invariance of dimension. It requires nothing but patience to prove
that every finitely generated R-module is isomorphic to R? for some integer d > 0 that is uniquely determined.
Morita equivalence now gives that every finitely generated M,(R)-module is of the form (R%)" = M, 4(R)
for some d. Otherwise said, every M, (R)-module is isomorphic to a direct sum of R", where R" is viewed
as column vectors of length n with entries in R.

1.4.2. Wedderburn'’s little theorem.

Theorem 1.4.3 (Wedderburn). Let R be a finite division ring then R is a field.

2Quaternion algebras can also be defined over a field of characteristic 2, but the construction is a bit different.
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Proof. (E. Witt) Let R be a finite division ring. We prove the theorem by induction on the cardinality of R;
the case |R| =2 is clear.

Let K be the centre of R. It is a field with g elements. Let n = dimg(R). Our goal is to prove that
n =1. Suppose that n > 1. Let r € R\ K and let K, be its centralizer in R. It is easy to check that K, is a
division algebra as well and that we have inclusions

KCK GR.
Thus, using induction, K, is a field too. If we let n, = dimg(K;) we have nyjn and 1 < n, < n. The

multiplicative groups K*, KX, R*, have orders g —1,4™ — 1, and " — 1, respectively.
Write the class equation for the multiplicative group R* acting on itself by conjugation:

-1
rqur_l

where the summation is over representatives for the conjugacy classes of elements r ¢ K.

The idea now is to find an integer dividing % for all r and therefore g — 1. We will show that this

g — 1
integer is larger than g — 1, thereby arriving at a contradiction.

For a positive integer b, let @y (x) = [z prim. root of order b(X — §) € Z[x] denote the (monic) cyclotomic
polynomial of degree ¢(b) (where ¢ is Euler’'s function). Then

M —1=]]®alx), =1 =]]Palx)
dln

d|n,

As n,|n we have @, (x)|27=;. Substituting g for x, we find that

xﬂr

(Dn(Qan, _ 1

By the class equation (1), the integer @, (g) divides g — 1 as well. On the other hand

D (q) = I;[(q -0

where the product is taken over all ¢(n) roots of unity of order n. As the absolute value of each such complex
number q — { is greater than g — 1 we find |®,(g)| > g — 1. Contradiction. O

1.5. Adjoint functors. Let F: C — D and G: D — C be functors of the same variance. We say that (F, G)
is an adjoint pair (and that F is left-adjoint to G, and G right-adjoint to F) if the following holds. For
every A € 0b(C), B € ob(D) we are given isomorphisms (of sets)

Morp (FA, B) 2% Morc(A, GB)
such that for all f € Morc(A, A’),g € Morp(B, B') the following diagrams commute, in the covariant case

(in the contravariant case, replace the direction of the vertical arrows):

Morp (FA, B) —*%- Morc (A, GB) Morp (FA, B) —%- Morc(A, GB)

(—)OFfT T(_)Of 80(—)l ngO(—)

PalB

¢
Morp (FA’, B) — Morc(A’, GB) Morp (FA, B') RALA Morc (A, GB')

We say that the isomorphisms @ 4 p are natural.
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Remark 1.5.1. We will introduce later the notions of direct and inverse limits. It is a theorem that if (F, G) is
an adjoint pair of functors then F preserves all direct limits and G preserves all inverse limits. Many algebraic
constructions can be viewed as limits, so this is a very desirable property. For more on that, see § 4.3.

Example 1.5.2. Let inc: AbGps — Gps be the inclusion functor of the category of abelian groups in the
category of groups, and let ab: Gps — AbGps be the abelianization functor as in §1.2.1. Namely,

inc(G) = G, inc(f) = f;  ab(G) = G™, ab(f)(g) = F(8)-
Then (ab,inc) is an adjoint pair of covariant functors: For a group G and an abelian group H we have
Homapgps(G*, H) 2 Homgyps(G, H),

because every homomorphism f: G — H factors uniquely as

NS

Gab

Of course, one needs to check that this identification is natural relative to group homomorphisms G — G', H — H'.
This is not hard and is left as an exercise.

Example 1.5.3. Free construction. A left-adjoint to a forgetful functor is a free construction functor. This
is more of a principle than a definition, and we make the statement precise in one example.

For any set S, let F(S) be the free group on the alphabet S. Recall that elements of F(S) are words
a)il -+~ wy" where w; € S and €; € {£1}; two words are identified if we can get from one to the other by
canceling, or adding, expressions of the form w®w ¢ where w € S and € € {£1}. Multiplication is defined
as concatenation. For example, if S = {x,y}, the elements of F(S) include x,y, x 'yxyy~'x, etc. Note that
the last word is the same as x ~'yxx and yy~'x~lyxx. We usually use the short hand x~'yx? for this word.
We usually write 1 to denote all the words equivalent to the empty word; this element is the identity element
of F(S).
Any function f: S — T induces a group homomorphism

F(f): F(S) = F(T), F(f)(wi'...wy") = fwr) -+ flwn).
In this way we get a functor

F: Sets — Gps.

We let @ be the forgetful functor Gps — Sets. Then (F,®) is an adjoint pair:

HomGps(F(S)/H) — Homges (S, H)
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2. Tensor products

2.1. Basic definitions and goals. Let R be a ring, and let A € Modg and B € gMod be modules.®> An
R-biadditive map is a function

ftAxB—H,
where H is an abelian group, such that for all a,a1,a, € A, b,by,b, € B, r € R:

(1) f(a1+az,b) = f(a1,b) + f(az,b);
(2) f(a/ bl + bZ) = f(&l, bl) +f(ﬂ, bZ);
(3) f(ar,b) = f(a,rb).

Remark 2.1.1. Pay attention to directions. We can write f(ar,b) but not f(ra,b). Also, it would not make
sense to require that f(ar,b) = rf(a,b) because H is not an R-module; it is merely an abelian group.

Our goal is to construct an abelian group, called the tensor product of A and B over R,
A®B,
R
which we will also write as A ®g B for typographical reasons, together with an R-biadditive function
p: AXB—= A QI? B,

such that for any R-biadditive map f: A x B — H, there is a unique group homomorphism g: A®r B — H,
such that the following diagram commutes:*

Moreover, if S is another ring and A € gsModg (see the exercises) then A ®g B €g Mod and we get a
functor

A®g (—): RMod — sMod.
On the other hand, we have the functor
Homg (A, (—)): sMod — gMaod,
and we will prove that
(A®g (), Homg(4, —))

is an adjoint pair. Meaning, for all B € RMod, C € sMod we have a natural isomorphism

¢pc: Homg(A ®g B,C) = Homg (B, Homg(A,C)).

3We allow ourselves the more relaxed notation A € Modg for A € ob(Modg).

4 We say that A ®g B has a universal property. Note that we may define a category whose objects are R-biadditive maps
f+ Ax B — H and a morphism from f1: A x B — Hj to fo: A x B — Hp is a homomorphism g : Hj — Hj such that go f1 = f,.
In this language, the universal property is asserting that ¢: A x B — A Ql? B is an initial object for this category.
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2.2. Construction of the tensor product. Let R be a ring, and let A € Modg and B € gkMod be modules.
We start by forming the free abelian group G on the symbols (4,b) € A x B:

G = ®p)eaxsZ - (a,b).
We let N C G be the subgroup generated by all the expressions

(a1 4+ az,b) — (a1,b) — (az,b) aj,ap € A,b€B
(a,b1 + b)) — (a,b7) — (a,by) ac Ab,beB
(ar,b) — (a,rb) ac€AbeB,reR
We let
A®B=G/N.
R

The image of the element (a,b) of G is denoted a ® b. The map

¢: AXB— A®B, (a,b) —a®b,
R

is R-biadditive by construction. The group A ®g B is called the tensor product of A and B over R and its
elements are called tensors.

Remark 2.2.1. Note that in G the elements —(a,b) = —1-(a,b) and (—a,b) are not equal. We will see
that they are equal in A ®g B. For a start, note that for any b € B we have (0,b) = (0+0,b) and so
(0,b) — (0,b) — (0,b) belongs to N. Namely, (0,b) belongs to N, and similarly (a,0) € N, which means that
in A®g B
0=0®b=a®0, Ya € A,b € B.

As (0,b) = (a+ (—a),b) we get that (0,b) — (a,b) — (—a,b) belongs to N which means that in A ®g B we
have 0 = (0,b) = (a,b) + (—a,b). Namely,

(—a)®b=—(a®b), a®(=b)=—(a®Db).
By similar considerations, for any n € Z we have

n(a®b) =na®b=a®nb.

This implies that we can write the general element of A ®@g B as }_; a; ® b;. Note though that this presentation
is not unique. For example, as we have seen, for any a,b we have a1 ® 0 = 0® b. We call an element a ® b
of A ®g B a pure tensor; a general element is a sum of pure tensors but very rarely a pure tensor itself.

Proposition 2.2.2. A ®g B has the required universal property.
Proof. Given an R-biadditive into an abelian group

ftAxB—H,
define

§:G—H, g(Z”i(“z’rbi)) - Z”if(ai/ bi),

which is a well-defined homomorphism of groups. For every generator z of N we have §(z) = 0 and so
N C Ker(g). By the first isomorphism theorem, § induces a well-defined homomorphism of abelian groups

g:A®rB—H, g(Zai@)bi) = Zf(a,«,bi).
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Note that g o ¢ = f by construction, and this property determines g uniquely because g is determined by its
values on the pure tensors a® b, a € A,b € B. [l

2.3. Properties of the tensor product. The following proposition shows functoriality of the tensor product
construction. Although a very technical statement, it will turn out to be very important.

Proposition 2.3.1. (Functoriality of tensor products) Let f € Homg(A, A’),g € Homg(B, B'). There is
a group homomorphism

fog: A®rB— A’ ®r B,
such that

(feg)a®b) = fla) @g(b).
Proof. The map

fxg:AxB— A @rB, (f x ¢)(a,b) = f(a) ® g(b),

is an R-biadditive map. There is therefore a group homomorphism, that we call f ® g, from A®@gr B — A’ ®@g
B’ making the following diagram commutative:

AXB$A®RB
lf®g
A/®RB/

fxg

By construction, (f® g)(a®b) = f(a) @ g(b). O

Corollary 2.3.2. [fA = A’",B= B’ then AQr B= A’ ®r B’.

Proposition 2.3.3. We have the following properties of tensor products:
(1) AQkR=A, RQrB=B.
(2) (Die1Ai) ®r B = ®i(A; ®r B), A® (Dic1B;) = Bie1A ®r B;.
(3) IfR is commutative (and so we can view any left R-module as a right R-module and vice-versa) then
ARrRBX=BQRRA.

Proof. The proofs are incredibly dull, so we refer to one of the references for the proofs (or, better yet, write
your own proofs!). We only prove that A ®g R = A and we do that mainly to make a point. It is tempting
to define
g: ARrR — A
by g(Y;a; ®r;) = Y_; a;r;, but we can't do that yet because, due to the non-uniqueness of expressing tensors
as ) ;a; ®r;, it is not clear that this is well-defined. So, one starts by defining a map f: A x R — A by
f(a,r) = ar. This map is clearly a well-defined R-biadditive map and by the property of the tensor product
we get a group homomorphism g as we want.
On the other hand, we can define a homomorphism of groups

1:A— ARrR, (a)=a®]1.

We claim that ¢ is surjective. Indeed, any element of A ®g R is of the form Y ;a; ®r; = Y,;a;r; ®1 =
(Y;a;r;) ® 1. Since ¢ is surjective and g ot = Id 4, it follows that both ¢ and ¢ are isomorphisms. (Il
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Example 2.3.4. Let k be a field and V, W finite dimensional vector spaces over k. Then, canonically,
Homk(V, W) >~y Ok W.

Proof. We remark that both sides are k-vector spaces. Indeed, as k is commutative, V and V* are k-bimodules
and the fact that V* ®; W is a k-module follows from a more general statement — see Theorem 2.6.1 below.
That said, the k-module structure is simple: AY ;¢ @ w; = Y; Ap; ® wj.
Let {v;}%_, be a basis for V and {v}} the dual basis of V*. Then,
VEeeW= (0l k-v ) W=l keyW=aol W
Therefore,
dimy (V* @ W) = dim(V) - dim(W) = dim(Homyg(V, W)).

That proves that V* @, W and Homy(V, W) are isomorphic as k-vector spaces, but our goal is to con-
struct a canonical isomorphism and it will suffice to construct a canonical surjective k-linear map V* ®;
W — Hom(V,W). As usual, we start by constructive a bi-additive map. Consider

V* x W — Homy(V, W), (¢, w) — {v— ¢p(v) - w}.

It is easy to verify that v — ¢(v) - w is an element of Homy(V, W) and that the map we constructed is
k-biadditive. Thus, we get an induced map

V*@W — Homi(V,W), Y ¢i@w; — {o—) ¢;(v) w}.

This is a surjective map. Indeed, given a linear map T € Homy(V, W) denote u; = T(v;) and consider the

element ) ; vl’-‘ ®u; € V* ® W. The linear map associated to it is precisely T because both maps send v; to

u;. O
]

2.4. Tensor product of algebras. Let R be a commutative ring. A ring A is called an R-algebra if we are
given a homomorphism of rings

iA: R— A
whose image is contained in the centre Z(A) of A. That is,
ia(r)-a=a-ig(r), VreRac€A.

Note that there is no requirement that i4 is injective.
For example, any ring is a Z-algebra, via

is(n)=n-14, neZz.

(Meaning, if nis positive n-14 =14 + - - - + 14 n-times; if n is negative n - 14 is defined as —(—n) - 14 and
0-14=0)

Any R-algebra is an R-module: r-a := 14(r)a; in fact, it is an R-bimodule, where we let a-r = 14(r)a;
this uses the commutativity of R.

Theorem 2.4.1. If A, B are R-algebras so is A ®g B and we have

a®b-d @b =ad QY.
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Proof. We will use the functoriality of tensor products (Proposition 2.3.1). For s € A, t € B, the maps
[s]: A— A, [s](a) =sa; [t]: B— B, [t](b) =tb (sic!),
are homomorphisms of R-modules as

[s](a-r) =s(ata(r)) = (sa)ra(r) = ([s](a)) -7, [t](r-b) = t(p(r)b) = 1p(r)[t](b) = - [t] (D).
We therefore get a group homomorphism

[s]@[t]: AR B— A®r B, ([s]® [t})(Zai@@bi) = Zsai®tbi.

In fact (!), we get an R-biadditive map
A X B — Endgps(A®r B), (s,t) = [s] @ [t].
Thus, we get a well-defined homomorphism of groups

A ®r B — Endgps(A ®r B), Zsl®t '—)ZSZ ti].

Define then,

Zsl®t Zal@)b Z Zal®b Zsiaj®tib]-.
ij

i
This is well-defined and is linear in each of the terms, }_s; ® t; and }_a; ® b;. The ring axioms now become
an easy verification, especially as we have a formula for the multiplication. Finally, make A ®g B into an
R-algebra by letting
1(r) =14(r)®1=1®1p(r).

2.5. Further examples of tensor products.

(1) Let R be a commutative ring, I<IR and M a left R-module then
R/I®r M= M/IM.

In particular, if J<IR then
R/IQRR/J=R/(I+]).

Proof. We have a map R/I x M — M/IM given by (7,m) + 77, where 7 denotes r (mod I) and
m denotes m (mod IM). It is not hard to check that this map is indeed a well-defined R-biadditive
map. It induces a well-defined homomorphism

R/I®M — M/IM, 7Q@mw— rm.

We can also define a map M — R/I ®g M that takes m to 1 ®@ m. This is again a group homo-
morphism and if i € m € Mthenim— 1®@im=i®m =0®m = 0. Thus, we have an induced
group homomorphism M/IM — R/I®g M, m — 1 ®m. On the generators of R/I ® M, which are
elements of the form 7 ® m, and on elements of M /IM, these maps are inverses of each other. Thus,
we get an isomorphism. Finally, this is an isomorphism of R-modules, and not just abelian groups,
because both maps are R-module homomorphisms: #{ - 7o @ m = 11y @ m +— 111m = rq - 7om. And
for the other map, rm— 1@rm =r@m =r- (1@ m).

Applying this to the module R/J we get that R/T®gr R/] = (R/])/(I-R/]). AsI-R/] =
(I+7)/] we get that R/IQrR/J= (R/])/((I+])/]) = R/(I1+]). 0
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To illustrate this, take Z and the ideals nZ, mZ to find that
Z/mZRQZ/nZ =27/ ged(m,n)Z.
This shows that the tensor product of non-zero modules can be zero (e.g., m =2,n = 3).
Let k be a commutative ring. Then
k[x1, ..., xm] @kk[y1, ..., yn] Z kX1, X, Y1, - - Ynl-
Proof. We will write f(x) for f(x1,...,%m) and similarly f(y). We have a k-biadditive map
ka1, Xm] X klyn, o yn] = klxy o xm g1yl (f(2),8(y) = f(x)8(y),
that induces a homomorphism of k-modules
k[x1, .. Xm] @k klyr, -, yn] — kX1, Xm, Y1, -, Yn-

In fact, referring to the ring structure on the left hand side, this is a homomorphism of rings. Note
that x; ® 1 — x;, 1 ®y; — y;. It thus follows that this is a surjective homomorphism.
We can also define a ring homomorphism,

k[x1, ..o, Xm, Y1, Yn) = k[x1, ., Xm] Qi k[y, -, ynl,

as the unique extension to a homomorphism of k-algebras of the function taking x; (resp. yj) to
x; @1 (resp. 1®y;). In particular, elements of the form f(x) @ g(y) are in the image of this map
(this is the image of f(x)g(y)). Thus, this ring homomorphism is also surjective. If we follow it by
the first map, we get the id&]tity. Indeed, it is enough to verify that on generators and we have

X=Xl x, yi—1Qy;—y;.
It follows that both maps are isomorphisms of k-algebras. O

In terms of algebraic geometry, a subject we will touch upon later, this means that if we let A"
be the affine space of dimension m over k (it is associated to the k-algebra k[xy, ..., x;]) then

m n ~ m—+tn
Al x A} = AP

Similarly, the following example, left as an exercise, has an interpretation in terms of subvarieties of
affine spaces.

Let k be a commutative ring and I<ik[x], J<tk[y]. Then
klx]/T@kly)/] = klx yl/ (1) + (),

where (I) is the ideal generated by I'in k[x,y]. That is, the ideal Ik[x,y].

To illustrate this, we show that we have an isomorphism of rings
CRrC=CxC.
The left hand side may be viewed as
R[x)/(x* +1) @ Rly)/ (v +1) 2 Rlx,y]/ (2 + 1,y* +1) = (R[] / (x> + 1)) [y]/ (y* + 1),

which is isomorphic to (I:[y}/(y2 +1). Now, applying the Chinese remainder theorem to the ideal
(y>+1) = (y —i)(y +1), we get that C[y]/(y*> +1) = C x C, by the map taking y to (i, —i). If
one traces through the definitions, one find that the isomorphism is given by

CRRCECXC, z1Qz+ (z122,2122).
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This can be generalized considerably. Let L/K be a finite Galois extension of fields and G =
Gal(L/K). Then

LexL=[]L (@A~ (€ -0(A))oec.
ceG

Finally, we also remark that the isomorphism (2) is true also when the number of variables is
zero and thus the statement here includes the statement R/I ®gr R/J = R/(I+ J) that we showed
previouly.

2.6. The adjoint property for ® and Hom. Let R, S be rings.

Theorem 2.6.1. Let A € gModg. The functors

A® (—): RMod — gMod, Homg(A, —): sMod — grMod
R
are an adjoint pair of functors

(A® (), Homs(4,-))

Namely, there are natural isomorphisms ¢pc for B € gRMod, C € sMod
Homgs(A @ B, C) ~2<~ Homg (B, Homg (4, C)).

Similarly, if B € gRModsg, ((—) ®g B,Homg(B, —)) is an adjoint pair.
In the following proof we leave many routine verifications to the reader. This is an exercise one should do.

Proof. We know that tensor and Hom are functors into abelian groups. We first use that A is a bi-module
to show that the tensor and Hom are actually modules.

e A®gBis an S-module.  To see that, let s € S and consider the map [s]: A — A, [s](a) = sa.
This is a homomorphism of R-modules and so we get a well defined homomorphism [s] @ Id: A ®g
B — A ®g B. We define then the S-module structure by

sa®b=([s]®@Id)(a®b) =sa®b.

It is well defined and s-Y;a; ® b; = ¥ sa; ® b;, which makes the verification of the module axioms
easy.
e Homg(A,C)) is an R-module.  We define the module structure by

(r-f)(a) = f(ar), f € Homg(A,C),a € A,r € R.
Once more the verification of the module axioms is straightforward.

We now construction a map between the modules. For f € Homg(A ®g B,C) define a function ¢ €
Hompg (B, Homg(A,C)) by

b ¢, € Homg(A,C),  ¢p(a) = f(a®D).
There are few points to verify:

e ¢, € Homg(A,C).  Namely, that ¢p(a) is linear in a and that ¢y (sa) = s¢y(a). Let's verify the
later: ¢p(sa) = f(sa®@b) =sf(a®b) = s¢y(a).
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e That b — ¢ is a homomorphism of R-modules. That amounts to ¢y, 15, = ¢p, + ¢Pp, as maps,
which one verifies by evaluating both sides at a € A. And, ¢,;, = r¢;, which again one verifies by
evaluation at a € A.

e Finally, one needs to check that f — ¢ is a homomorphism of groups. Again, a straightforward
verification.

We now construct a map in the opposite direction. Let ¢ € Hompg(B,Homg(A,C)), say b — ¢, €
Homg(A, C). We define f € Homg(A ®g B, C) as follows. We begin with the function

AxB—=C, (ab)— ¢p(a).
e This is an R-biadditive map as, for example, (ar,b) — ¢y (ar) = (rgpp)(a) = ¢rp(a) which is the

image of (a,rb). (Make sure you understand why each of the equalities holds true!)
e We thus get a homomorphism of groups

fiA@RB—=C,  f(a®b) = gdya).

In fact, f € Homg(A ®g B, C) — it respects the S-module structure.
e This construction is inverse to the previous. Once verified, it follows that the construction ¢ — f is
also a homomorphism of groups.

Thus, at this point, we have defined an isomorphism of groups,
Homg (A ®g B, C) 2~ Homg (B, Homg(4,C)).

Remark 2.6.2. Before continuing with the proof, we note that what we have achieved so far, combined with
Example 2.3.4, implies that for finite dimensional k-vectors spaces (take R = C = k)

(V & W)* = Homg(W, V¥) = W* @ V* = V* @ W*.

Note also that by the tensor product property

(V & W)* = bilinear forms V. x W — k.

Back to the proof. One needs now to verify that @pc is natural in B and C. So, for example, we need to
verify that for v € Homg(C,C’) the following diagram commutes:

e The following diagram commutes

Homg (A ®g B, C) —25 Homg (B, Homs (4, C))

l“ro() iWO()

¢
Homg(A ®g B,C') e Hompg(B,Homg(A,C))

Indeed, f € Homg(A ®@g B,C) goes to ¢pc(f) = {b— ¢, ¢p(a) = f(a®@b)}. Under the vertical
right arrow, this goes to b — yo ¢y, (Yo ¢y)(a) = y(f(a®Db)). From the other side, f — o f that
then maps to the function that takes b to the homomorphism A — C’ taking a to (yo f)(a®b).
So, we are good.

o One verifies naturality relative to B — B’ in a similar way.
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2.6.1. Application: Frobenius reciprocity. Let H < G be finite groups and let k be a field. Any k-representation
(o, W) of G,

W = k — vector space, p: G — GLg(W),
induces a k-representation of H, (p|g, W), where
pla: H—= GL(W),  plu(h) = p(h).

Very simple! Another way to view the situation is to think of W as a k[G]-module and note that k[H] C k[G]
and thus W becomes a k[H]-module. This provides us with a restriction functor

Resg: k[cgMod — 1 Mod.

On the other hand k[G] is a bimodule in k[g/Mod and so we get the induction functor

k[H]

Indf: gMod — g Mod,  Indf (V) = k[G] k% ] V.

It should be remarked that this is a rather remarkable construction: a representation of a subgroup induces
a representation of the group G and in a rather non-trivial fashion. Even when H = {1} and V is the trivial
one-dimensional representation of H, the induced representation is the regular representation k[G]|, which is
a very rich representation of G (it contains any irreducible representation of G, for example). Note also that

dimy (Res% (W)) = dim (W), dimg(Ind$(V)) = [G : H] dimg (V).
Now, using the tensor-Hom adjoint property, we find that
Homyg (IndIG_I(V), W) = Homy g (V, Homy ) (k[G], W)) = Homyp) (V, W) = Homy g (V, Res&W).
Theorem 2.6.3. Let k be a field and H < G finite groups.

Frobenius Reciprocity: Homy g (Ind$(V), W) = Homyp (V, Res$ W)

We will later see a more precise and easily applicable version of Frobenius reciprocity using characters. But
it's worth mentioning that this version works over any field, including when char(k)|4G where the group ring
is not semi-simple (and thus the theory of characters, as we are going to develop it, does not apply).

We illustrate the power of this theorem. Suppose that V is an irreducible representation. Namely, suppose
that it is a simple k[H]-module, or, equivalently, that any invariant subspace of V is either {0} or V. When
is Ind%V irreducible? Suppose that k = C. We shall see that a representation is irreducible if and only if it
has very few endomorphisms. In particular, IndﬁV is irreducible if and only if

1 = dim¢ Homy(g) (Indf;V, Ind§; V) = dime Homypy; (V, ResfIndf; V).

This happens if and only if V appears with multiplicity 1 in ResglndgV and that is something that is often
easy to check in practice.

2.7. Tensor products over a commutative ring. Let R be a commutative ring and let A, B be R-modules.
We can then think of A, B as R-bimodules, where ra = ar,rb = br,¥Ya € A,b € B,r € R. Then AQrB is
an R-module as well, where r-a® b =ra®b = a®rb. In particular, if C is another R module, we can make
more complicated constructions and one can prove that

(A@RB)@R(:%A@R(B@RC).
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Let H be an R-module and let f: A x B — H be an R-bilinear map of R-modules from A x B to H.
Meaning, besides being R-biadditive it also satisfies f(ra,b) = rf(a,b) (and hence also f(a,rb) = rf(a,b)).
Thinking of f just as R-biadditive, we get a group homomorphism

§:A®rB—H, g()_a;®@b) =Y fla;b).

This homomorphism is automatically an R-module homomorphism as

gr(Yai®b;)) =g} ra;@b;) =Y f(ra;, b)) =Y rf(a,b;) =r)_ fla,b;) =rg(}_a; @b;).
It follows that A ®g B has a universal property in the category of R-modules, namely relative to R-bilinear

maps A X B — H into R-modules H.

Finally, we remark that when R is commutative one can construct A ®g B a different way; it has the advantage
that from the very start it is clear that A ®g B is an R-module. We can start with the free R-module
G = D(ap)eaxBR - (a,b) and take the quotient by the R-submodule N’ generated by all expressions of the
form (ay + ay,b) — (a1,b) — (az,b), (a,by + by) — (a,by) — (a,bp), (ra,b) — (a,rb), and r(a,b) — (ra,b). It
easy to modify the proof we gave for the tensor product G/N to show that G’/ N’ has the universal property
for R-bilinear maps into R-modules, which gives a unique isomorphism G/N = G’/N’ (initially of abelian
groups, but then one checks that also as R-modules).

3. Localization

Throughout our discussion of localization R is a commutative ring. A set S C R is called a multiplicative
set if

1€S5, xyeS=xyes.

Example 3.0.1. (1) S={1,f,f% -} for some f € R.
(2) S=R\p, where p is a prime ideal of R.
(3) If R is an integral domain, (0) is a prime ideal and so we may take S = R — {0}.

Our goals are the following.

(1) Construct a ring R[S™!] (R localized at S) with a ring homomorphism
R — R[S7Y],

having a certain universal property.
(2) Construct a localization functor

rRMod — gig-1Mod, M — M[S7'].

(3) Compare properties of R and M with properties of their localizations.

3.1. Construction of the localization. Let M €g Mod and S C R a multiplicative set. The case M = R
is allowed and is particularly important. We consider formal fractions

m
o méeE M,s € S.

We define a relation on fractions by

m my
S—l ~ S—z if 3s € S such that s(spmy — symy) = 0.
1 2
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We leave it as an exercise to check that this is an equivalence relation. We denote M[S™!] the set of
equivalence classes of formal fractions m/s. We will usually be cavalier in our notation and not distinguish
notationally between a fraction m/s and its equivalence class. We define an operation on M[S’l]:

my n My Somy + 511

51 52 5152 '
We check that this is well-defined. If m;/s; ~ n;/t;, namely, 3a; € S, a;(t;m; — sin;) = 0, then

Somq + S1Mmy tong + t1ny
5152 f1tp

Indeed, aqap € S and aqap(t1ta(somy + s1my) — s182(kang + f112)) = aqan(b252(Fymy — s1nq) + £151(kamo —
sonp)) = 0. It is now straightforward to verify that this operation makes M[S~!] into an abelian group, called
the localization of M at S, whose 0 element is the class of %
It is useful to note that
m  sim

0
0=-, Vses; —=—, Vs,s9€S5me M.
s s 518

In the case M = R we can make R[S™!] into a ring by defining

o T2 nn
51 S2 5152

We leave it as an exercise to check that R[S™1] is a ring and M[S™1] is an R[S~!]-module where the module

structure is given by
m rm

-—=—, rTe€RmeM,s,s; €8S.
51 5§51

» =

Note also that the map

R—R[SY, re— %
is a ring homomorphism with kernel

{reR:3seS,sr=0}

Thus, if R is an integral domain and 0 ¢ S, the map R — R[S’l] is injective, but in general it need not
be. In addition, the homomorphism f: R — R[S™1] has the following universal property. Given any ring T
and a ring homomorphism g: R — T, such that every element ¢(s),s € S, is invertible in T, there is a unique
homomorphism h: R[S™'] — T such that ho f = g.

Example 3.1.1. If we take R=27Z and S = {1,2,22,. .. }, we find the ring

z3=27Z[s " ={L:neZa>0}
If we localize the Z-module Z/nZ by S we get the zero module if n = 2°, and a module isomorphic to
Z/nZ if nis odd. Indeed, if n = 2%, for every m € Z/nZ we have 2 = Zz—bm = 2% =0. If n is odd, the map

Z/nZ > (Z/nZ)[Y), m— T,

1
is an isomorphism of abelian groups: first, it is surjective because given zﬂa there is a 2? such that 2027 = 1
. b b . .. .
(mod n) and we find that 7 = 22,13;17 = 2™ |t is also injective: If 2 = 0 then for some 27 € S, 2m = 0

(mod n), but, as 2% is a unit modulo n, it follows that m =0 (mod n).
More generally, using the Chinese Remainder Theorem, we see that if p is a prime then

Z[%} ={ym:ne€zZa=>0}
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and for a positive integer n = p®m, where (p,m) = 1, we have
(Z/nZ)[%] =Z/mZ.

If p is a prime there is another localization associated to it, which we denote Z(p), following our notation R
for a prime ideal p of a ring R. This is the localization at the elements not in the prime ideal (p). Namely,
Zpyy={F :mneZpin}

One can check that if n is a positive integer, n = p®m, (m, p), then

(Z/TIZ)(P) = Z/p”Z

3.2. Localization is an exact functor. We show that localization provides a functor
rRMod — gig-yMod, M — M[S7'].

We have defined what the functor does to objects. Now given a homomorphism f: M — N of R modules
we define

_ _ _ 1 /m (m
fsemis ] s Ns T, s () = A
We will usually write f for f[S™1].
Lemma 3.2.1. f[S~!] is a well-defined homomorphism of R[S™1]-modules.

Proof. We verify the axioms.

o Well-defined.  If my/sq ~ my/s; there is an s € S such that s(spmy — symp) = 0. Apply f to this
equality to get s(spf(mq) —s1f(mp)) = 0, which means that f(my)/s1 ~ f(mp)/sy, as required.

o Additive. %1 + %2 _ Samytsimy ,i) saf (mp)+s1f(mz) _ f(:lﬁ) 4 fma)

5152 5182 52
e Scalars.  f (g . %) =f (%) = LS(ST) =rI. %T)

It is clear from the definition that
Idm[S™"] = ldys1), (g0 f)ST =g[S o fIS7Y],
and thus localization is a functor.

There is another way to conclude that localization is a functor; we can relate the notion of localizing a
module and localizing a ring and deduce functoriality of localization of modules from functoriality of the
tensor product.

Lemma 3.2.2. There is a canonical isomorphism of R[S™1]-modules,
R[S @r M= M[S1].

Proof. Once the map and its inverse are defined it is easy to verify that these are homomorphism of R[S‘l]-
modules. The map

RIS @r M= M[STY],  (Z,m) > —
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/

. . / !
is well defined. If £ = L then for some t € S we have ts'r = tst’ and we compute that 2 = ti;;” = tz,;" =

r;—’,n. The R-biadditivity is easy to check and we get a well-defined homomorphism of groups

R[ST'|®@r M — M[S71], Zg @mi— Y rifi,
1 1

which is easily checked to be a homomorphism of R[s~!]-modules.

To define the inverse map we define % — %@m and we need to check this is well defined. If % = ’?—,’
then for some t € S we have ts'm = tsm’. Then %@ m = ﬁ ®s'tm = Ssl—,t ® stm’ = &@m’. It is easily

verified that this map is an inverse to the previous map. O

We next prove that localization is an exact functor. To begin with, a short exact sequence (SES) of
R-modules is a diagram of R-modules and R-modules homomorphisms

0 My — = My 5o My 0

in which f is injective, g is surjective and Ker(g) = Im(f). Equivalently, the kernel of any homomorphism is
the image of the previous homomorphism. Here are some simple examples:

Xn

e ( Z Z Z/nZ ——- 0, for any n > 0.
e 0 Z Q Q/Z——0.
e 0 I R R/I 0, for any ideal I<1 R.

Proposition 3.2.3. Localization is an exact functor: it takes a SES in kMod to a SES in R[Sq]Mod.

Proof. Let
f g
0 My My M; 0
be a SES of R-modules. We need to show that
571 571
0—— My[s ] L s S5 s 1) —— 0

is a SES of R[S~ !]-modules.

e f[S!]is injective.  Suppose f(my/s1) = f(m1)/s; = 0. Then 3t € S such that tf(my) = 0. So
f(tmy) =0 and, as f is injective, tmy = 0. Therefore, my /sy = tmy/ts; = 0/tsy = 0.

e g[S7!] is surjective. Given m3/s € M3[S™!], there is some my € My with g(mp) = m3 and so
§(my/s) =ms/s.

e Im(f[S7']) = Ker(g[S™']). Since gof = 0also 0 = (go f)[S7!] = g[S o f[S7!] and so
Im(f[S™!]) C Ker(g[S7!]). Let my/s € Ker(g[S™!]), meaning for some t € S = tg(my) =
g(tmy) = 0. There is thus my € Mj such that f(mq) = tmy and therefore f(my/ts) = tmy/ts =
my /s, showing that Im(f[S~1]) D Ker(g[S™!]).



26 EYAL GOREN  MCGILL UNIVERSITY

3.3. Behaviour of ideals under localization. We will see later, in §5, that to a commutative ring R we can
associate a topological space Spec(R), endowed with a sheaf of functions. The points of this space are the
set

{p : pis a prime ideal of R}.
To any multiplicative set S in R we can associate a subset of Spec(R) consisting of primes that “survive" in
the localization R[S™1]. That is, it is an open set whose points (certain primes ideals of R) are in natural
bijection with primes of R[S’l]. This is the the geometric reason for understanding how ideals behave under
localization, but localization serves as a useful technique in many algebraic arguments, even without recourse
to geometry.

3.3.1. Extended and contracted ideals. Let S C R be a multiplicative set and let
f:R— R[S}

be the canonical ring homomorphism, f(r) = r/1. For J<IR[S™!] define the contracted ideal J°,

F=fl)=1{rer:ze)).

This is an ideal of R by general properties of ring homomorphisms.
In the other direction, for I<IR define the extended ideal I°,

1 =1[s7' c R[S7].
As I < R as R-modules, I[S™!] < R[S™!] as R[S~ !]-modules. Namely, I¢ is an ideal of R[S~!]. Note also

that
Ie::{gerI,SES},

which is precisely the ideal of R[S™!] generated by f(I). Thus, we will also write

I* = {£(1)) = IR[S .

3.3.2. Prime ideals under localization.

Theorem 3.3.1. There is a bijection,

{prime ideals of R

o -1
disjoint from S } <— {prime ideals of R[S7']},

under which

I——I°,

J6<——].

Proof. We already know that J¢ is an ideal of R. As R/J¢ <+ R[S™1]/], R/]¢ is an integral domain and so
J¢ is a prime ideal. It is disjoint from S because if s € NS then f(s) = § € ] and so | contains a unit,
implying ] = R[S™!] and that is a contradiction.

Suppose now that I is a prime ideal of R, disjoint from S. We show that I° is a prime ideal of R[S’l].

mymp _ myim mpmy __

Suppose that 5 5 T sps, S5y é and that implies that for

€ I°. Then, for some i € I,s3 € S we have

somes e S

SS3mM1My = 851521 € 1.
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Since I is prime, one of s,s3,mq,my belongs to I. As I is disjoint from S, one of my, my belongs to I; say
my. Then "51—11 € I°. To show I¢ is prime it only remains to check that I® # R[S~!] and that follows from the
property I°© = I that we prove next.

It is clear from the construction that I°° C I. Let m € I*° then % € I° and thus for somei € I, s € S we
have % = é Thus, for some s; € S we have s;sm = sqi € 1. Using, as above, that I is prime and disjoint
from S, we get that m € I.

Finally, we show J° = J. The inclusion J% C J is easy: f(J°) C J by definition and since J is an ideal
(f(JE)) =J® CJ. Let € J then % € ] and so m € J°. But then = 1 f(m) € J* and we get the other

inclusion.” O

Example 3.3.2. If p is a prime ideal of R and S = R\ p, it is customary to denote R[S™!] by R, and call it
the localization of R at p (although we are actually localizing at the complement of p). This ring is

Rp::{gerR,sgp}.

It follows from the theorem that the prime ideals of Ry are precisely the localization at S of the prime ideals
q of R such that g C p. Among those ideals there is a unique maximal one, namely p. Thus, Ry, has a unique
maximal ideal (a commutative ring with a unique maximal ideal is called a local ring).

Thus, we see that to study prime ideals contain in p we may pass to the local ring Ry, while to study prime
ideals containing p we may pass to the integral domain R/p.

Example 3.3.3. Let R be an integral domain and S = R — {0}. In this case we denote
Frac(R) = R[S™'] = Ry) = {g 1,5 ER,s£0},

and call it the fraction field of R. For example, Q is obtained this way from Z. It follows from the universal
property of localizations that this field embeds into any field in which R embeds. In this sense it is the smallest
field containing R.

3.4. Local properties. Let R be a commutative ring and p a prime ideal of R. Let S = R —p. We introduced
above the notation Ry, for R[S™!] and we now extend it to modules and denote

A property P of modules is called a local property if
M c gMod has P +— M, ¢ RpMod has P, Vp<iR prime.

Proposition 3.4.1. (Being zero is a local property) Let M be an R-module. Then M = {0} if and only if
M, = {0} for all prime ideals p of R.

Proof. If M = 0 then M[S™!] = {0} for any multiplicative set S C R because all the elements of M[S™!]
are of the form % and they are all the same zero element of M[S™!].

For the converse, suppose that M # 0 and take a non-zero element m € M. Then

1 ¢ Ann(m) :={r € R:rm =0},

SNote that the argument for [ = [ used the primality of I, and indeed it could fail for non-prime ideals, but the argument for
Je¢ = J did not and so the statement is true for arbitrary ideals of R[S™1].
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the annihilator ideal of m. Thus, there is some maximal ideal p 2 Ann(m). If £ = 0 in M, then for some
s € p we have sm = 0. Then, on the one hand s € Ann(m) and on the other hand s & p, and so s & Ann(m).
Contradiction. It follows that for some maximal ideal p, M, # 0. O

Remark 3.4.2. The proof shows that M = {0} if and only if M, = {0} for all maximal ideals p of R.

Proposition 3.4.3. (A complex being exact is a local property) Let

(3) 0 My — = My 5o My 0

be a complex of R modules (meaning, the image of any homomorphism is contained in the kernel of the next,
which amounts to Im(f) C ker(g)). This complex is a SES if and only if for every prime ideal p<IR, the
complex

(4) 0 My, My,

M3,p —_— 0
is a SES.

Proof. Functoriality of localization implies that if (3) is a complex then (4) is a complex for all primes p.
Localization being an exact functor (Proposition 3.2.3) implies that if (3) is exact then (4) is exact for all
primes p.
In order the prove the converse, we will take advantage of some very useful properties of localization:
e [f N C M are R modules then N, C My and (M/N), = M, /Njy.
Indeed, the sequence

0 N M M/N 0

is SES. Thus, also

0 Ny M, (M/N), —=0

is SES. This proves both statements.

o Let g: M — M’ be a homomorphism of R modules. Then

ker(gy) = ker(g),.

To show that we may assume w.l.0.g. that g is surjective and so

0 —— ker(g) M

is a SES. Thus, also

0 —— ker(g)p Mp

is a SES and that proves our claim.
e letg: M — M be a homomorphism of R modules. Then

Im(gp) = Im(g)y.
This is straightforward: Let S = R\ p. Then, Im(gy) = {g(m)/s:m € M,s € S} = g(M)y.
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Returning to the proof, we assume that (4) is exact for every prime ideal p. Then ker(f,) = ker(f), = 0 for
all p and, as being zero is a local property, ker(f) = 0 and f is injective. Similarly, M3, = Im(g), = Im(gyp).
implying that (Mz/g(M3))p = M3,/g(Ma)p = M3, /8p(Msy,) = 0 for primes p. This implies that
M3/g(M;y) = 0 and so that g is surjective.

We are given Im(f) C ker(g), and (ker(g)/Im(f)), = ker(g)y/Im(f), = ker(gp)/Im(fp) = 0 for all
p. Therefore, ker(g) = Im(f). O

Of course, not every property of modules is a local property. For example, being free, or cyclic, is not a local
property. See the exercises for an example.

4. Limits in a category

We are back to developing some concepts in category theory and, as usual, that means a lot of new
terminology. We remark that we will be developing here the bare minimum — only that which is required
for the course and its follow-up course. The whole subject can be done in greater generality and if you are
interested look up books in category theory. We also remark that we are using “direct limit" and “injective
limit" as synonyms. The same applies to “inverse limit" and “projective limit".

4.1. Direct and inverse systmes. Let I be a poset and C a category. We may view [ as a category with
objects being the elements of I and for x,y € I,

i x <
Mor(x,y) = {g’ els_e y

Composition is defined the only possible way: if x < y < z then iy; oiy, = iy,. To avoid confusion, we
denote the category I.

A direct system in C indexed by I is a covariant functor
I— C.

This means exactly the following:

e For each x € I, an object Ay of C.
e Forall x <y in I, a morphism fy,: Ay — Ay in Csuch that fyx = Ida,.
o Forallx <y <zinl, fyz0fry = frz.

An inverse system in C indexed by I is a contravariant functor
I—C.

This means exactly the following:
e For each x € I, an object A, of C.
e Forall x <y in I, a morphism fyy: Ay — Ay in Csuch that fyx = Ida,.
e Forallx <y <zinl, fyyofy = fr.
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4.1.1. Examples.

(1)

(2)

(3)

The constant system (either direct, or inverse): I is any poset, A an object of C.
Ay =A, Vxel; fry=1da, Vx<yel

If I has the so-called trivial, or discrete, partial order — meaning, the only relations are x < x for
x € I, then a direct (or inverse) system is just a collection of objects {Ay : x € I} in the category C
with no maps between them except for Id 4, for every x. Amusingly, this example is very important!
It will define the notions of sums and products in a category.

Another important example is the case where I = {1,2,3} with the relation 1 < 2,1 < 3 (but 2 and
3 are in incomparable). In this case, a direct system indexed by I is a diagram in the category C

FF——hH

|

F

An inverse system indexed by I is

5

|

F3*>F1

A poset [ is called directed if for all x,y € I thereis z € I such that x <z and y < z. For example,
take I = {1 <2 <3< 4---}. Adirect system indexed by I is

Al = Ay > A3 - Ay,
while an inverse system indexed by I is
Al Ay Az +— Ay -

For another example, take I = {1,2,3,4,...} but where now we declare that m < n if m\n. Then a
direct system indexed by I is a diagram

A A, Ay Ag

NN N

Az Ag — A1

N

As Ag — Asg

Az A1p — Ay

N\

Ay

Note that we don’t indicate an arrow A, — Ag, say. Such an arrow exists but it is necessarily the
composition Ay — A4 — Ag and so can inferred from the arrows that are already indicated.
For an inverse system, reverse all the arrows.
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We will denote a direct, or inverse, system by ({C;},{fi;}) (where the C; are objects of C, one for every
i€l and fori <j, fij are morphisms either from C; to Cj, or conversely, depending if it is a direct or an
inverse system).

4.2. Direct and inverse limits. Let ({C;},{fjj}) be a direct system in a category C. A direct limit is an
object C of C together with morphisms

w;: C; —C,

such that Vi < j we have commutative diagrams

C, fij c,
C

and given an object D in C with morphisms B;: C; — D, such that ﬁj ofi]« = B, there is a unique morphism
7v: C = D such that the following diagrams commute Vi < j:

meaning yowa; = 51',700‘]‘ = ﬁj-

We will denote the direct limit, if it exists (and that may depend on the system as well as the category) by
lim Ci
—
(or, if needed, lim ({C;},{fij}), or lim C; andsoon). If it exists it is unique up to unique isomorphism.
— — i€l

The definition of an inverse limit is quite similar. Let ({C;}, {f;j}) be an inverse system in a category C. An
inverse limit is an object C of C together with morphisms

0o C—)Ci,

such that Vi < j we have commutative diagrams
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and given an object D in C with morphisms B;: D — C;, such that f;; o §; = B;, there is a unique morphism
7v: D — C such that the following diagrams commute Vi < j:

D

N
Z/Y

&
PE——

fz] J

meaning a; oy = ,Bz‘,lxj oY = 5j-

We will denote the inverse limit, if it exists (and that may depend on the system as well as the category)
by
lim Cl'
F
(or, if needed, lim ({C;},{fij}), or lim C; andsoon). If it exists it is unique up to unique isomorphism.
— — i€l

In general, the issue of existence of limits can be rather subtle and even rather difficult. We provide here
two very simple examples where limits do not exist, just so that we are aware that this is a potential issue.

Example 4.2.1. Let C have objects that are the finite sets {0,1,---,n}, for all n € IN. The morphisms are
the natural inclusion maps. We have the direct system

{0} = {0,1} = {0,1,2} - {0,1,2,3} — ---

in C. The direct limit does not exist. (We leave that as an exercise.)

For another example, let C be the category of all fields with ring homomorphisms between them. Let
I = {2,3} with the discrete order. Then F, = Z/2Z,F; = Z/3Z is a direct system of fields indexed by I
and a direct limit does not exists because there is no field F such that there are ring homomorphisms F, — F
and F5 — F. We may consider the same system but now in the category of commutative rings. Then, a
direct limit exists and it is simply F, @& F3 with the natural inclusion maps.

Theorem 4.2.2. [et R be a ring. Inverse and direct limits exist in gMod.
Proof. Let ({M;},{fi;}) be a direct system in kMod indexed by I. Let
PierM; := {(m;)icr : mj € M;, m; = 0 except for finitely many i}.
This is an R-module under the operations
(m)i+ ()i = (m;i+ni)i,  r(mi); = (rm;);.
In fact this module will turn out to be h;n M; if 1 is discrete. Let
Ait Mj = ®jer M
be the inclusion in the i-th coordinate. Let W C @1 M; be the R-submodule generated by all expressions

Ai(a) = Aj(fij(a)), i<j€laeM,.
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Let

and &;: M; — C the composition M; A ©jer Mj — C. We claim that (C, {a;}) is a direct limit:
First, aj o fij = a; because A;(a) — Aj(fij(a)) € W,Va € M;. Second, given (D, {B;}) such that B;o f;; =
Bi define
¥: Bier Mj = D, ((m;);) =Y Bi(my),
i
the sum being well-defined since almost all the m; are zero. Then ¥(A;(a) — A;(fij(a)) = Bi(a) — B;j(fij(a)) =
0. So 4(W) = 0 and we get a well-defined homomorphism of R-modules
v:C— D, ’yOD{l‘:‘Bi
(because 40 A; = B;.) Finally, note that since C is generated by the images of the a;, v is uniquely determined
by the relation yoa; = ;.

Now, let ({M;},{fij}) be an inverse system in kMod indexed by I. Let

[ IMi = {(m)icr - m; € M}
iel

This is an R-module under the operations
(mi)i + (ni)i = (mi + )i, r(mg); = (rm;);.
In fact this module will turn out to be 1<£n M; if I is discrete. Define C C J;c; M;,
C = {(my); : fij(mj) = m;, Vi < j}.
C is an R-submodule of T];c; M;. We have the projection maps
pi: C— M;,  pi((m));) :==m;,
which satisfy

fijopj = pi-
Given (D,{qi}). qi: D — M;, fij o q; = q;, define
v:D = [IMi,  7(d) = (q:(d)):-
i€l
It is easy to check that in fact v: D — C because f;i(g;(d)) = q;(d) and clearly p; oy = g;. It remains to
show 7 is unique. Ifalso : D — C, say 6(d) = (8;(d));, and ¢ satisfies p; 0§ = g;, then we get 6;(d) = g;(d)
and so 6 = 7. O

4.2.1. Examples.

Example 4.2.3. (Direct sum and direct product) If I is discrete, we introduce the following notation and
terminology for the category of R-modules:®

th M; = ®ic1M;, (direct sum);
lim M; = HMi, (direct product).
— icl

5The same definition and terminology can be used in any category; the notation might change. For example, the direct sum
exists in the category of sets and is the disjoint union. In this case one uses the notation [].
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These are canonically isomorphic if I is finite, but not if I is infinite. Since these limits are so often used, we
repeat their universal property:

M; M, (direct sum)

(direct product)

M M,

Example 4.2.4. (Push-out) In a category C a push-out F is the following direct limit

f

Fl e F2
d

\
F3 > F

For kMod we have
F2FR®F/{(f(a),—g(a)):acF}.
This is not precisely what we constructed and we leave it as an exercise to check the isomorphism.

To illustrate, let us compute the pushout of

Z—f>Z/2,Z

|

Z/3Z > F

where the maps f, g are the obvious maps sending an integer to its congruence class. The push-out is the
zero ring as it is isomorphic to

Z/2Z®Z/3Z/{(a,—a) :a € Z} 2 Z/2ZHZ/3Z/{(1,-1)) = Z/6Z/(5),

since under the Chinese remainder theorem, the element 5 (mod 6) is sent to (5,5) = (1,—1) in Z/2Z &
Z./37Z.. Since 5 generates Z /67, that quotient is 0. This is a simple example, but you may want to revisit
it once we have studied the spectra of affine rings to understand the geometry behind (the intersection of
distinct points in Spec(Z) is empty) and see how to generalize the example to a ring R with two quotients
R/p,R/q where p and q are, distinct prime ideals, say.
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Example 4.2.5. (Pull-back) In a category C the pull-back F is the following inverse limit

F > F
lf

v

F — I3

We say that the square is cartesian. In particular, one finds the following explicit descriptions:

In Sets, F = {(a,b) € K, x F3: f(a) = g(b)}.
In Top, F is the same, endowed with the subspace topology.

In kMod, F is the same as in Sets, and it is a submodule of F, x F5.

In Gps, F is the same as in Sets, and it is a subgroup of F, X F3.
We shall see that in the category of affine schemes the pull-back (also called fibre product) behaves

differently.

Example 4.2.6. (limits over a directed set) Consider the category gkMod. If I is a directed index set
(meaning, Vx,y € I,3z € I,x < z,y < z) then hi>n M; has another description which is very convenient in

applications. Consider expressions
(i,a), iel,a e M;
and define a relation by
(i, ) ~ (G, B)
if 3k such that i <k,j <k and
fix(@) = fix(B)-

So, in particular (i,a) ~ (k, f(a)) = (k, fx(B)) ~ (j,B). This is an equivalence relation. The equivalence
classes are an R-module under the definitions

r-(i,a) = (i,ra), r€R,

and

(i, ) + (j, B) = (k, fix (@) + fix(B)),

for any k such that i <k,j <k.

Example 4.2.7. [ = {1,2,3,...} with order relation of division, m < n if m|n. Consider the direct system

{(Mus, fon)r My =2,  fun(a) =2 -a}.

It is not hard to show that this direct system is isomorphic to

{(Mm/fmn)/ My, = %Z/ fmn(a) = a}‘
Using that I is a directed poset, we can use the alternative description of the direct limit and conclude that

: 1 ~
lim 2 =Q.
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Example 4.2.8. (Ring of germs of functions) Let V be a real manifold (or a complex manifold, or just a
topological space) and let vy € V. Let C be the category of commutative rings. Let I be the collection of
open sets U in V that contain vg. It is considered as directed index set where

U, <U, if U, Cl.

For U € I, we let
R(U) = differential functions U — R

(resp., holomorphic functions; resp., continuous functions) and for U; < U, we have the canonical ring
homomorphism

R(Uy) = R(U2),  f = flu,-
Then liLn R(U), the limit taken over all open sets U containing vy, is called the local ring of germs of

differential functions at v. Heuristically we think about it as the ring of differentiable functions that are
defined on some open, unspecified, set containing vg. It is indeed a local ring; its maximal ideal are the
functions vanishing at vg.

Sometimes it can made even more concrete. For example, if V. = C and we are considering germs of
holomorphic functions at 0, then the ring of germs can be identified with

[e) [e)
{) anz":a, €C,3e>0,) |ay]e" < oo}
n=0 n=0

Example 4.2.9. (I-adic completion) Let R be a commutative ring and take the index set {1 <2 <3 <
...}. Let I # R be an ideal of R (so not the index set this time). We have an inverse system index by
{1<2<3<...}

R/I R/I? R/PP<~—0 ..

In this case we introduce the following notation and terminology

{iin R/I" =: RM = the I-adic completion of R at I.
It is the ring of “consistent vectors"

RM = {(my)2, :my € R/I,myyy =m, (mod I7)}.
We know R is an R-module, but it is also a ring:

(m;)i - (n;); = (min;);.
Further, there is a natural ring homomorphism

R — RM, r (r,r,r,...).

The kernel of this map is N2 ; I, which is an ideal of R that need not be zero in general. However, we have

the following important case (the notion of a noetherian ring will be defined later in § 7.1, but, for example,
every quotient of a polynomial ring in several variables over a field is noetherian).

Theorem 4.2.10. (Krull’s intersection theorem) Let R be a noetherian ring, I<IR. Then the kernel of the
map R — R are the elements x € R such that exists r € I with (1 —r)x = 0. In fact, there exists r € I
such that (1 —r)(N%_,1%) = {0}. In particular, if R is an integral domain, or a local ring, and I # R then
R < RM.

The device of completion, in particular when R < R!, allows one to do analysis in an algebraic setting. We
illustrate this in two settings:
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e Power series.  Let k be a field and R = k[x]. Let [ = (x) then
k[x]M 22 k[x]].
Briefly, Yi0y a;x" defines a consistent vector (Z?;Ol uixi)n € k[x]“, and conversely (use that any
element in R/I" has a unique representative Z?;(} aixi). This is quite similar to ring of germs of

analytic functions we constructed for the local ring of C at 0, only that convergence does not play a
factor algebraically (and, in fact, would not even make sense for a general field k).

e p-adic numbers. Let R=2Z,1= (p), p a prime number. Then
RM =: Z, = the p-adic numbers,

is a ring that is central in number theory.” We have the following remarkable facts, all at the level of
an exercise,

zczy [1z/p"z.

closed ;5

Each ring Z/p"Z is given here the discrete topology and the product is then a compact Hausdorff
space by Tychonoff’s theorem, thus Z, is a compact Hausdorff topological ring that contains Z.
Further, every element of Z, can be represented by

0 .
Y aip', a;€{0,1,...,p—1},
i=0

and that is true both as a formal sum where we identify such sums (as in the case of power series)
with ZM by

0o . n—1 . !
Zaip’ — (2 a;p' )y € ZMN,
i=0 i=0
and both as a limit liLn E?:_Ol aipi taken in the topological ring Z\I. As a consequence we see that
n
Z is dense in Zy. In fact, more is true. One can define a metric on Z by®
d(a,b) =p~", p"l(a—Db).

It then turns out that Z, is the metric completion of Z. The extension of the metric to Z, is
provided by

d (Z aip', ZbiPl) =p~f, t=min{i:a; #b}.
iz i

Example 4.2.11. (Kernels and cokernels) Let f: M — N be a homomorphism of R-modules. Then Ker(f)
is the pull-back

Ker(f) — {0}

L,

M N

This allows defining Ker(f) without using elements in settings where we do have a zero object and final

inverse limits. That is, it avoids defining the kernel as the set of element {m € M : f(m) = 0} and so can

"Do not confuse it with the localization Zp), which is localizing that multiplicative set Z — (p). Also, some authors use Z, to
denote Z/pZ, a finite field with p-elements. Again, totally different.
8The expression p"|/(a — b) means that p" divides a — b but p"*! does not.



38 EYAL GOREN  MCGILL UNIVERSITY

be applied to categories where morphisms aren’t necessarily functions. This leads to the notion of abelian
category.
Similarly, Coker(f) = N/ f(M) can be defined as the push-out

f

M—>N

L

0 —— Coker(f)

Example 4.2.12. (Amalgamated product) Let

AL>B

!

be a diagram of (not necessarily) commutative groups and group homomorphisms. The push-out of this
diagram exists in Gps. It is denoted
B xC,
A

and called the amalgamated product of B and C over A. We remark that if A = {1} the push-out is the
same as the direct limit of the discrete system ({B,C}). In this case we write B C and call it the free
product.
B x4 C can be constructed as the group whose elements are equivalence classes of finite expressions
(“words")
X1X2...Xn, Xj € BHC,
subject to the relations:
(1) If x;,x;,1 belong to the same group x1xa...x, = X1X2 ... %;_1(X;Xi41)Xi40 ... Xp.
(2) In particular, if x; =1, x1X0... %y = X1X2 ... Xj_1Xj11 - - X
(3) If x; € B,x;y1 € C then for every a € A, we have the relation x1xp...(x;f(a))x;i41...%p =
x1X2 ... x;(g(a)xiy1) ... xy. And similarly if x; € C,x;41 € B.

Multiplication is defined by concatenation of words.

Here are some interesting examples of this consruction:
e If A= {1} we get the free product B« C. For example, Z x Z is the free group on 2 generators.
e One can prove that Z/2Z xZ/3Z = PSLy(Z) = SLy(Z)/{=£I>}, which is a group with a very rich
structure!
e Let Z = XUY, where X, Y, Z are all connected, locally path connected, Hausdorff topological spaces
and X, Y are open in Z. We also assume that X NY is connected and locally path connected. Choose
a base point t € X NY. We then have

Theorem 4.2.13. (Seifert & Van-Kampen)

m(Z,t) = mq (X, ¢t * (Y, t).
(2O =MD e m()
Using this theorem, it is easy to deduce that the fundamental group of two circles touching at
a point is a free group on 2 generators and the fundamental group of a two-dimensional sphere is
trivial.
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4.3. Limits and adjoint functors. \We prove study here the interaction of functors with limits. For brevity,
we only consider covariant functors, but similar statements exists for contravariant functors.

Theorem 4.3.1. Let (F, G) be an adjoint pair of covariant functors, F: C — D,G: D — C, then F preserves
all direct limits and G preserves all projective limits.

In order the prove the theorem we need to go a bit further in our study of adjoint functors. In general, for
an object C € C, GFC is not isomorphic to C. For instance, we have the adjoint pair (ab,inc) where for a
group G, inc(ab(G)) = G which is not isomorphic to G unless G happens to be abelian. Nonetheless, we
show now that there is a canonical connection between C and GFC:

To begin with, recall that the adjoint property means that we have natural isomorphisms

Morp (FA, B) —~ Morc(A, GB) .
Letting B = FA, we find natural isomorphisms

PAFA

Morp (FA, FA) —— Morc (A, GFA) .

In particular, we get
14 = @ara(lpa) € Morc(A,GFA).

In fact, 7 gives us a natural transformation of functors C — C°

n:1c = GF;
for every object A of C we have a morphism 4: A — GFA and this morphism is natural as the following
diagram commutes

A—" GFA

J/f J/GFf

A GEAY
(The commutativity follows from ¢ 4 g being natural in both A and B, a property we apply for both f: A — A’
and GFf: GFA — GFA’.) The natural transformation 7 is called the unit of the adjoint pair.

Proof. (Theorem) We sketch the proof for F, leaving completing the proof and providing a proof for G as an
exercise (that requires defining a co-unit, etc.). Let I be a poset and (C,-,fl-]-) a direct system in C indexed
by I. Applying F we get a direct system (FC;, Ff;j) in D. We have diagrams

Ffj;

FC; FC;

i
F(lim C;)

90ne can also take A = GB and define a co-unit €p : Morp (FGB, B) and use it to prove the statement about projective limits.
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Suppose we have an object D of D and commutative diagrams

Ef;;
(5) FC; i

where we are looking to prove the existence of a unique dotted arrow h making those diagrams commutative.
Apply G to get

GFf;
GEG; Ji GFC

GF hrnC

Ggi

GD

The problem at this point is that GF is not ¢, so we don't get back to the original direct limit. But we can
relate GF to llc using the unit 77 of the adjoint pair. So we have

Here, we didn’t include the subscripts for the maps # and we made some horizontal arrows dotted — they are

well-defined, the dots are just to make the diagram easier to read. Using the universal property of the direct

limit, and the functoriality of 77, we get a unique morphism k’: lim C; — GD that makes the subdiagram
—

with maps Gg;o17, Gg]- o1, i, commutative.

(6) e c,,r*
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Under the isomorphism Morc(lig1 C;, GD) = MorD(FliLn C;, D), I corresponds to a morphism h €
MorD(Fh£>1 C;, D). but it is not clear that the diagram (5) commutes.

Firstly, the following diagram, which is commutative by definition of adjoint,

o~

MOI‘D(FCI',D) MorC(Ci, GD)

\L oFuw; l ow;

MorD(Fhi>n C,D) — Morc(lin C;, D)

allows us to conclude at the level of the top row that ko Fa; corresponds to k' oa; = h' o (ajo f;;) that
corresponds to ho F(ajo fi;) = hoFajoFf;. So, hoFa; = hoFajoFf;. Second, similarly, ho Fa;
corresponds to 1’ o a; = Gg; o77. Consider the diagram

Ggjo
Morc(C;, GFC;) —2° Morc(C;, GD)

lu iu

Morp (EC;, FC;) 2~ Morp (FC;, D)

Ggi o in the upper right corner, comes from # in the upper left corner that corresponds to 1gc in the
lower left corner, which corresponds to g; in the lower right corner. Namely, Gg; o also corresponds to
gi € Morp(FC;, D) and so must be h o Fa;.

The proof of unicity of & is proved using these same diagrams and consists in showing that under the
isomorphism Mor(liLn Ci,GD) = Mor(Flig1 C;, D), any other map hy € Mor(thq C;, D) that makes (5)
commutative corresponds to h’1 € Mor(lig1 C;,GD) that satisfies the appropriate commutative diagram,

forcing it to be i’. O

Corollary 4.3.2. Let B € gModg. The functor B &g (—) from R-modules to S-modules commutes with
arbitrary direct limits. In particular B®g ($;A;) = ®;B QR A;.

The functor Homg(B, —) from S-modules to R-modules commutes with arbitrary inverse limits. In par-
ticular, Homg (B, TT; A;) = []; Homg(B, A;).1°

An interesting example of the corollary is to use it to analyze B ®z Q and Hom(B,Zp), for an abelian group

B, making use of the expressions Q = lim %Z and Z, = lim Z/p"Z. \We leave that to the reader.
— —

107 he statements are also quite clear from the definitions, so using the adjoint property in this case is a bit of an overkill.
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Part 2. SPECTRA, INTEGRABILITY AND NOETHERIANITY

5. The spectrum of a ring

Let R be a commutative ring. Alexander Grothendieck associated to R a special kind of topological space
denoted Spec(R), the spectrum of R. It has much more structure than merely a topology. It is a so-
called locally ringed space. This definition was the basis for a revolution in algebraic geometry. In a blink
of an eye algebraic geometry was extended from varieties that were associated to very special rings of
the form k[x1,...,xu]/{f1,..., fu) for some polynomials f1,..., fn with coefficients in a field k, to a vast
universe where any commutative ring is allowed. Besides a mere generalization this allowed the resolution of
important foundational issues in algebraic geometry; for a long time the development of algebraic geometry
was spearheaded by the “great Italian geometers", but a crisis in its foundations was brewing. Grothendieck's
work, the bulk of which was done in the 1950's and 60’s at the IHES with assistance of many of the brightest
minds of that era, allowed to re-write classical algebraic geometry and put it on solid foundations. From a
different perspective, it allowed a new kind of geometry that was essential to the development of arithmetic
geometry.11 Grothendieck's work fully realized the beautiful saying of Sophie Germain (1776-1831):

“L’algebre n'est qu'une géeométrie écrite; la géométrie n'est qu'une algebre figurée".

5.1. Spec(R) as a set. Let R be a commutative ring. We define the set
Spec(R) = {[p] : p a prime ideal of R}.

Namely, the points in Spec(R) are the prime ideals of R. We use the brackets so as to distinguish between
the point [p] in the set Spec(R) and the actual prime ideal p.

Example 5.1.1. Here are a few simple examples:

(1) If R is a field, Spec(R) = {[0]}. It is a singleton corresponding to the ideal {0} of R.

(2) Likewise, if R is a field and ¢t is a variable, then Spec(R[f]/(t?)) is a singleton corresponding to the
unique prime ideal of this ring, the ideal (). One often writes this ring as R[e] where it is understood
that €2 = 0. It is called the ring of dual numbers.

(3) Spec(z) = {[0], [2Z], [3Z)], [5Z], ... }.

(4) Spec(C[x]) = {[0]} U{[(x —a)] : « € C}. Let us explain that:

Suppose that I is a prime ideal of C[x] that is not 0. Then I contains some polynomial f(x) that
is not constant. As I is prime, it contains also some prime factor of f and so we may assume that f
is irreducible. But such f must be a degree 1 polynomial. So I D (x — «) for some a. As the ideal
(x — &) is maximal (the quotient C[x]/(x — a) = C), it follows that I = (x — a).

(5) Spec(R[x]) is a bit more complicated. Besides points of the form [(x — «a)], &« € R and [0], it also
contains points of the form [(x2 4+ bx + ¢)] with b> —4c < 0. These are all the points of Spec(IR[x]).

The following lemma is clear.
Lemma 5.1.2. A homomorphism of rings f: R — S induces a function

f*: Spec(S) = Spec(R),  [p] = [f " (p)].

115ee, for example, Intuition and Rigor and Enriques’s Quest by David Mumford, Notices AMS 2011 and How Grothendieck
Simplified Algebraic Geometry by Colin MclLarty, Notices AMS 2016.



COURSE NOTES - HIGHER ALGEBRA 43

Corollary 5.1.3. R+ Spec(R) is a contravariant functor CommRings — Sets.

Example 5.1.4. (1) The homomorphism Z — F,, embeds the point Spec(IF,) as the point [pZ] €
Spec(2Z).
(2) The homomorphism R[x] — C[x] induces a function Spec(C[x]) — Spec(IR[x]) that takes the point
[(x — )] to the point [(x —a)] if « € R and to the point [(x —a)(x — &)] if & & R.
(3) Let h € Rand S = {1,h,h%,...} a multiplicative set. We will denote the localization R[S™!] by
R[h~1Y]. It is in fact isomorphic to R[x]/(xh —1). By Theorem 3.3.1, the ring homomorphism
(:R = R[EY, )= T
gives an injective map Spec(R[h~!]) — Spec(R) whose image is the set of prime ideals of R that do
not contain h.

5.2. Spec(R) as a topological space. Before defining the topology on Spec(R), we consider the notion of
a radical of an ideal. Let a<iR be an ideal. Its radical \/a is

Va={reR:3In>1,r" €a}.
It is indeed an ideal. If r € \/a and " € a then for every s € R also (sr)" = s"" € a and so Ry/a C +/a.
If r; € \/a and say r?i € a then (r1 +r,)™ ™" is, by the binomial formula, a sum of terms each of which is
either a multiple of #]! or of 32, thus in a. Therefore, 1/ is an ideal containing a.

An ideal a is called a radical ideal if a = y/a. For example, if a is a prime ideal then it is a radical ideal.
Also, for every ideal a, \/a is a radical ideal.

Now let a be an ideal of R. Define a subset of Spec(R):

V(a) = {[p] € Spec(R) : p 2 a}.
We define a topology on Spec(R) whose closed sets are the V(a). Note that V({0}) = Spec(R) and
V(R) = @. To show this is a topology, we must prove assertions (1) & (3) of following proposition.

Proposition 5.2.1. The following holds:
(1) V(a) UV(b) = V(ab).
(2) V(a) =V(b) & Va=Vb.

(3) NiV(a;) = V(¥;a;), where Y ; a; is the minimal ideal of R containing all the ideals a;.

Proof. We begin with the first claim. Any ideal containing a (resp. b) contains ab, so the r.h.s contains the
l.Lh.s. Let p D ab be a prime ideal and suppose that p does not contain b. There is thus b € b such that
b & p. For every a € a the element ab € ab and so in p. As p is prime and b ¢ p it must be that a € p. It
follows that [p] € V(a).

For the second claim, we first note that if p D a is a prime ideal then p O y/a. Thus, V(a) = V(1/a). So,
it is enough to prove that the set of prime ideals p that contain a given radical ideal determines it. In fact,
we have the following lemma.

Lemma 5.2.2. Let a be an ideal of R then
\/a = m p,
p2a

the intersection being over prime ideals containing a.
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Proof. One inclusion is clear. If w" € a and p D ais a prime ideal then w" € p and so w € p. That gives
\/a € Np2ab.

Now, take an element f € R such that f & \/a. That is, for all n > 0, f" & a. Let ¥ be the set of ideals
b O a of R with the property that f* ¢ b for all n > 0. This is a non-empty set as a € %; it is partially
ordered under inclusion and every chain of ideals {b, },c; has an upper bound U,¢jb, that belongs to X. By
Zorn's Lemma, X has a maximal element p. We claim that p is a prime ideal and being in £, p O a and
f & p. Thus, we are done.

Suppose that p is not a prime ideal. Then, there are x,y € R such that

Xyep, xEpyeEp
Therefore, we have a strict inclusion of ideals (x) +p 2 p, (y) +p 2 p. Thus, for some 1, m positive integers

we have f* € (x) +p, f™ € (y) + p, But then, /™" € ((x) +p)((y) +p) C p. Contradiction. O

The last claim of the proposition is rather easy. If p contains each a; it contains the minimal ideal containing
all of them, and vice-versa. ]

Note an interesting corollary of the lemma.

Corollary 5.2.3. The nilradical of R, that is, the ideal \/0, is the collection of all nilpotent elements of R
and is equal to the intersection of all prime ideals of R:

\fO:mp primep = {r € R:3n > 0,r" = 0}.

Returning to our main topic, we have established the existence of a topology on Spec(R) whose closed sets
are the sets V(a).

Example 5.2.4. It is not hard to show that if p is a prime ideal then V([p]) is the closure of the one point
set {[p]}. Let’s consider a few simple examples:

e If k is a field then Spec(k), Spec(k[e]), Spec(k[x, y,z]/(x?,y3,z!1) are just one point spaces.

[¥]
where p = (0) in the case of k, (€) in the case of k[e] and (x,y,z) for the last ring.

e Let p be a prime and consider Spec(Z(p)), where Z,,) is the localization of Z in the multiplicative
set Z — (p). The prime ideals of Zp) correspond to the ideals of Z contained in (p) and there two
of them (p) and (0). Thus,

Spec(Z,)) = {[0], [(p)]}-

The point [(p)] is closed. The point [0] is an open set whose closure is the whole of Spec(Z,)).

e Consider now Spec(Z). We know its points are {[0],[(2)],[(3)],[(5)],-..}. Every point [(p)] for p
a prime number, is a closed point. The point [(0)] is not a closed point; its closure is the whole of
Spec(Z). Non-trivial closed sets are all of the form V((n)) where n > 1 is an integer. The points
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in V((n)) correspond to the prime divisors of n. Every non-empty open set contains all but finitely
many closed points (in particular, it contains [0]), and conversely. We draw Spec(Z) like that:

The situation for Spec(C[x]) (or, more generally, any PID) is quite similar. The point {0} is dense
and any proper closed subset is of the form {[(x — a1)],...,[(x —a,)]}, where the a; are complex
numbers. (For a general PID use irreducible elements, determined up to units.)

e The situations for rings of the form Z[i], Z[v/2], Z[¢*™/7] and so on is similar, but the precise
enumeration of the prime ideals becomes a number-theoretic question. For example, for Z[i] we
have closed points of the form (p) for every p = 3 (mod 4) and points of the form [(x + yi)] and
[(x — yi)] for every prime p = 1 (mod 4), where x,y satisfy x? + y? = p; this is a theorem due to
P. Fermat. An additional closed point is [(1 4 i)]. These are, in fact, all the closed points, but that
requires proof. The only additional point of Spec(Z][i]) is [(0)] and it's dense.

¥ . . ° . . Spec(Z[i])
© e (@] a2 (7)]

)
* . . . 3 Spec(Z)
© @ e e ()

Proposition 5.2.5. Let f: R — S be a homomorphism of rings. Then the induced map

f*: Spec(S) — Spec(R)

is continuous.
Proof. We only need to calculate (f*)~1(V(a)) for an ideal a of R. We claim that

(f)7H V(@) = V({f())).

(Here (f(a)) is the ideal of S generated by the set f(a).) Indeed, if p is an ideal of S that contains f(a) then
f~Hp) 2 aand so f*[p] € V(a). Thatis, p € (f*)~(V(a)).

Conversely, if p € (f*)~1(V(a)) then f*[p] = [f~*(p)] € V(a) so f~1(p) D aand it follows that p D f(a)

and so p € V({f(a))). O

Corollary 5.2.6. R +— Spec(R) is a contravariant functor CommRings — Top.

We have defined a topology on Spec(R) by specifying the closed sets. There is a particular kind of open sets
that is very convenient to work with. Let f € R and define

D(f) = {lp]: f & p} = Spec(R) = V((f))-
If we think about elements of R as functions on Spec(R) (and we shall soon see that this is precisely the
case) then we can think about f (mod p) as the value of f at the point [p]. Denote this value'? f([p]) then

f(lp) =0« fep.

12\e use f(Ip]) and not just f([p]) because soon we will use the notation f([p]) to denote something differnt.
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Under this interpretation of elements of R as functions, D(f) is precisely the set where f # 0. The
complement of D(f) is V((f)).

For example, if R = C[x1,...,x,] and f(x1,...,%,) is in R, then at the closed point [p] = [(x] —
®1,...,Xy — tty)] defined by an n-tuple of complex numbers ay,...,a,, the value of the polynomial f is
classically f(a1,...,an), which is precisely f (mod p).

The sets D(f) are a basis for the topology, i.e. they are open and any open set is a union of the sets
D(f). Indeed, if [p] & V(a) then there is an element f € a such that f & p. Then we see that D(f) is an
open set that is disjoint from V(a) and contains [p].

Proposition 5.2.7. Let /: R — R[f 1] be the homomorphism into the localization of R in the multiplicative
set {f"}n>0, £(r) = . The function

¢* : Spec(R[f1]) — Spec(R)
is @ homemorphism onto D(f).

Proof. \We have seen in Example 5.1.4 that this map is a bijection from Spec(R[f~1]) to D(f), and Propo-
sition 5.2.5 gives that this function ¢* is continuous. It remains to show that it is a closed map when D(f)
is provides with the induced topology.

Let a be an ideal of R[f~!]. Let I be a prime ideal of R[f~!]. We claim that [ O a < I° D a‘. One
direction is obvious. Suppose that I¢ D a‘ then I = I® D a®. So it only remains to check that a® D a, and,
indeed if ¢ € athen § € a and also § € a. But then also € a®.

Let a be an ideal of R[f~1] then ¢£*(V(a)) is the set

{I°: 1D a,Iprime} = {J<R prime, f € J,] 2 a} = D(f)NV(a®),
which is a closed set of D(f). O

Remark 5.2.8. To study the prime ideals of R containing in p we may pass to the local ring Ry. Note that
the ring homorphism R — Ry, provides an injective continuous map

Spec(Ry) — Spec(R),

whose image, in general is not an open set of Spec(R) (due to R —p not being finitely generated as a
semi-group in general). For a concrete example, consider p = 0 in Z. The localization is Q and Spec(Q) has
only one point [0]. Its image is the point [0] of Spec(Z) that is not an open set, as its closure is not of the
form V(a) for any ideal a<Z.

To study ideals containing p, we may pass to the integral domain R/p and the ring homomorphism
R — R/p induces an injective continuous map

Spec(R/p) — Spec(R),

Whose image is the closed set V(p). It is a homeomorphism onto its image.
The methods complement each other, but the images of Spec(Ry) and Spec(R/p) do not complement
each other.

Remark 5.2.9. Hochster (Prime ideal structure in commutative rings. TAMS 142 (1969), 43-60) gave a
topological characterization of all topological spaces isomorphic to the spectrum of some commutative ring.
Such spaces are the topological spaces X that have the following properties:

(1) X is a sober space, meaning any closed irreducible set is the closure of a unique point;

(2) X is quasi-compact, meaning any open cover has a finite subcover;

(3) the intersection of two quasi-compact open subsets is a quasi-compact open set;
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the quasi-compact open sets of X form a basis for its topology.

Let R be a ring and n > 0 an integer. One denotes

& = Spec(R[x1,...,xn]),

and calls it the n-dimensional affine space over R. Let us look more closely at two examples:

(1)

()

The complex affine line AL = Spec(C[x]).  We have seen that the points of this space are [0]
and [(x — a)] for « € C. The point [0] is dense — its closure is the whole space. Every other point
[p] is a closed point, namely, the closure of the set {[p]} is itself.

Every non-zero ideal a is of the form (f(x)) and the set V(a) consists of the points [(x — a)] such
that (x —a)|f(x), namely, of the points [(x — a)] such that f(a«) = 0. So, closed sets correspond
to zeros of polynomials. One can also check that the complement of V((f)) is D(f) consisting of
the points where f doesn’t vanish.

The complex affine plane AZ = Spec(C|x,y]). The description requires two difficult results that

are a special case of Hilbert's Nullstellensatz and Krull's Hauptidealsatz. They say in this case that

(a) every maximal ideal of Cl[x,y] is of the form (x —a,y — B), and

(b) besides (0) every other prime ideal of C[x,y] is of the form (f(x,y)) where f(x,y) € C[x,y] is
an irreducible polynomial, determined uniquely up to multiplication by a scalar.

The closure of the point [(0)] is the whole AZ. If f(x,y) is irreducible, the closure of a point
[(f(x,y))] is the point itself together with all the points [(x — &,y — B)] such that f(«, ) = 0. The
points [(x —a,y — B)] are closed. It requires additional commutative algebra to conclude that every
closed set of AZ is a finite union of these basic closed sets. For a polynomial f(x,y) # 0, the
set D(f) is the open set containing all points [(x — &,y — B)] such that f(«, ) # 0 and all points
[(¢(x,y))] such that g is irreducible and gt f. Namely, the complement of D(f) is the union of the
finitely many closed sets V([(g(x,y))]) where g(x,y) varies over all irreducible factors of f(x,y).

{éé}(_@] L&)

[+, -] Cex,y-0] EL;%

V{y-wila VLY~
= VLg% y-0 = V[ 4 -2i)= VIomgd oV ooy

[ouyn
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5.3. Spec(R) as a locally ringed space. The additional structure one puts on Spec(R) is that of a sheaf.
We therefore begin by introducing this notion.

5.3.1. Sheaves. Let X be a topological space. A sheaf O of abelian groups (resp., commutative rings) on
X is the following data:
(1) (values) For each open set U an abelian group (resp. commutative ring) O(U), with O(@) = 0.
(2) (restriction maps) For each inclusion V- C U a homomorphism resyy: O(U) — O(V) of groups
(resp., rings) such that (i) resyy = Id and (ii) for V.C U C W we have resyy o reswy = reswy.
(3) (locally zero is zero) If U = UU; and s € O(U) is such that resyyy,(s) = 0 for all 7, then s = 0.
(4) (local data can be glued) If U = UU; and s; € O(U;) are elements such that for all i, j, resui,uimuj(si) =
resu;,u;nu; (sj) then there exists s € O(U) such that resyy;,(s) = s; for all i.

A ringed space X is a topological space with a sheaf of rings O (or Oy, if we want to specify the space).
Given a point x € X we can form the ring of germs of functions (also called the stalk of the sheaf) at x by

Ox,=1lim Ox(U),
X,x g X( )
xel
the limit taken over all open sets U containing x and the homomorphisms are the restriction maps. As the
index set here is directed, we can think about an element of this ring as a pair

U, f)

consisting of an open set U containing x and f € Ox(U); two pairs (U, f),(V, g) are considered the same
element in Ox , if resyw(f) = resy w(g) for some open set W C U NV that contains x. We will also write
the last equation more transparently as f|w = g|w. In this language, for example,

(Uy, f1) + (Ua, fo) = (Uy N Uy, filuynw, + f2lunw,)-

In spite of the terminology, the ring O(U) does not a priori consist of functions on U and so certain
constructions concerning sheaves have to be carried out without using an interpretation of the elements of
O(U) as functions.

In general, the ring Ox x need not be a local ring; recall that a local ring R, by definition, is a ring that
has a unique maximal ideal. This need not be the case for Ox . A ringed space (X, Ox) is called a locally
ringed space if the sheaf of rings Ox has the property that the rings Ox , are local rings for all x € X. We
then refer to Ox  also as the local ring of x.

Example 5.3.1. Let U C R" be an open set. Then, defining for an open set V C U,
O(V)={f: V=R, continuous},

makes U into a locally ringed space. The maximal ideal of the ring Oy are all the pairs (V, f) such that
f(x) = 0. If we choose to define
OWV)={f:V-oR,fisC},

we would get a different locally ringed space (with the same underlying topological space).
Example 5.3.2. A Riemann surface with its sheaf of analytic functions is a locally ringed space.

Example 5.3.3. Let a be a symbol and consider {a} as a topological space with one point. Define a sheaf
on it by O({a}) = R, where R is some commutative ring. Then O, = R. If R is not a local ring this is a
ringed space that is not a locally ringed space.
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5.3.2. The sheaf on Spec(R). We wish to make X = Spec(R) into a locally ringed space. We first note
that following: for [p] € Spec(R) the ring Ry is a local ring; its unique maximal ideal is the localization of p,
equal to pRy. Thus, we wish to define a sheaf of rings O on Spec(R) with the property that the local ring
(’)[p] = Ry. We do that as follows:

For an open set U let O(U) be functions f on U with the property that for all [p] € U we have f(p) € R,
and such that f is locally a ratio of two elements of R. Namely, for each [p] € U exists an open set V C U
containing [p] and elements r,s of R such that s ¢ g for all points [q] € V and such that f = L in Ry for all
la] V.

Given two functions f, g, in O(U) we define f+ ¢ by (f+g)([p]) = f([p]) + g([p]), and similarly for
products. One needs to check that the sum and product, thus defined, are also “locally fractions" and
that is easy. This gives O(U) a ring structure. The natural restriction maps for V. C U are indeed ring
homomorphisms O(U) — O(V). Given an open cover U = U;U;, and f € O(U) such that f|y, = 0,
clearly f = 0. Given functions f; € O(U;) such that fi\uimu]- = fj|umu]v we define a function f on U by
f(la]) = fi([q]) if [q] € U;. This is well-defined. The only further verification required is that f is locally a
fraction. It is enough to show that f|y;, is locally a fraction, but that is clear because f|y, = f;.

We therefore get a sheaf of rings on Spec(R) making it into a ringed space. To show it is a locally ringed
space we prove the following lemma.

Lemma 5.3.4. There is a natural isomorphism (’)[p] = Ry.

Proof. Any element of (’)[p] has a representative (U, f), where U is an open set containing p, and to construct
the isomorphism we associate it the value f([p]) € Rp. This is independent of the representative and provides
a ring homomorphism (’)[p] — Ry.
Suppose that (U, f) is mapped to zero. There is an open set V containing [p] such that on V the function
f is a fraction ;. By definition, there is some s; € R — p such that s;7 = 0. The open set D(s1) NV contains
r

[p] and on it f is zero: for each point [q] in it, f = L is also zero in Rq because s;7 = 0 and s1 ¢ q. So we

have (U, f) = (D(s1) NV, flp(s;)nv) = (D(s1) NV, 0) = 0.

Finally, our map is surjective. Let £ € Ry, then (D(s), %) is a well-defined element of O[p] mapping to £

under our ring homomorphism. Ul

Remark 5.3.5. One can show that
O(D(f)) = R[f7],

the localization of R in the multiplicative set {1,f,f2,...} (See Hartshorne, Algebraic Geometry, Graduate
Texts in Mathematics 52, Springer). This requires some effort and we will not prove this here. However, we
will use it, and the next proposition that strengthens it a bit, in the sequel. Note that, in particular, taking
f =1 we find

O(Spec(R)) = R.

Remark 5.3.6. Let (X, Ox) be a locally ringed space and U C X an open subset. The induced sheaf Ox|;
is defined as follows: for V C U open let

V= Ox(V).
It is immediate that this is a sheaf of rings making (U, Ox|y;) into a locally ringed space (with the same local
rings!). The next proposition is left as an exercise.
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Proposition 5.3.7. Let f € Spec(R), then D(f) with the induced sheaf Ox|p¢) is isomorphic to Spec(R 1.

5.3.3. Morphisms of locally ringed spaces. It is natural to expect at this point that a ring homomorphism
f: R — S would produce a morphism of locally ringed spaces

f*: Spec(S) — Spec(R).

This is correct, but we haven't yet defined what that means!
To begin with we define a morphism of sheaves: Let X be a topological space and .%#,% two sheaves of
commutative rings on X. A morphism of sheaves,

h: % — 9,
is a collection of ring homomorphisms
hy: F(U) - 9((U),

such that for all V. C U the following diagram commutes:

Z(U) s g ()

erSUV ireSuv
hy

F(V) s g(v)

If we think of % and ¢ as functors from the poset of open sets of X to commutative rings, h is just a natural
transformation of functors.

Let (X, Ox), (Y, Oy) be ringed spaces. Suppose that f: X — Y is a continuous map. Then, we get a new
sheaf of rings on Y, denoted f.Ox defined by

f:0x(U) = Ox(f~H(U)).

We leave the verification that this is a sheaf of rings as an exercise. A priori there is no relation between
Oy(U) and Ox(f~1(U)) as the sheaves are not guaranteed to be sheaves of functions on the space X or Y
(although in almost any application they are...). Thus, we also specify a homomorphism of sheaves

0y — f.0x.

Heuristically, fti tells us how to pull back “functions" from Y to X. Indeed, in many situations the map fti is
so obvious that it doesn't require mention at all. A morphism of ringed spaces is thus such a pair:

(f. f9): (X,0x) = (Y, Oy),

where f: X — Y is a continuous map and f*: Oy — f.Ox is a morphism of sheaves.

For example, suppose that X,Y are topological spaces and Ox, Oy are the sheaves of real-valued con-
tinuous functions on X, Y, respectively. Then we can let fii be composition with f. For every open set
U CYandg:U— TR a continuous map, let ff(g) := go f; it is a continuous function on f~1(U). That

s, f4(g) € £.Ox(U).

We need to make further conditions on such morphisms. Otherwise we cannot prove the main theorem
we are after. Returning to the general case, let x € X and y = f(x). We claim that we have a natural map

Oy,y — OX,x~
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Let I be the poset of open sets of Y that contain the point y, and let | the poset of open sets of X that
contain the point x. Then

Oyy =lim Oy(U),  Oxy =lim Ox(U).
uer uej

The homomorphisms fji then provide maps

. f . _ .
Oyy =lim Oy(U) ——=lim Ox(f ' (U)) —=lim Ox(V) = Ox.

Uel Uel Ve

(This is perhaps easiest to check if we think about the elements of the local rings as equivalence classes of
pairs (U, g).)
Suppose that (X, Ox), (Y, Oy), are locally ringed spaces and
(f ) : (X, 0x) = (Y, Oy)
is a morphism of ringed spaces. To be a morphism of locally ringed spaces we make the additional
requirement that for all x € X the induced ring homomorphism

f:i : OY,f(x) — OX,x

is a local homomorphism. Namely, that

Fo (me) = myy),
where my (resp. my(y)) is the maximal ideal of Ox x (resp. Oy f(x)).
Note that because Oy,f(x) is a local ring and f#~1(m,) is a prime ideal, we always have fﬁ"l(mx) C Mp(y).-
To say that we have equality is equivalent to saying that fj(mf(x)) C my. We can phrase that as saying

that every function on Y that vanished at f(x) is pulled-back to a function on X that vanishes at x; this is
certainly a natural condition from a geometric point of view!

5.4. An equivalence of categories. By definition, an affine scheme is a locally ringed space isomorphic as a
locally ringed space to (Spec(R), O) for some ring R. Morphisms of affine schemes are morphisms of locally
ringed spaces. Thus, affine schemes are a full subcategory AffSch of the category of locally ringed spaces.
Our main theorem in this part of the course is the following.

Theorem 5.4.1. The category of affine schemes is anti-equivalent to the category CommRings of commu-
tative rings.

Proof. We define a functor
CommRings — AffSch

by sending a ring R to Spec(R). Let f: R — S be a homomorphism of rings. We associate to it a morphism

(f*, f*): Spec(S) — Spec(R).
We have already defined f* as f*([p]) = [f~'(p)], and we showed it is a continuous map of topological
spaces. To ease notation, write

X = Spec(S), Y = Spec(R).
We need to define the map

0y — £.0x.

Let U be an open set of Y = Spec(R) and ¢ € Oy(U). Let q € (f*)~1(U), which means that p = f~1(q) €
U. Then, by definition, g([p]) € Rp. But, there is a canonical ring homomorphism Ry, — Sq induced from
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the homomorphism R — S. It is simply given by r/s — f(r)/f(s). Via this homomorphism we may view
g([p]) as an element of Sy that we shall call f*(g)([q]).

By definition f*(g) is a function on f~1(U) such that f*(g)([q]) € S4 for all points [q] € U. We need to
show that this function is locally a fraction. Let q,p be as before then there is an open set V C U, containing
p such that on V we have ¢ = r/s, where s does not belong to any prime ideal p’ € V. Note then that
if [q'] is such that f*([q']) = [p] then f(s) & ¢’. Under our interpretation of f%(g)([q']), we have that
f4(g)([q]) is the image of g([p]) under Ry — S, namely, the image of r/s, which is f(r)/f(s). Thus,
fi(g) is represented on f~1(V) by f(r)/f(s).

We note that fﬁ is a morphism of locally ringed spaces. In fact, the induced map on local rings is precisely
f: Ry — Sq,
and not only f~1(q) = p but also f~1(q°) = p°, where “¢" denotes extended ideals.

It is now easy to check that we got a contravariant functor CommRings — AffSch. By definition it is
essentially surjective. It remains to show it is fully-faithful. Taking the open set U = Spec(R) and g € R
viewed as an element of Ox(U), per definition the associated element in Spec(S) = (f*)~1(U) is simply
f(g). Thus, the functor is faithful. It remains to show it is full.

For that we use the following argument, left as an exercise: if two morphisms X — Y of locally ringed
spaces agree on a collection of open sets that form a basis for Y and their pre-images in X then they are the
same morphism.

We use this principle for the collection {D(h) : h € R} that covers Y. Let D(h) be a basic open set of
Y = Spec(R). Then (f*)~1(D(h)) = D(f(h)) is a basic open set of Spec(S). We have
Ox(D(h)) = Rk 1].

In particular, every function ¢ on D(h) has a global representation as r/h" on D(h). From our definition,
fH(8) = f(r)/ f(h)".
Now, let (F,F*): X — Y be any morphism of locally ringed spaces. Then, taking U = Y = Spec(R) we
have a ring homomorphism
F*: R = Oy(Y) = S = Ox(X).

Denote this ring homomorphism f. We claim that

(f*, f) = (F, F%).
If so, we proved that the functor is full.
Let p be a point of X. We have a commutative diagram:

—Ff
Oy(Y) =R L Fox(v) =5

| |

Ft
Oy r(p) Oxp

Now, there is a unique way to extend F! to the localization!® and so, on the localized rings, we must have
Ff = f. too. Since the homomorphism of local rings is a local homomorphism, we conclude that in fact

F(p) = ()" () = F*(p).

13if 5 is an element of multiplicative set 1 = Fi(1) = FI(2) = F¥(3) - F¥(1) = w -F¥(1). This determines F*(1) and more
generally F¥(1).
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It follows that for the topological maps we have F = f*. It remains to check that on every open set U of X
the map fti agrees with F%. But it is enough to check that on the basis open sets U = D(f). In this case
the rings are again localizations and the argument goes as for the local rings. O

Corollary 5.4.2. Pull-back (fibre product) exists in the category of affine schemes.

Proof. Given a diagram in AffSch,
Spec(R)

’

Spec(S) — Spec(A),

we have the dual diagram in CommRings:

> —

f

We have a push-out in CommRings:'*
R®4S5<—R

!

S<—A

It provides us with a pull-back in AffSch

Spec(R ®4 S) — Spec(R)

: ’

Spec(S) — Spec(A).
(]

Note an important point: the point set of Spec(R ®4 S) is not the fibre product of the point sets of Spec(R)
and Spec(S) over Spec(A). For example take

A=C, R=C[x], S=CJ[y].
Then, as sets
Spec(C) = [0], Spec(C[x]) = {[0]} U{[(x—a)] :a € C}.

The fibre product as sets is therefore Spec(C|[x]) x Spec(Cl[y]). However, the point [(x —y)] € Spec(C[x] ®¢
Cly]) = Spec(Clx,y]) is not in this product.

As a matter of notation, given two affine schemes X,Y with morphisms X — Z < Y we will denote the
pullback of the diagram, the fibre product of X and Y over Z by

XXZY.

1t's a hard type-setting decision whether to use this diagram or the diagram

A——R

oo

S—>R®yS.
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6. Integral elements and integral extensions

6.1. Integral elements. Let A C B be commutative rings. An element b € B is call integral over A if b
solves a monic polynomial in A[x].

Example 6.1.1. (1) If A and B are fields then “integral over A" is the same as “algebraic over A".
(2) Suppose that A is a UFD and B = Frac(A). Then b is integral over A if and only if b € A. (So, for

example, a rational number is integral over Z if and only if it is an integer.)

Proof. Every b € A solves x —b = 0 and so elements of A are always integral over A (for any ring

A). Suppose a/B € B, o, € A, B # 0. We may assume ged(a, B) = 1. Suppose that &/ solves
Xy x" g € Alx].

Then,
A —an,yx"—lﬁ — - —app".

As B divides the right hand side, 8 divides a”. As ged(a, f) = 1 this means p € A* andsoa/B € A.
(3) Let a € C be algebraic over Q then for some positive integer m, ma is integral over Z.
Indeed, & solve some monic polynomial

X" a, X" ag € Q[x],
so mu solves
X" 4 ma,_ x4 ma,

which for suitable m > 0 has integral coefficients.

Theorem 6.1.2. Let A C B be commutative rings and let b € B. The following are equivalent:

(1) b is integral over A.

(2) Alb] is a finitely-generated A-module.

(3) Alb] € M C B for some subring M of B that is a finitely-generated A-module.
(4) There is a faithful A[b]-module K such that K is a finitely generated A-module.

Proof.
(1) = (2). Suppose b solves x" +a, 1x" "1+ .. +ag € A[x]. Then

V'=—a, V" V= —ap e A+ Ab+ -+ AV
Arguing inductively one finds
WNeA+Ab+---+ AV, VYN >n.

Therefore,
Ab) = A+ Ab+ AV 4+ -+ AN+ = A+ Ab+--- + AP !

is finitely generated over A.
(2) = (3). Take M = AJb].

(3) = (4). Take K = M. It is a faithful A[b]-module because for any ¢ € A[b], ¢ # 0, we have
¢ =c-14 € K a non-zero element.
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(4) = (1). This is the most substantial part of the theorem. Let K be a faithful A[b]-module, finitely
generated over A. Say,

K=Aci+ -+ Acy,
for some ¢; € K. Let ¢;: K — K be the multiplication-by-b map

pp(k) =bk, keK.

Then, there are a;; € A (not necessarily unique) such that
n
pp(ci) = ) ajjc).
j=1

Consider the matrix

b 0 0 ayr arp aA1n
0 b ar1 dax

T= -
0 b 2291 Ann

We make no claim that T is a well defined map on K, but it does satisfy

C1 0

Now, T has entries in the ring B, in fact in A[b], and using the definition of the adjoint matrix Adj(T) we
have

Adj(T)-T = det(T) - L.
Indeed, such an identity holds when the entries of T are free variables and we can then substitute for them
any values in any ring. Therefore,

0 c1 €1 1
=Adj(T)(T | : |) = (Adj(T)-T) [ : | =det(T)

0 Cn Cn Cn

That means that det(T)c; = 0 for all i and so det(T)k = 0 for all k € K. But, as K is faithful over A[b],
that implies det(T) = 0. On the other hand, det(T) = f(b), where f(x) is the characteristic polynomial of
the matrix xI, — (aij), which is a monic polynomail in A[x]. Therefore b is integral over A. O

Let A C B be rings. The collection of elements of B that are integral over A is called the integral closure
of A in B. If it is equal to A, we say A is integrally closed in B. If it is equal to B, we say A C B is an
integral extension.

Theorem 6.1.3. The integral closure of A in B is a subring of B containing A. It is integrally closed in B.

Proof. Let by, by € B be integral over A. Then A[by] and Al[b,] are finitely generated over A and therefore
Alby, by] is finitely generated over A too. Since A[—by], A[by + by], A[b1by] are all contained in A[by, by], we
may apply part (3) of Theorem 6.1.2 with M = A[by, by] and deduce that —by, by + by, b1b; are integral over
A too. It follows that the integral closure R of A in B is a subring of B.

We show now that R is integrally closed in B. Let b € B be integral over R. Then b solves some

X" 41y x4 € R[x).
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Thus, b is integral over the subring Alrg,...,7,_1] and it follows that Alrg,...,r,_1,b] is finitely generated
over Alro,...,m—1). But, Alro,...,r,—1] is finitely generated over A, because each r; is integral over A.
Hence, Alro, ..., 7,—1,b] is finitely generated over A. We have the following situation

Alb] C M = Alrg,...,tu_1,b] C B.

Applying Theorem 6.1.2 again we conclude that b is integral over A. O

The following lemma is left as an exercise.

Lemma 6.1.4. Let A C B C C be commutative rings and let R be the integral closure of A in B, S the
integral closure of A in C. Then S is also the integral closure of R in C.

Example 6.1.5. Let A = C[x,y]/(x® — y?), corresponding to a cuspidal curve %. Let t = y/x. Note that
> =y?/x* = x and so A C C(t). It follows that A is an integral domain and C(t) = Frac(A). Note that

A C C[t] C C(b).

2 _ x with

The integral closure of A in C(t) contains C[t] because t solves the monic polynomial equation u
coefficients in A (u is the variable). By the previous lemma, the integral closure of A in C(t) is the same as
the integral closure of C[t] in C(t), which is just C[t], because C[t] is a UFD. That is, the integral closure of
Ain C(t) is C[t].

Geometrically the curve corresponding to CJt] is Spec(C[t]) which is the affine line. The inclusion homo-
morphism A — CJt] provides us with a map

A = Spec(C[t]) — € = Spec(A).

The theory we will develop in the sequel will allow us a very fine understanding of such maps. From a geometric
point of view we managed to resolve the singularities of ¥ by passing to a curve that is “very close" to it
— they have the same field of rational functions C(¢) and we managed to do that by passing to an integral
closure — a very canonical construction. It turns out that this is a general method, called normalization, that
is able to resolve the singularities of any curve and in general simplify the singularities of any variety (though
not to resolve them completely).

6.2. The case of number fields. The results of the previous section show that the elements of Q that are
integral over Z, called algebraic integers form a ring (’)ﬁ, called the ring of algebraic integers. If K C Q is
a number field, that is if K is a finite extension of Q, then

Ok := O@ NK
is the integral closure of Z in K, which is a subring of K called the ring of algebraic integers in K. It is one

of the main objects of study of number theory.

Lemma 6.2.1. Leta € Q. Thena € (’)@ if and only if the minimal polynomial of a has integer coefficients.

Proof. One direction is clear (the minimal polynomial is monic by definition). Assume then that « is an
algebraic integer and let f(x) € Q[x] be the monic minimal polynomial of a over Q, and let g(x) € Z[x] be a
monic polynomial such that g(a) = 0. Then f(x)|g(x) in Q[x]. This implies f(x) € Z[x] too. This follows
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from Gauss' lemma,'® but one can also argue that the roots of fin Q are among the roots of g and hence
are algebraic integers. As the coefficients of f are symmetric functions in its roots, the coefficients of f are
algebraic integers that also lie in Q. Since Z is integrally closed in Q, the coefficients of f are integers. [

In general, given a number field K, even if K has a nice description, calculating Ok is a non-trivial matter.
Even the simplest examples such as K = Q(gy), where g, = e/ require some theory and ingenuity
(incidentally, the answer is Og = Z|[{,]). The examples we give are misleading in that the answer is very
simple; in general, there is no need for Ok to be of the form Z[a] and several generators may be needed.
However, the situation is manageable for quadratic extensions of Q.

Example 6.2.2. Let d # 0,1 be a square free integer and K = Q(\/H) Then
0. _ Z[Vd d=2,3 (mod 4);
T\ 254) d=1 (mod 4).
Proof. First note that when d = 1 (mod 4), Z[HT\/E] D Z[V/d] and since % satisfies the polynomial

x2—x+ (1;—@, we can express (“2‘/;’)2 = (dgl) + 1+2\/E' which gives

1+2\/H]=Z+Z-1+2\/3,

Z|

and that every element of Z[%] is integral over Z.

Now, a general element of K has the form a + bv/d, a,b € Q. If b = 0 this element is integral if and only
if a € Z. Assume that b # 0. The minimal polynomial of a + bVd is

(x — (a4 bVd))(x — (a — bVd)) = x> — 2ax + (a® — db?).

So a + bV/d is integral over Z if and only if 2a and a? — db? are integers.

If a € Z then db?® € Z and since d is square free, b € Z. If a = «/2 where a is an odd integer, write
b = B/2 to find that

a? —dp* € 47.

This implies that B € Z. Reducing modulo 4 we get a? —dB? =1 —dB? = 0 (mod 4), which implies that
d =1 (mod 4). Thus, if d = 2,3 (mod 4) the only integral elements are a + b\/d where a,b are integers;
that is, they are the elements of Z[v/d]. On the other hand, if d = 1 (mod 4), we find the additional
algebraic integers (a + Bv/d)/2, where & and B are odd. It is easy to check that these are all elements of
Z+7 41

6.3. localization and integral elements. Recall that A C B is called an integral extension if every element
of B is integral over A. Some easy examples are A C A, Z C Z[\/5], Z C Z[H—z*/g} C[t] C C[t,y]/ (v* -
£ —1).

Lemma 6.3.1. (Integral extensions are preserved under localization) Let A C B be an integral extension
and let S C A be a multiplicative set. Then

A[S7Y ¢ B[S

150ne version of Gauss's lemma is: A non-constant polynomial in Z[x] is irreducible in Z[x] if and only if it is both irreducible
in Q[x] and primitive in Z[x]. To apply it we make the further assumption that g(x) is monic and irreducible in Z[x], which we
can surely make. It is thus irreducible in Q[x] and we even get that f(x) = g(x) right away.
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is an integral extension.
Proof. Let % € B[S™!]. The element b satisfies a polynomial
XX g € Alx].

One check that % satisfies

Thus, & is integral over A[S™1]. O

S

Remark 6.3.2. For A C B we will call the morphism Spec(B) — Spec(A) integral if A C B is an integral
extension. Let ¢ € A then the preimage of the open set D4(g) C Spec(A) (that can be identified with
Spec(A[g~1]) is the open set Dp(g) (which can be identified with Spec(B[g!])). The lemma says that the
morphism

Dg(g) = Da(g)

is integral as well.

Lemma 6.3.3. (Integral closure is preserved under localization) Let A C B be rings and C the integral
closure of A in B. Let S C A be a multiplicative set. Then C[S™1] is the integral closure of A[S™1] in B[S™1].

Proof. We already know that A[S™'] C C[S™!] is an integral extension. Let £ € B[S™!] be integral over
A[S71]; it solves some polynomial

ay_ _ a
xn-i-nilxnl‘i‘"'-f—*o, a; € A,s; €8S.
Sn—1 50

As S is multiplicative, we can pass to a common denominator and assume that all the s; are equal and so %

solves
Ay_1 ,_ a
Xn‘f'nilxn 1+"‘+£, aiEA,SQGS.
50 S0

Let B = sgb. Then, in the ring B[S™!] we have
0 g I ay—1 b1

O = —=
1 st sg sl

1

i (B" a1 f" - ap),
0

a
+...+£:
50

where ! = a;sli~"~1s"~%. This means that for some t € S we have t(B" +a/, "' +--- +ah) = 0 in the
ring B, which implies the equality in B

(tB)" +ay_t(tB)" " + - -+ apt" = 0.
Note that the coefficients a’n_iti are in A. That is, tp is integral over A and so belongs to C. Consequently,
b ccls. O

s Sots

Let A be an integral domain. We say that A is integrally closed if A is equal to its integral closure in
Frac(A). For example, any UFD is integrally closed.

Corollary 6.3.4. (Integrally closed is a local property) Let A be an integral domain and B = Frac(A). The
following are equivalent:

(1) A is integrally closed.

(2) Ay is integrally closed for all prime ideals p.

(3) Aw is integrally closed for all maximal ideals m.
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Proof. Assume that A is integrally closed. Then A is the integral closure of A in B. Lemma 6.3.3 implies
that A[S™1] is the integral closure of A[S™1] in B[S™!] = B. In particular, (2) holds.

If (2) holds then also (3) because any maximal ideal is prime. Assume (3) and let C be the integral
closure of A in B. Then, using the lemma again, for every maximal ideal Cy, is the integral closure of Ay
in By = B. Thus, Cyy = A for every maximal ideal. It follows that C/ A viewed as an A-module, satisfies
(C/A)m = Cn/Am = 0. Proposition 3.4.1 and Remark 3.4.2 then give that C/A = 0, namely that A is
equal to its integral closure in B. O

6.4. The going-up and going-down theorems of Cohen-Seidenberg. Throughout this section A C B is
an integral extension. Our goal is to understand the morphism

f: Spec(B) — Spec(A)

Otherwise said, we want to understand how prime ideals behave in integral extensions.

Proposition 6.4.1. Assume that B is an integral domain. Then
A s afield <= B is a field .
Geometrically: if A C B is an integral extension of integral domains, Spec(A) is a point if and only if Spec(B)

is a point.

We remark that the assumption that B is an integral domain is necessary. For example, let k be a field;
the extension k C k[e] is integral, but k[e] is not a field since € = 0.

Proof. Suppose that A is a field and b € B, b # 0. There is a minimal positive integer n such that for some
a; € A,

" +a, b1 49 =0.
Then ag # 0, otherwise b(b"~ ! +a, 1" 2 +---+a;) = 0 and, as B is an integral domain, b"~! +
Ay_1b""% 4+ .. 4+ ay, contradicting the choice of n. Then

b(bn_l + ﬂnflbn_z + -+ ul)(—ao)_l =1,

so b is invertible.
Conversely, suppose that B is a field and let a € A, a # 0. Then a~! € B and is integral over A. So for
some a; € A

(@ )" +ap (@ )"+ ag = 0.
Multiplying by a"~! and rearranging gives

a = —(ay, 1+ +aa" ) €A

Proposition 6.4.2. Let g<{B be a prime ideal and p = qN A. Then q is maximal if and only if p is maximal.

Geometrically: If A C B is an integral extension, the image of closed point is a closed point and the fiber
over a closed point consists of closed points only.
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Proof. We have a natural inclusion A/p C B/q of integral domains. This is also an integral extension since if
b € B solves x" +a,_1x" "1+ ... +ag € A[x], b (the image of b in B/q) solves x" +a,_1x" 1 +-.-+adg €
(A/p)[x]. We can now use the previous proposition, recalling that an ideal is maximal if and only if the
quotient is a field.

The geometric interpretation follows once we note that [p] = f([q]). O

Proposition 6.4.3. Let q; C qo be prime ideals of B such that q N A = qx N A then q1 = qp.

Geometrically: closure in B happens horizontally relative to A.

Proof. Let p =q1NA =qgyNA. If p were maximal then we'd be done by the previous proposition because
both q1,q> would have been maximal and, as q; C qp, we would get q; = q». But p doesn’'t have to be
maximal, so we are going to make it maximal by localization.

Let S = A\ p, which is a multiplicative set both in A and in B. By Lemma 6.3.1, A[S™!] C B[S~ ] is an
integral extension. In addition p[S™!] is the maximal ideal of A[S™!] and g;[S™!] are prime ideals of B[S™!]
such that q;[S™1] N A[S™1] = p[S~1].2° It follows now that both q;[S™!] are maximal ideals of B[S~!] and
q1[S7Y € q2[S7Y]. Thus, q1[S7!] = q2[S7']. As both are prime ideals and both g; are disjoint with S we
get q1 = 2.

The geometric interpretation follows once we note that [q1] = V(q1) = {42 : g2 2 g1}. So no point in the
closure of qy, except qy itself, can lie in the fiber over f(q1). O

Corollary 6.4.4. Let qy Cqp C --- C qn be prime ideals of B. Let p; =q; N A thenpy T pr C -+ C py.

Proposition 6.4.5. Let p be a prime ideal of A. There is a prime ideal q of B such that qN A = p.
Geometrically: The morphism f: Spec(B) — Spec(A) is surjective.

Proof. Note that if p were a maximal ideal of A we could have taken g to be a maximal ideal of B containing p.
Then qN A is a (prime) ideal containing p and so must be equal to p. However, there is a problem with
this argument as a priori we don't know that any such ideal q exists; it's existence requires that A C B is
an integral extension (for example, the statement that q exists would fail for Z C Q) and is a consequence
of the proof we give below. The other issue is that p need not be maximal; we shall make p maximal by
localizing. After these motivating comments we start the proof proper:

Let S = A\ p. p[S!] is the unique maximal ideal of A[S™!] and we can take n to be any maximal ideal of
B[S~!] containing p[S™!] and so nN A[S™!] = p[S~!]. Such an n exists; in fact, if n is any maximal ideal of
B[S™!] then nN A[S™1] is maximal ideal because A[S~!] C B[S™!] is an integral extension. Thus, necessarily

nNA[SY =p[s71.
Let q = n°, a prime ideal of B disjoint from S, such that q° = q[S™!] = n. Then

(@anA)s~ ] =alsTNA[ST] =p[s7"].

167 his follows from a general property: if My, My C M are A-modules and S is a multiplicative set of A then

(M1 N M2)[S7Y = My[STY N Ma[STY)
inside M[S™']. To see that note that the inclusion C is immediate. So let % € Mi[S™']NMy[S7], say % = L = 72 for
m; € Mj,s; € S. Then for some t € S, tsomy = tsymy and this element is in M; N M. As % = tfszzzll‘ € (M; N M,)[S™1], we get
the other inclusion. Now use this property for the A-modules A = My, q; = My, B = M.
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As qM A is a prime ideal of A disjoint from S, we must have

qnNA=ny.

Theorem 6.4.6. (Going-up theorem of Cohen-Seidenberg) Let A C B be an integral extension. Letpy C pp
be prime ideals of A and let q1 be a prime ideal of B such that q1 N A = p1. Then, there is a prime ideal q
of B such that q1 C qp and qa N A = pp. Namely, we can fill in the 7 in the following diagram:

B a < 7

A P S m

Geometrically: if f([q1]) = [p1] then f(V(q1)) = V(p1).1"

Proof. The extension A/p;y C B/qp is an integral extension and p,/p1 is a prime ideal of A/p;. By
Proposition 6.4.5, there is a prime ideal of B/qq, that we can always write as qp/q1 where g is a prime ideal
of B, such that

q2/a1 NV A/p1 = pa/p1.

This implies that gy N A = pp. To see that, note that the meaning of having an inclusion A/p1 C B/qq is
that in B/q1 we have A/py = (A +q1)/q1. And similarly, po/p1 = (P2 +q1)/q1. So we can say that

q2/q1N(A+q1)/a1 = (p2+q1)/a1.

This implies that o N (A +q1) =p2+ 1. Letthena e guNA. Thenae g N(A+q1) andsoa=b+c
for some b € py, ¢ € q1. But this implies that ¢ € A too and so c € ANqq = py and thus a € pr + p1 = po.
Conversely, if a € pp thena € pp +q1 and so a € qu N (A + ¢1) and a fortiori a € g2 N A. We proved that

PRNA=p.

Corollary 6.4.7. Let A C B be an integral extension. Let p1 C pp C --- C py, be a chain of prime ideals of
A andletqy C qp C --- C quw be a chain of prime ideals of B, where m < n, such that

GNA=p, 1<i<m.

Then the chain can be extended toq; C qu C --- C qy So thatq;NA=p;, 1<i<n.

Proposition 6.4.8. Let A C B be an integral extension then the morphism Spec(B) — Spec(A) is a closed
map.

7t is a priori clear that f(V(q1)) € V(p1) and contains [p1]. If we knew that f is a closed map, it would follow that
f(V(g1)) = V(p1). In the other direction, we only have the statement that f closed on sets of the form V(q) where q is a prime
ideal. To be precise, f(V(q)) = V(qN A). But the general closed set is of the form V(J), where ] is an ideal of B that need not
be prime. Thus, we didn’t quite prove that f is a closed map. This is in fact true but requires extra work. One way to proceed
is given an ideal J<IB, let <A and consider the extension A/I — B/].
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Proof. Every closed set of B is of the form V(b) for some ideal b<iB. If ¢ : Spec(B) — Spec(A) is the map
corresponding to the inclusion A < B, then

p(V(b)) ={qNA:q<B prime,q D b} C {p<A prime,p D bNA} =V(a),

where a = b A. So, we need to show that every prime ideal p of A that contains a is of the form ¢N A
where q D b is a prime ideal. Note that the inclusion

A/a < B/b,

is an integral extension. Thus, Spec(B/b) — Spec(A/a) is surjective and there is a prime ideal §<1B/b such
that §NA/a = p, where p is the image of p in A/a (which is a prime ideal). Let q<iB be the preimage
of § in B, which is a prime ideal. Furthermore, ¢ A = p, as can be verified by the same reasoning as in
Theorem 6.4.6. Thus,

p(V(b)) =V(bNA),

and in particular ¢ is a closed map. O

The going-down theorem of Cohen-Seidenberg is much more difficult to prove. We state it only for com-
pleteness. The proof can be found in Atiyah-MacDonald.

Theorem 6.4.9. (Going-down theorem of Cohen-Seidenberg) Let A C B be an integral extension of
integral domains such that A is integrally closed. Let p1 C pp be prime ideals of A. Let qp be a prime ideal
of B such that qg N A = pp. Then we can find a prime ideal q1 C qy of B such that q1 N A = p1. Namely,
we can fill in the 7 in the diagram:

B 7S ®

A m S M

Geometrically: If a point y € Spec(A) is in the closure of a point x, then any point in the fibre of f overy
is in the closure of a point in the fiber of f over x.

7. Noetherian rings
7.1. Noetherian rings and modules.
7.1.1. Noetherian rings. This theory can be developed for non-commutative rings. One talks then about left

Noetherian rings and right Noetherian rings, but as our main application is to commutative rings, we restrict
our discussion to this setting.

Let R be a commutative ring. R is called noetherian if any increasing chain of ideals of R stabilizes.
Namely, if
LHLChCzC...

are ideals of R then there is some n such that

Ii=I1=lio=....
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Example 7.1.1. Z is a noetherian ring. C[x] is a noetherian ring. In fact, any PID R is a noetherian ring

because in that case the ideal I = U321, is principal and therefore equal to Rf for some f € R. But then
f € I, for some n and it follows that that I, = I. That implies that I, = I, Vm > n.

Proposition 7.1.2. R is noetherian if and only if every ideal is finitely generated.

Proof. Suppose that every ideal is finitely generated and consider a chain of ideals I} C I, C I3 C.... Let
Io = U 1 Iy; itis an ideal of R and so I = (f1,..., fu) for some f;. Each f; belongs to some ideal I, and
so there is an N such that f; € In,i=1,...,n. It follows that Iy = Iny41 = -+ - = lee.

Conversely, suppose that R is noetherian and let I be an ideal of R. Define a sequence of ideals inductively.
Ip = {0}. If there is an element f; of I that is not in Iy, let I; = (f1). Inductively, suppose that we defined
Io = (f1,..., fa) € 1,0 <a <mn, astrictly increasing sequence of ideals. If there is an element f,, ;1 € I\ I,
let Iyy1 = (fi,---, fu, fur1) € I. Then we have the sequence of ideals Iy G 1 S b G -+ G I,1q € 1. The
noetherian hypothesis implies this process must stop at some N. It must be then that Iy = (f1,..., fn) = I
and so I is finitely generated. O

Proposition 7.1.3. /f R is noetherian so is R/ 1 for any ideal I<IR.

Proof. A sequence of ideals of R/ I can be lifted to sequence of ideals of R that must stabilize at some point.
If follows that the original sequence stabilizes too. O

Example 7.1.4. An example of a ring that is not noetherian is the ring C[t* : « € QT]. The ideal ({t* :a €
Q™}) is not finitely generated. Note that this ring is the direct limit of noetherian rings

C[t] — C[t'/?] = C[t/¢] — C[t/?]...

(each C[t'/™] = C[x] and so is noetherian).
For another example one can take the ring of complex polynomials in infinitely many variables C[xq, x2,...] =
Lm C[x1,...,x,]. Hilbert's basis theorem says that C[x1,...,X,] is noetherian, but the limit is not. The
n

ideal {x1,xp,...) is not finitely generated.

7.1.2. Noetherian modules. Let R be a commutative ring. An R-module M is called noetherian if every
sub R-module M’ C M is a finitely generated R-module. Equivalently (compare Proposition 7.1.2), M is
noetherian if every increasing chain of submodules of M, M; C M, C M3 C - - -, stabilizes. In particular, R
is a noetherian ring if and only if R is a noetherian R-module.

Lemma 7.1.5. Let O My f M, g

My is noetherian if and only if both My and M3 are noetherian.

M3 0 be an exact sequence of R-modules. Then

Proof. We will treat f as an inclusion map and so M;j is a submodule of M.

Suppose M is noetherian. An increasing sequence of submodules of M; can be viewed as a sequence of
submodules of My, hence it stabilizes. An incereasing sequence of submodules of M3 can be lifted to an
increasing sequence of submodules of M, that must stabilize. Hence the sequence in M3 stabilizes too. That
is, if My is noetherian so are My and M3.

Now suppose that M and M3 are noetherian and let A1 C Ay, C A3z C --- be an increasing sequence of
submodules of M,. Then

AiNM; CANM; CA3NM; C---
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stabilizes. Say, for all n > N we have A, N M; = Ay N M;. At the same time, the sequence g(A;1) C
¢(Az) € g(A3) C - -+ in M3 also stabilizes. So, increasing N if necessary, we may assume that for all n > N
we have ¢(Ay,) = ¢(An). We claim that this implies that

An= Ay, Vn>N.

The inclusion A, O Ay is given. To show the opposite inclusion, let a € A, then g(a) € g(An) and so
there is some element b € Ay such that g(a) = g(b). Then g(a —b) = 0; namely, a —b € M1 N A,. But
MiNA, =M;NAy and soa—b = c for some c € Ay. It now follows that a =b+c € Ay. O

Corollary 7.1.6. Let R be a noetherian ring then for every N € IN, RN is a noetherian R-module.

Proof. Argue by induction; the cases N = 0,1 are clear. Assume true for some N > 1. Then RN+ sits in
an exact sequence

0— RN 5 RNtL 5 R 50,

where the maps are (r1,...,7,) + (r1,...,7,,0) and (r1,...,7441) = ui1. As R and RN are noetherian,
so it RN*1L, O

Corollary 7.1.7. Let R be a noetherian ring then any finitely generated R-module is noetherian.

Proof. Let M be a finitely generated R-module. Then there is a surjective homomorphism of R-modules
RN — M for some N. As RN is noetherian, so is M by Lemma 7.1.5. O

It follows that if R is noetherian then a submodule N of a finitely generated module M is finitely generated.
Indeed, M is noetherian, therefore so is N. If R is not noetherian this may fail. For example, take R =
Clx1,x,...], which is a finitely generated module over itself (it is generated by 1), but its R submodule
(x1,x2,...) is not finitely generated.

7.2. Hilbert’s basis theorem. Hilbert’'s basis theorem was a landmark result in algebra. it implies that any
ideal in a polynomial ring k[x1, ..., x,], where k is a field, is finitely generated. Such an ideal may arise as the
set of all relations satisfied by the polynomials in k[x1,...,x,] when restricted to a subvariety, or even just
a subset, of an affine space. The finite generation then implies that there is always a finite list of relations
such that all other relations are consequence of which.

At the time Hilbert proved his basis theorem such problems where at the forefront of research in algebra
and algebraic geometry and so Hilbert's result was revolutionary. It also attracted much opposition, because
the proof gave no indication of how such a finite list of generators may be found.® Since then the situation
has changed; the introduction of Grobner bases allowed making such tasks as finding a list of generators
effectively computable.

Theorem 7.2.1. (Hilbert’s basis theorem) Let R be a commutative noetherian ring then the ring of polyno-
mials R[x] is also noetherian.

18(Apparently) when P. Gordan, one of the leading algebraists of the time, first saw Hilbert's proof, he said, “This is not
Mathematics, but theology!" On the other hand, Gordan said, in 1899 when he published a simplified proof of Hilbert's Theorem,
“l have convinced myself that theology also has its advantages."
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Proof. Let a<iR[x]. We need to show that a is finitely generated. Let I be the collection of all leading
coefficients of polynomials in a. Then, in fact, I is an ideal: Suppose that a; € a, i = 1,2 then we have some
polynomials

fi(x) = ax™ + lLo.t. € q, fo(x) = apx™ + lLo.t. € a.
Without loss of generality n; > ny. Then also, for any r € R,
rfi(x) =rax™ +lot. € a, fi(x) +x"7"2fo(x) = (a3 + ap)x™ + Lot € a.

This implies that ray € I,a1 +ap € I and we see that I is an ideal.
Being an ideal of R, I is finitely generated. Say

I={ay,...,an).
Then forany 1 <i<mn
3 fi(x) = a;x"" + Lot € a.
Let r = max{ry,..., 7, } and let

o ={fl,...,.fa) C a
Let f = ax™ + lo.t. be an element of a. Thena € I,a =Y} ; u;a; for some u; € R. If m > r,
f=Y ux""ifica
and has degree less than m. Thus, after repeating this process, we may write
f=g+h hed,geadeg(g) <r
Let
M=R®Rx® - & Rx"1.

Since M is a finitely generated R-module, M is a noetherian R-module. Therefore, M N a, which is an
R-submodule of M, is also noetherian and is finitely generated as an R-module by, say, g1,...,9m. We have
shown that

a=d+MnNa=(f1,---, fu, 1, m)-

Corollary 7.2.2. Let k be a field and let x1,...,x, be n variables. The ring k[x1,...,xn] is noetherian.
Moreover, let [<ik[x1,...,xn] be an ideal then the ring k[x,...,x,]/1 is noetherian.

Proof. The field k is noetherian as its only ideals are {0} and k. By Hilbert's basis theorem so is k[x;] and
therefore so is k[x1][x2] = k[x1, x2] and so on. The second statement follows from Proposition 7.1.3. O

Corollary 7.2.3. Let R C S be commutative rings. Assume that R is noetherian and S is a finitely generated
R-algerba, then S is noetherian.

Proof. S is a quotient of the polynomial ring R[x1, ..., x,] for some n. O
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7.3. Noether’s normalization lemma. The following lemma was proven by Emmy Noether.

Theorem 7.3.1. (Noether’s normalization lemma) Let k be a field and let A be a finitely generated
k-algebra. There exists yi,...,y, € A, algebraically independent over k, such that A is integral over

klyi, ...,y

Geometrically: Spec(A) affords a (surjective) integral morphism to an affine space A}, := Spec(k[y1, . . . Lyr]). P

We prove Noether’s Lemma for the case k is an infinite field. It is true for finite fields too, but the proof is a
bit different. Before the proof we introduce some notation. If f1,...,t, are variables, I = (iy, ... ,in),i]- €N
a multi-index, we let

=it # =t
With this notation any f € k[ty, ..., t,] can be written as
f=Yat' =Y at' + Y ait!,
I |T|=e [I]<e
where we implicitly assume that a; # 0 for some I with |I| = e, and we define then

F= Z {IlItI.

[I]=e
Proof. Assume k is an infinite field. Write
A=klxy,...,xn]

for some generators x; — they need not be algebraically independent. Without loss of generality, x1,..., X
are algebraically independent and x,1, ..., x, are algebraic over k[xy,...,x;]. We proceed by induction on 7.
If n = r, there is nothing to prove. Suppose n > r. Since x, is algebraic over k[xq,...,x,_1] there exists
some f € k[t1,..., tu] such that f(xq,...,x,) = 0 and deg, (f) # 0. Since k is infinite, there exist some
A, ..., Ay_1 such that
F(A, ..., Ay, 1) £0.

This requires proof, but we defer it to the end. Let

! / /
X]=X1— MXp, Xp =X —A3Xy, ..., Xy 1=2Xp_1— Ay_1Xp.

Then
0= f(x] 4+ Axn, ..., Xy 1 + Ay_1Xn, Xn)
. . . . n_l .
= Y ar(x) 4 Axn) e (g A Apaxg) gy Y apxg T (x4 Aaxa)
[]=e |I|<e a=1

=x5 ) a;x\? e /\;”jli” +l.0.t. in x, with coefficients in k[x],...,x],_4]
|I|=e

= x5F(M, ..., Ay_1,1) + ot in x, with coefficients in k[x], ..., x),_4].

As F(Aq,...,Ay_1,1) # 0 we can divide by it; we conclude that there is a relation of the form

-1 ! /
0=xy +ae_1x;,  +---+uap, a; € kxy, ..., x5, 4]

1991 this case, using that the rings involved are noetherian, one can also prove that such a morphism has finite fibers. Thus,
every affine noetherian scheme over k, is a finite cover of an affine space by a surjective morphism with finite fibers (and other
nice properties) that is typically ramified.
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It follows that x,;, and so A, is integral over the subring k[x’l, .. .,x;_l]. By induction, there exist y1,...,y, €

k[x},...,x],_] such that the y; are algebraically independent over k and such that k[x],...,x], ] is integral
over k[y1,...,y,]. But then A is integral over k[y1,..., V.

All that remains is to prove the following lemma:

Lemma 7.3.2. Let k be an infinite field, F(t1,...,t,11) a non-zero homogeneous polynomial over k. There
exist Ay,...,A; € k such that
F(A1,...,Aq,1) #0.
Proof. (Lemma) Write
where f; € k[t1,...,t,] are homogeneous polynomials of degree i. Thus,
f(ty, ... tg) :==F(t1, ..., 0o, ) = fo+ o+ + fe #0.

So all that remains is to prove that if f(ty,...,t;) € k[t1,...,t,] is a non-zero polynomial then for some
A, ...,Ag €kalso f(Aq,...,Az) # 0. We prove by induction on a.

The case a = 0 is clear: f is just a non-zero scalar and there's nothing to prove. If 2 =1, the number of
roots of f is at most its degree, so the assertion is also clear because k is infinite.

Suppose a > 1 and suppose that for all Aq,...,A; we have f(Aq,...,A;) = 0. Write

F=tGy(tr, ... ta1) + 191G (t1, o tae1) + -+ Goltr, .. ta1).
For any fixed Aq,...,A,_1 the polynomial
f = tZGd(/\ll ce ,/\afl) + tgilGdfl()\l,. . .,/\afl) + -+ Go(/\l, ce ,/\afl) =0,

(meaning, is equal to 0 for any substitution t, = A,) hence it is the zero polynomial. Thus, G;(Aq,..., A, 1) =
0 for all i and all choices of Aq,..., A, 1. By induction, G;(Aq,...,A;_1) is the zero polynomial for every i.
It follows that f = 0. Contradiction. O

O

Example 7.3.3. Let A = k[x,y]/(xy —1). A is not integral extension of k[x]. Geometrically, the projection
of the hyperbola on the line is not surjective; it misses {0}. Algebraically, (x) is a prime ideal of k[x] for
which there is no prime ideal q of A such that g Nk[x] = (x), because x is a unit in A and therefore cannot
belong to any prime ideal.

So how does Noether's lemma work in this example? The polynomial f appearing in the proof can be
taken to be f(x,y) = xy —1 and F = xy. Note that F(A,1) # 0 for any A # 0. Then

fxy) = f(x = Ay) + Ay, y) = ((x = Ay) + Ay)y — 1 = Ay* + (x — Ay)y — 1.
1

Then y is integral over k[x'] where x’ = x — Ay, as y solves the polynomial in the variable ¢, > + "W/t -3 €
k[x'][t]. To be concrete, take A = 1. Then we find that the extension

klx =yl € klx,yl/ (xy = 1)
is an integral extension. We can view this inclusion as resulting from the homomorphism of rings,
k[t] = k[x,y]/(xy —1), t—>x—y,
that corresponds to the geometric map from the algebraic set in Z C k2, Z = {(x,y) : xy — 1 =0} to Al

Z — Al (x,y) — x—y.
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7.4. Hilbert’s nullstellensatz and affine space. The following result, called “weak nullstellensatz" is a corol-
lary of Noether's normalization lemma.

Theorem 7.4.1. (Hilbert’'s weak nullstellensatz) Let k be an algebraically closed field. A maximal ideal of
the polynomial ring k[x1, ..., x,] has the form

(X1 — @1, ..., Xy — ay).

And, conversely, every such ideal is maximal.

Proof. The last statement is easy since that ideal is the kernel of the surjective ring homomorphism

k[x1,...,xn] =k, f(x1,...,%0) — f(a1,...,an).

(If this is not clear, change variables so that a3 = - -+ = &, = 0. The statement is more self-evident in this
case.)

Let m be a maximal ideal and let A = k[x1,...,x,]/m. By Noether's normalization Spec(A) is integral
over some affine space AY. If N > 0, AY has many points but Spec(A) = {*} and the morphism
Spec(A) — A}c\] cannot be surjective, hence cannot be integral. Therefore, N = 0. That is, A is a field,
integral over k. As k is algebraically closed, this implies that A = k.

Since A =k, each x; = a; (mod m) for some a; € k. That is, x; —a; € m. This implies that

m D (X1 —aq,..., Xy — ),

which is itself a maximal ideal. It follows that m = (x1 — aq,..., X, — ay). O

7.4.1. The classical affine space of k. Let k be an algebraically closed field. Classically, one constructs an
algebraic variety A? = k", the affine space over k, in the following way. The points of this space are the
n-tuples k™. The algebraic sets in this space are constructed as follows: for any radical ideal a of k[x1, ..., x,]
define Z(a) C k",

Z(a) = {(A1, . s An) s F(Ay ..oy An) = O,Yf € a}.

Namely, Z(a) are the common zeros of all the polynomials in a. Conversely, given any subset S C k" we can
construct

I(S)={f €klx1,...,xn] : f(s) =0,Vs € S}.

Namely, I(S) is the ideal comprised all polynomials vanishing identically on S. It is easy to see that this is a
radical ideal. Hilbert's nullstellensatz says that a — Z(a) is a bijection between radical ideals and algebraic
sets in A}

Theorem 7.4.2. (Hilbert’s nullstellensatz) Let a be a radical ideal of k[xy,...,x,]|. Then,
I[(Z(a)) = a.

Proof. It is clear from the definitions that I(Z(a)) 2 a. Suppose that f ¢ a then, by Lemma 5.2.2 there
exists a prime ideal p D a such that f & p.

Let f denote the image of f in B = k[xq,...,x,]/p. It is a non-zero element of this integral domain. Let
C = B[1/f] = B[u]/(fu — 1), the localization and let m be a maximal ideal of C. Note that C is the image
of a surjective map k[x1,...,x,,u] — C and so m comes from a maximal ideal m™* of k[xy,...,x,,u]. The
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weak nullstellensatz implies k[x1, ..., x,, u]/m* = k and we conclude that C/m 2= k. This means that there
is a homomorphism of C onto k such that the image off is not zero. Thus, the composition

k[x1,...,xs] = B—>C—>C/m —k

shows that f is not mapped to zero under this map, a map which assigns to the x; some values A;. Now,
under this map any element of p is mapped to 0, which means that the point (Ay,...,A,) € Z(p) C Z(a),
but f(A1,...,An) #0. Thus, f & I(Z(a)). O

Looking back at the proof we see that the main idea is to consider a point (Aq,...,A,) as a homomorphism
of k-algebras, k[x1,...,x4] = k,x; — A;. Indeed, there is a bijection between points and such k-algebra
homomorphisms; this is a reinterpretation of the Weak Nullstellensatz. We are therefore looking for such a
homomorphism that will send the ideal p to 0, guarantying that the point (Aq, ..., A;) belongs to Z(p) C Z(a).
Thus, by the first isomorphism theorem, such a homomorphism factors through B. To make sure that the
homomorphism B — k, that takes f to f(Aq,...,A,), does not send f to 0, we make f a unit, by passing to
the localization C. At this point, the problem is to construct any homomorphism of k-algebras C — k and
this is the step that was done by showing C/m = k.

7.4.2. The classical affine space and Spec(k[x1,...,xn]). The message is that there is no real difference
between the classical affine space and Spec(k[x1,...,x,]) and so we see that the theory of spectra of rings
extends classical algebraic geometry.

To every closed point [m] of Spec(k[xy,...,x,]) we associate a point of k": m is a maximal ideal hence
of the form (x; — Aq,...,x, — Ay) and we associate to it the point (Aq,...,A,). Every closed set of
Spec(k[x1,...,x,]) if of the form V(a) for a a radical ideal, and it is assigned the algebraic set Z(a) in
k™. In particular, a point [p] becomes in a sense an “ideal point" associated with the closed algebraic set
Z(p). One can show that every irreducible algebraic set of k" is of the form V/(p) for a unique prime ideal p.
One can say that the points of k", together with the architecture of algebraic sets is completely decribed by
Spec(k[x1,...,xx]). The points correspond to maximal ideals, algebraic sets to closed sets V(a), a a radical
ideal, and irreducible algebraic sets correspond to irreducible closed sets of Spec(k[xy, ..., x,]) that all have

the form V(p) = {[p]} for a unique prime ideal. Thus, “the algebra organizes the geometry."
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Part 3. REPRESENTATIONS OF FINITE GROUPS

In this manuscript we only consider finite groups G and finite dimensional complex vector spaces V. The
theory of representations of infinite groups and infinite-dimensional representations is vast, and important,
but is too advanced for this course. We should mention that even if one is interested in representations of Lie
groups such as GL, (C) or U, (C), which arise often in physics, the theory of representations of finite groups
plays an important role.

Group representations are intimately related to understanding how groups act on sets. In our current
setting, the set is a complex vector space and the group acts through very particular symmetries — invertible
linear transformations. Thus, the topic of group representations can be viewed as a natural continuation of
the combinatorial study of groups actions on sets.

Group representations are a subject with many applications to other branches of mathematics, and outside
mathematics, for example for computer science, physics, chemistry, and electrical engineering. We will see
some of those towards the end. It is also a topic that is a beautiful marriage of linear algebra and group
theory, thus connecting two different areas of mathematics.

8. First definitions
A linear representation of a (finite) group G is a homomorphism
p: G— GL(V):={T: V — V: T is an invertible linear transformation},

where V is a finite dimensional complex vector space. We will usually drop the adjective “linear". We note
that GL(V) is a group under composition of linear maps. We will denote such a representation by (p, V),
where the group G is understood from the context. When we feel confident enough, we may just denote it
by either p, or V, depending which notation seems more useful at that point.

A very important notion is the notion of two representations being isomorphic. Given two representations
(pi, V;) of G we define

Homg(Vy, Vo) = {T: V; — V, linear: Top1(g) = p2(g) o T, Vg € G}.

We note that there is no assumption that T is invertible, or even that dim(V;) = dim(V5); in particular,
we always have that the zero map is an element of Homg(V3, V2). Further, under addition of linear maps
and multiplication by a scalar, Homg(V;, V3) is a complex vector space. We shall refer to elements of it as
homomorphisms of representations, or G-homomorphisms.

Having made this definition, the notion of an isomorphism (p1, V1) = (02, V2) is clear: the isomorphisms
are the linear maps T € Homg(Vy, V,) that are invertible. In that case, the inverse map T~ always satisfies
T~! € Homg(V,, V).

Main Goal: Classify representations of G up to isomorphism

(We will make this more precise later on).
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Given a representation (p, V), choose an isomorphism T: V — C" (n = dim(V)) and let
7: G = GL(C"), 7(g)=Top(g)oT L
It is easily verified that
(o, V) = (7,C"),
where the isomorphism is the map T itself. Therefore, every isomorphism class of representations is repre-
sented by some (t,C").
How unique is 7 It is unique up to conjugation by elements of GL(C"): for any T; € GL(C") we have
T=T7,
where
7(g) = TroT(g)o Ty .
(this reflects the fact that we had to choose an isomorphism T: V — C" and the freedom in this choice is
precisely modifying T to Ty o T).

It follows that we can make everything more concrete by using the natural identification
GL(C") = GL,(C),

obtained by representing any linear transformation T by its matrix [T] relative to the usual basis of C". Thus,
we may think about a representation also as a homomorphism

7: G = GL,(C).

The homomorphism rule is T(xy) = T(x)T(y), where on the right we find matrix multiplication.
When do two such homomorphisms define isomorphic representations? For any invertible matrix M €
GL,(C), we have
T=p,  p(g) =Mr(g)M Vg €G,
and conversely. This may be a confusing point, so let's repeat it: we are allowed to choose any matrix
M € GL,(C) but, once we made the choice, the relation p(g) = Mt(g)M~! should hold for all ¢ € G, with
the same M.

Although we have finally arrived at a rather concrete model for representations, the general point of view
p: G — GL(V) is very useful as often the vector space V doesn’t have a natural basis.

We now come to one of the key notions of this whole subject: the character of a representation. Given a
representation
p: G — GL(V),

we define its character x, as follows:

Xo: G—=C, xo(8) =Tr(p(g)).

It is important to note that x, is simply a function; it associate to each element ¢gOpMG the trace of the
linear operator p(g). Usually it will not have any multiplicative properties.

The notion of a character will turn out to be central for the whole theory and we will study many properties
of characters. For now, we only give a few basic facts.

Lemma 8.0.1. (1) xp only depends on the isomorphism class of p.
(2) Xxp is constant on conjugacy classes in G.
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(3) x(1) = dim(V).

Proof. To calculate the trace of an operator p(g) one needs to choose a basis B for V and represent p(g) by
a matrix [p(g)]p. If we choose another basis, say C, then the matrices of p(g) in the two bases are related
by

[o()lc = Mlp(g)]zM ™",
where M is the change of basis matrix. Note that if we pass from p to an isomorphic representation, say
(T, W),

T(g) = Tp()T"

then once more

[7(8)lc = Mlp(g)]sM ™,
where now C is a basis of W and M is the matrix representing T relative to the two bases B,C. Thus, in
both cases, we have to show that

Tr(M[p(g)]sM ™) = Tr([o(8)]n)-

This is well known (it follows from the formula Tr(MN) = Tr(NM) that one proves by writing down the
product of the matrices explicitly and calculating the trace).
The proof that x, is constant on conjugacy classes is very similar. Relative to some basis B we have

Tr([o(hgh™1)]p) = Te([o(m)p(g)p(h) 15) = Te(lo(h)]5[o(8)]8[0(h) ~']5) = Tr([o(8)]5)-

Finally, we have x,(1g) = Tr(ldy) = Tr(Igim(v) = dim(V), where we denote by Idy the identity operator
on V and by I; the d x d identity matrix. O

9. Examples

We now discuss some relatively simple examples. Despite appearances, perhaps, they will turn out to be very
important and will make frequent appearances. Study them carefully!

9.1. 1-dimensional representations. A 1-dimensional representation of G could be thought of simply as a
homomorphism

p: G—C”.
Indeed, GL1(C*) = C*. Note that in this case if p = T then, since C* is commutative, we actually have
p = T. Also, since the trace of a 1 x 1 matrix is («) is just « it follows that

Xp = pP-
For these reasons, 1-dimensional representations are also called 1-dimensional characters, or multiplicative
characters .
Let

G* = Homgps (G, C*).
We make two observations: First, G* is a group under the rule

(p-1)(8) =p(g) - T(8)
Second, if we let S' = {z € C* : |z| = 1} denote the unit circle in C then

G* = Hom(G, S1).
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Indeed, if g € G is of order d, p € G*, then p(g)? = p(1g) = 1 which implies that p(g) is necessarily a root
of unity. The group G* is called the character group of G.

Lemma 9.1.1. There is a natural isomorphism
G* =~ (Gab)*
where, as usual, G = G/G' is the abelianization of G.

Proof. Any homomorphism G — A, where A is an abelian group, factors uniquely through G* = G/G/,
where G’ is the commutator subgroup of G. In particular, given any homomorphism f: G — C* there is a
unique homomorphism F: G — C* such that the following diagram commutes (7t being the natural map
G— G/G):

and conversely. O

We will revisit this example later on, relying on the Exercises.

Example 9.1.2. The alternating groups A, for n > 5 are simple and non-abelian hence A% = {1} for n > 5.
It follows that the alternating groups A, for n > 5 have only one 1-dimensional representation, which is the
trivial representation 1. For any group G the trivial representation 1 is the 1-dimensional representation

G—C*, g—1, Ygei.

Its character, also denoted 1, is the constant function with value 1.

The symmetric groups Sy, for n > 5, have only two 1-dimensional characters, 1 and sgn. Indeed, the
only non-trivial normal subgroup of S, for n > 5, is A, and, as S,/ A, = {+£1} is abelian, it must be that
S >~ f4+1}. The group {1} has precisely two homomorphisms to C*, the trivial one and the inclusion.

Example 9.1.3. The commutator subgroup of Dy := (x,y, |x* = y* = 1,yxy~! = x~1) is {1,x2}. Indeed,
[x,y] = x? and so the commutator subgroup contains (x2). On the other hand, x> commutes with x and y
and is therefore a central element and thus (x?) is a normal subgroup. As Dy/{(x?) has order 22 it is abelian
and it follows that (x?) D Dj. We conclude that D} = (x2?). We think about the abelianization as

DY = {1,%,7, %7}

with ¥ = 7% and the square of every element is 1; it is a group isomorphic to (Z/ZZ)Z. As every element
has order 2, every multiplicative character of Dfib takes values in {£1}. It is not hard to show that there are
4 possibilities as described in the following table.

1 * 7 xy

p1=1 1 1 1 1
02 1 -1 1 -1

03 1 1 -1 -1

04 1 -1 -1 1
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9.2. The regular representation p"S. Let G be a group. We defined a vector space with a basis {[g] : g €
G}, the group ring C[G] of G. A vector is a formal sum Y gcc ag - [g], where ag € C.Recall that C[G] has a
ring structure, where

(2 ag- (D) + (X bg-[g]) =} (ag+bg) - [g],

g€t 8€G g€G

and

(X g [8D(Y bs-[g]) = Y (Y agebs) - [g].

g€G g€G 8€G seG
The group G acts on this vector space, giving the regular representation and denote it p"$:
p"8(8) (Y asls]) = [g](}_ asls]) = )_ as[gs].
seG seG seG
The character x™8 of p"®8 is very simple:

(7) X4(8) = {ﬂG' 5= 1g

0, else.

The proof is not hard: if {el, . ..,en} is a basis for a vector space W, and T: W — W is a linear transfor-
mation, write

n
T(e;) = Z baeq, b, € C.

a=1
Then the contribution to Tr(T) from the vector e; is b;. Now, to calculate Tr(p"™8(g)) we see that the
contribution from the vector [s] is the coefficient of [s] in p"8(g)([s]). As p™8(g)([s]) = [gs]. this contribution
is 0 from every s if g #1, and is 1 from every s if g =1.

9.3. Direct sum. Let (p1, V1), (p2, V2) be two representations of the group G. We define the direct sum of
the representations: the vector space is Vi @ V, and the representation p1 @ p is as follows:
p1@p2: G GL(V1®V2), (01 @ p2)(8)(v1,02) := (p1(8)(01), p2(8) (v2)).-
If we represent p; as homomorphisms,
Pi: G— GLn,- (C) (ni = dll’n(Vl)),
then

P1®p2: G = GLuy 1y (€), (01 @ 02)(8) = (plc()g) pz(()g)) '

This is a block diagonal matrix with the matrices p1(g), p2(g) on the diagonal. It is then clear that

X102 (8) = Xp1(8) + X2 (8)-

9.4. Tensor product of representations. Let (p;, V;) be representations of a group G. Then the tensor
product representation has an underlying vector space

Vi®V,,

where ¢ € G acts by
(p1(8) @ p2(8)) (0@ w) = p1(v) ® pa(w),

or more generally,
n

(01(8) ®p2<g>><ivi o) = 1m0 & palw)
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The known properties of tensor products imply that this is indeed a linear presentation.
Let A = (a;;) be an m x m complex matrix and B = (b;j) an n x n complex matrix. The Kronecker
product of A and B is the mn x mn matrix

ﬂllB alzB e almB
a1 B anB

AxB = ]
amB awpB -+ aumB

Let vq,...,v, be a basis for V7 and w1, ..., w, be a basis for V,. Then,
MRQWY,..., 01 QWy, DRWL,..., 12 Wy,..., Uy QW1,...0m Q Wy,

(in that order!) is a basis for V; ® V5. One check that if in the specified bases [p1(g)] = A, [02(g)] = B,
then

[01(8) ® p2(g)] = AxB.

We thus conclude:

Xp1®p2 = Xp1 * Xp2-

9.5. Induced and restricted representations. Let G be a group and H < G a subgroup. Given a represen-
tation (p, V) of G we get the restricted representation

Resgp = (plu, V).

That is, we simply restrict the homomorphism p: G — GL(V) to H. This is a representation of H whose
character is x,|H-
In the other direction, starting from a representation (p, V) of H, we have the induced representation

Ind%p. The construction is more delicate.

The group ring C[G] acts by multiplication from the left making this into a representation of G. (We use the
equivalence of the points of views “representations of G" <+ “C[G]-modules" as in Example 1.3.3). We will
later study this representation in more detail and calculate its character. It will turn out to be a very powerful
method to construct representations of a group G from subgroups of it that are simpler. Note that even the
trivial example, where H = {1} and (p, V) = (1, C) is interesting — the induced representation of the trivial
representation of the trivial subgroup is the regular representation of G.

10. Subrepresentations and irreducible representations
10.1. Subrepresentions. Let (p, V) be a representation of G. Let U C V be a subspace such that
p(g)(u) el, VgeGVuel.

That is, U is invariant under all the linear maps {p(g) : ¢ € G}. Then U is called a subrepresentation of
V: we have

plu: G = GL(U), plu(g) = p(g)lu-

Example 10.1.1. {0} and V are always sub-representations. We refer to them as trivial subrepresentations.
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Example 10.1.2. The standard representation pStd of §;,.
Let n > 2. We consider S, as contained in GL,(C) in such a way that
ole) =epiy, i=12,...,n

This is called the standard n-dimensional representation of S;,. For example, for n = 3,

010 001
(12)« |1 0 0f, (1)« |1 0 0
00 1 010

Let x** be the character of p*@. In our example of n = 3 we have x*'(12) = 1, x**(123) = 0.

Proposition 10.1.3. We have
(8) x°'(o) = t fixed points of o.

Proof. The contribution to Tr(0**%(c)) coming from the basis vector ¢; is the coefficient of e; in p**(c) (¢;) =
eq(j), Whichis 1if ¢(i) = i, and 0 if (i) # i. Summing over all i, we find the statement in the proposition. [J

Consider now the subspaces
u, :={(a,...,a):a € C},

and

n

Uy := {(Xl,.. .,xn) : ZX,‘ =0,x; € C}

i=1
The space U is isomorphic to the trivial representation 1 of S,;, and Uy is also a representation of S, that
we denote o0 As dim(Uy) + dim(Up) = n and U; N Uy = {0}, we find:

(9) psfd =1 @psfd,o'

10.2. Irreducible representations and Maschke’s Theorem. A representation (p, V) of G is called irre-
ducible if its only subrepresentations are {0} and V, and V # 0.

Proposition 10.2.1. The representations 1l and pStd'O are irreducible representations of S,;. Thus, we have a

std

decomposition of p**% as a sum of irreducible representations.

Proof. Clearly 1 is irreducible for dimension reasons — there aren’t any non-trivial subspaces; this is true for
any group G and any 1-dimensional representation of it.

The proof for Uy is slightly involved; we will give another proof later, much more elegant, as an application
of character theory.

We assume that n > 2. The case n = 2 is easy as Uy is 1-dimensional.

Let U’ C Uy be a non-zero sub-representation. Let x = (x1,...,%,) be a non-zero vector in U'. If x has
precisely two zero elements, by multiplying x by a scalar we may assume that x = (0,...,0,1,0...,0,—1,0,...,0).
Then, by acting by S, we see that every vector of the form e; — € (where ¢; are the standard basis) is also
in U’. But these vectors span Uy and it follows that U’ = Uj.

Thus, it remains to prove that U’ always contains such a vector. Let x € U’ be a non-zero vector. If x
has more than 2 non-zero coordinates, we show that there is vector y € U’ that is not zero and has fewer
non-zero coordinates. This suffices to reduce to the case considered above.
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Assume therefore that x has at least 3 non-zero coordinates. First, by rescaling we may assume that one
of these coordinates is 1. Then, as }_x; = 0, there exists a non-zero coordinate that is not equal to 1. By
applying a permutation to x we may assume that

x=(1,x2,%3,...,%),
where xp # 1 and is non-zero and also x3 # 0. In this case, also the vector

1
X' = —(x2,1,x3,...,xn),
X2

belongs to U’. Therefore, also
1 1 1
/
=x—x =(0,xp— —,x3(1— —),...,xy(1— —)),
y (0, x2 o 3( xz) n( xz))
belongs to U’ and this vector has fewer non-zero coordinates, yet is not zero (consider its third coordinate).
O

Theorem 10.2.2 (Maschke). Every non-zero representation (p, V') decomposes as a direct sum of irreducible
representations.

Remark 10.2.3. We will later prove that such a direct sum decomposition is unique, up to isomorphism and
re-ordering of the summands. We can now make our goal in this manuscript more precise:

Main Goal: Classify the irreducible representations of a group G.
Find effective methods to determine the decomposition of a
representation into irreducible representations.

Proof. (Maschke's Theorem) We begin with a lemma that shows that we can always define an inner product
on V relative to which p(g) is a unitary matrix for any g € G.

Lemma 10.2.4. There is an inner product
(,):VxV=C,
such that
(¢v,qu) = (v,u), VgeGVuveV.
(To simplify notation we write gv for p(g)(v).)

Proof. (Lemma) Let (-,-) be any inner product on V. Define,
(v, u) Y (gv, gu).
ﬁG g€eG

The verification that this is an inner product is straightforward and we omit it. To check that p is a unitary
representation relative to this inner product we calculate:

(go, gu) ﬁG ) (hgo, hgu)
heG

Z (hv, hu)

heG

= (v,u),
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where we used that when h runs over G so does hg. O

We now get to the proof of the theorem. We prove it by induction on dim(V).

If dim(V) = 1 then V is irreducible and there is nothing to prove. In general, if V is irreducible there
is nothing to prove. Otherwise, V has a subrepresentation 0 # U # V. Let (v,u) be a G-invariant inner
product on V, as in the Lemma. Then

V=Uuesu'.
We show that
Ut :={vev:(vu)=0VYuclU}
is a subrepresentation. Let g€ G and v € UL, For any u € U we have
(g0,u) = (0,8 1u) =0,
because ¢~'u € U as U is a subrepresentation. It follows that gv € U™,

By induction,

U=W@---®W, U =W, 1 & --O&W,,
for some irreducible representations W; of G. Then,
V=UoU =W, @ ---®&W,

is a sum of irreducible representations too. O

10.3. The projection on VC. Let (0, V) be a representation of G. Let
Ve ={veV:p(g)(v) =0vVgecG}.
Then VS is a subrepresentation on which G acts trivially. It's the space of invariant vectors.

Lemma 10.3.1. Let

(10) 7(0) = ﬂic Y 0(8)(0).

g€G
Then m € Homg(V,VC) and is a projection on the subspace VC.

Proof. As 7t is a sum of linear maps it is certainly a linear map from V to V. We first show that Im(7r) C VG,
We need to show that all h € G,v € V we have p(h)(7t(v)) = 7(v). Indeed, p(h)(rt(v)) = %Zg(P(h) o
p(8))(v) = 55 Le (1) (v) = 55 Ly p(8) (v) = 7(0).

To show 7T is a projection, we need to verify that 7t is the identity on VC. But, for v € VC we have
7(0) = 55 Lgp(8)(v) = 56 Lgv = ©.

Finally, we check that 77 is a homomorphism of representations. As G acts trivially on VC this boils down
to verifying that 7t(p(h)v) = m(v). We calculate: 7t(p(h)(v)) = 11LGEgp(g)(p(h)v) = ti%ng(gh)(v) =
= Tep(9)(0) = (o). 0

The following corollary will be used several times in the sequel:

Corollary 10.3.2 (Projection Formula). We have
. 1
(11) dim(VE) = 7= Y xp(8)-
1G

In words, the dimension of the subspace of invariant vectors is the average value of the character x, on the
group G.
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Proof. We have a decomposition,
V = VS @ Ker(n).
In this decomposition we can write
T = ldyc ®O0.
Thus, Tr(7r) = dim(VC). On the other hand,

Te(r) = ﬁngmp@) - ﬂlcgmg»
O

Example 10.3.3. The action of S3 on itself by multiplication from the left, as in Cayley's Theorem, provides
us with an embedding Sz < Sg. Composing with the standard representation of Sg we get a 6-dimensional
representation p of S3. Does this representation have fixed vectors? what is the dimension of the space of
fixed vectors??

If we enumerate the elements of S5 as {1, (12), (13), (132), (23), (123)

p((12)) =

000
000
010
100
000
001

[l elelele)

0 00
0 00
Y], e(a23) = | 83
0 00
0 10

[elelelel Y]
[elelelolo) ol

(For example, (12) € S3 takes to oy to 03, 03 to 07, 03 to 0y, etc. and so corresponds to the permutation
(12)(34)(56) € S¢.)

If x denotes the character of p, then by calculating x on 1, (12) and (123) we would know its value on any
0 € S3, because a character has a fixed value on each conjugacy class. We find

x(1) =6, x(() =0, x((ijk)) =0.
It follows from Corollary 10.3.2 that the dimension of the space of invariant vectors is 1.

Finally, note that we could have found the values of x without writing down the matrices. Just by
observation we could say that any non-identity element of S3 is mapped to a permutation in Sg that has
no fixed points.?® As for a permutation o € Sg, the value of x*'(¢) = f(fixed points of ¢), it follows that
x(t)=0forany 1# 1€ Ss.

Example 10.3.4. Let (p, V) = (0**,C") be the standard representation. Then

1 d
= Y- o (o).
oESy
One checks that V¢ = U; and Ker(7r) = Uy (for the latter, it is easier to show Ker(7r) O Uy and deduce
equality by comparing dimensions). We find again the decomposition (9):

pstd =1 @pstd,O.

Moreover, we find that

1= dim(U;) = dim(V©®) = % Y 4 fixed points of o,
toeSy,

a formula one can also derive from the Cauchy-Frobenius formula. This is nice! It says that the average
number (or expected number) of fixed points for a permutation chosen randomly from S, is 1.

20That would be true for any group! If G has n elements, acting on itself by left multiplication which induces the embedding
G — Sy in the proof of Cayley’'s theorem, then any 1 # ¢ € G acts without fixed points.
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11. Schur's lemma and orthogonality of characters

11.1. The dual representation and the two Homs. Let (p, V) be a representation of G. For any linear
operator p(g): V — V we have the dual operator p(g)": V* — V*, where V* = Hom¢(V,C) is the dual
vector space to V. Recall that p(g)! is defined by?!

0(8)' () =pop(g), ¢V

Further, if {v1,...,v,} are a basis for V and {v],...,v);} is the dual basis for V (the basis that satisfies
v} (vj) = 6;j) then in terms of matrices we have

0(8) Tery = (Ip()]u))"-

Define the dual representation p*
p": G = GL(VY), p"(8) = (p(g™")".

Proposition 11.1.1. p* is a representation of G and its character satisfies x,+ = Xp. That is,

Xp*(8) = Xo(8) = Xo(8), Vg €G.

Proof. The proof is easy, but reveals two properties that are very important, and general, and so we record
them here in a lemma.

Lemma 11.1.2. Let (p, V) be a representation of G. Then:

(1) Every p(g) is diagonalizable.
(2) Every eigenvalue of p(g) is a root of unity of order dividing d, where d is the order of g in G.

Proof. Let d be the order of g. As p is a homomorphism p(g)? = p(g?) = p(1g) = Idy. It follows that p(g)
solves the polynomial x? — 1, which is a separable polynomial (i.e., it has distinct roots over C). Therefore,
also the minimal polynomial of p(g) is a separable polynomial and, consequently, p(g) is diagonalizable. Also
the second statement is now clear. O

Let's write
p(g) ~ diag(ay, ..., an),
where n = dim(V) and a; are d-th roots of unity. Note that in general the basis in which p(g) is diagonal
depends on g; we cannot, in general, diagonalize all the operators p(g) simultaneously. However, p(¢™1) =
p(g)~!is given in the same basis by
diag(le_l, ) = diag(ay, ..., &),

because the a; are roots of unity. Thus,

(12) Xer(8) = xp(87 ) = Y@ = x0(3).

i

To finish the proof of the Proposition it only remains to check that p* is a representation. We have:

p*(gh) = (p(gh) 1) = (p(h (g™ ) = (p(g )" - (p(h 1)) = p*(g) - p* (h).
0

2lyye previously denoted the transformation dual to a linear map T: V. — W by T*: W* — V*, where T*¢ = ¢ o T; that is, for
any v € V, (T*¢)(v) := ¢(Tv), we now denote it T! to hopefully avoid confusion in the definition of the dual representation to p.
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We now discuss “the two Homs" and engage in a very technical calculation. However, the results will be
absolutely essential to proving one of the most important theorems concerning representations: orthogonality
of characters.

Let (p, V), (t,W) be two representations of the group G. We have already defined (all maps appearing
below are understood to be linear) the following vector space:

Homg(V,W) ={T: V- W:Top(g) =1(g) 0T, Vg € G}.
We also have the more naive
Hom(V,W) ={T: V — W}.
Proposition 11.1.3. Hom(V, W) is a linear representation o of G, where
o(g)(T) =1(g)oTop(g)~!, T & Hom(V,W).

Remark 11.1.4. Note the following:

(1) dim(Hom(V,W)) = dim(V) - dim(W). This can be seen by choosing bases for the two vector
spaces and representing the linear maps as matrices.
(2) We have the following relationship between the two Homs:

Homg (V, W) = Hom(V, W)C.
(3) Consider the special case where (7, W) = (1,C). In this case
Hom(V,W) = V~,
and the new representation o we have now defined is:
7(8)(¢) =T(g)opop(g™) =¢pop(g™") = p(g™ ") (¢) = p"(¢)-
Namely, we just get the dual representation again.
Proof. (Proposition) Let us generalize the last observation. Recall the isomorphism
V*®@ W = Hom(V, W).

If {v;} are a basis for V, {v}} the dual basis for V* and {w;} are a basis for W, then under this isomorphism,
for any complex scalars 4;;,

Y aij-vf @wj — T € Hom(V,W), T(v) =) a;jv} (v) - wj.

ij ij

Now recall the construction of the tensor product representation. If ¢ € G acts on v} by p(g_l)tvjf (which
means that (p(g~1)!v})(v) = v} (p(g~1)v)) and on w; by T(g)(w;) then in the tensor product representation

1
we have

(p(g ") ®1(3)) (Y aijoi @ wj) =} a;j(v] p(g™) @ () (w)),
i i
which is sent to the linear transformation

v = Y a0} (p(g 1) (0)T(8) (w)) = T(g) (Zaij 0; (P(g_l)(v))w]) :
ij 1

But this is exactly the linear transformation 7(g) o T o p(¢~'). This proves that Hom(V, W) is indeed a
representation of G and in fact also proves the following lemma. O
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Lemma 11.1.5. As representations of the group G,
Hom(V,W) 2 V*@ W
We conclude the following theorem:

Theorem 11.1.6. The character x, of the representation (o, Hom(V,W)) is given by the formula
Xo = Xt Xp

Proof. It is enough to calculate the character of V* ® W, which is a formal computation at this point:

Xorotr = Xp* * Xt = Xt Xp-

11.2. Schur’'s Lemma. Before proving Schur's lemma, we establish some general properties of homomor-
phisms of representations.

Lemma 11.2.1. For any two representations (p, V), (t,W) of G and any T € Homg(V, W) we have that
Ker(T) is a subrepresentation of V, and Im(T) is a subrepresentation of W.

Proof. Let v € Ker(T) and g € G. We have

T(p(g)(v)) = (g)(T(v)) = 7(g)(0) = 0.
It follows that Ker(T) is a subrepresentation of V.
Let w € Im(T) and choose v € V such that T(v) = w. Then:

T(g)(w) = 7(g)(T(v)) = T(p(g)(v)) € Im(T).
It follows that Im(T) is a subrepresentation of W. O

Lemma 11.2.2 (Schur). Let (p, V), (T, W) be two irreducible representations of G. Then

G (V)= (t,W);

(13) Homg(V, W) =
0, else.

Proof. Let T € Homg(V, W) and suppose T # 0. Then Ker(T) # V. However, Ker(T) is a subrepresenta-
tion of V and V is irreducible. It follows that Ker(T) = 0 and so that T is injective. Since V is not zero (by
definition) Im(T) # 0, and since W is irreducible and Im(T) is a subrepresentation, Im(T) = W. Thus, T is
surjective. It follows that T is an isomorphism. Therefore, if Homg(V, W) # 0 (and V, W are irreducible)
we have (p, V) = (T, W).

It remains to show that if (p, V) = (t,W) then Homg(V, W) is a 1-dimensional vector space. Choose,
any non-zero T € Homg(V, W). We saw that T is then an isomorphism. We get an isomorphism

Homg(V,W) =2 Endg(V), S— T 'oS,
and thus it is enough to prove that
EndG(V) =C.
Let then R € Endg (V) and let A be an eigenvalue of R. As A-1d € Endg(V), it follows that R— A -1d €

Endg (V) and it follows that Ker(R — A - Id) is a subrepresentation of V. Since every eigenvalue has at least
one non-zero eigenvector, we have that Ker(R — A - 1d) # 0 and, as V is irreducible, we must have

Ker(R—A-1d) =V.
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This means that R = A -1d. Conversely, A - Id always belongs to Endg (V) (for any representation (p, V)
whatsoever). This provides the isomorphism Endg (V) = C. O

Remark 11.2.3. Note that the final isomorphism Endg (V) 22 C can be given by

(14) R dinf(v) Tr(R).

11.3. The space of class functions. Let G be a finite group and denote by h(G) the class number of G.
By definition, h(G) is the number of conjugacy classes in G.

Example 11.3.1. e If G is abelian, h(G) = 4G.
e If G=S,, h(G) = p(n) (the partition function of n).

A function f: G — C is called a class function if

f(hgh™) = f(g), Vg,heG.
Namely, if f is constant on each conjugacy class. We let Class(G) denote the space of class functions. It is
a complex vector space of dimension h(G). If ¢ € Class(G), define a function ¢ € Class(G) by

P(8) == 9(g)
(where on the right we are simply taking the complex conjugate of the complex number ¢(g)).
We make Class(G) into a hermitian space by defining an inner product on it:

(@,) = ﬁiG Y 9(3) - #(3).

geG

It is easy to verify that this is an inner product; we leave that as an exercise. We also define ||¢|| to be the
non-negative real number satisfying | ¢||% := (¢, ). Our main motivation is the following key example.

Example 11.3.2. For any representation (p, V) of G, its character x, € Class(G).

Example 11.3.3. Let 1 < r < n be integers. Define ¢»: S, — C by ¢(c) equal to the number of cycles
of length r appearing in the decomposition of ¢ as a product of disjoint cycles. The function ¢, is a class
function.

While ¢y (c) is the number of fixed points of ¢ and so ¢1 = x**, for r > 1 the function ¢, does not arise
as a character of a representation. Indeed, ¢,(1) = 0 for r > 1 so such a representation would have to be
O-dimensional, but for r < n the function ¢, is not zero: ¢,((12---r)) = 1.

11.4. Orthogonality of characters. We now come to the theorem making characters into a very powerful
tool in the study of representations.

Theorem 11.4.1 (Orthogonality of characters). Let (p, V), (T, W) be two irreducible representations of G.

Then:
(1) Ifp 2 T then (xp, ) = 0.
(2) Ixell = 1.

Otherwise said, the characters of the irreducible representations of a group G form an orthonormal set in the
space of class functions Class(G).

Remark 11.4.2. We will prove in Theorem 15.1.1 below that, in fact, the characters of irreducible represen-
tations form an orthonormal basis for Class(G).
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Proof. Let us write U = Hom(V, W). We have seen that (o, U) is a representation of G, where
0:G = GL(U), o(g)(T)=1(g)oTop(g™"),
and, by Theorem 11.1.6,
Xo = Xt Xp-
By Schur’s Lemma,

1, p=1
0, p#T

On the other hand, by the Projection Formula (Corollary 10.3.2), we have

dim(U®) = dim(Homg (V, W)) = {

dim(UC) = ﬁggg xe(g) = ;Gg;; xe(8) - Ko(8) = (o x0)-

The theorem follows. O

Corollary 11.4.3. Let h be the number of irreducible characters of G, up to isomorphism. We have
h < h(G).

In words, the number of irreducible representations of G is at most its class number. (We will see later that

h=h(G).)

The following notation will be used repeatedly. Let

O1s+++/Pns

be representatives to the isomorphism classes of irreducible representations of G. More precisely, we should
say, let {(p;, V;) : i =1,...,h} be representatives to the isomorphism classes of irreducible representations
of G, but this is heavier notation that we will usually avoid. In the same vain, given a representation (p, V)
instead of saying that
(0, V) = (01, V)™ @ -+ @ (o, Vi)™,
we will simply write
an

PPy DOy

(Here the a; are non-negative integers and the notation (p1, V1)®" means the direct sum of (p1, V;) with
itself aq times, which is declared to be the zero vector space 0 if a1 = 0.) We will also use the notation

i =dim(p;),  Xi = Xp;-
Finally, whenever we view p; as homomorphisms
Pi: G— GLdi (C),

we will assume, when convenient, that {p;(g) : ¢ € G} are unitary matrices, which can always be arranged,
as we have seen while proving Maschke’s theorem.
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11.5. Unique decomposition. \We now prove that the decomposition provided by Maschke's theorem is
unique.

Theorem 11.5.1. Let p be a representation of G. Then there are unique non-negative integers m; such that
~ M m
PEP BB,

Proof. By Maschke's theorem, such m; always exist. Then, by using the formula for the character of a direct
sum (8§9.3), we have

h
Xo = Zmi * Xi-
i=1
On the other hand, we can use this formula to deduce by orthogonality of characters that

h
<X,D/X]> = <Zml XI/X]> = m;.
=1

1

That shows that the multiplicities m; are determined uniquely by p. O
We will refer to the m; as the multiplicity of the irreducible representation p; in p.

Corollary 11.5.2. We have an isomorphism (p, V') = (t, W) if and only if x, = xz. In words, the isomorphism
class of a representation is completely determined by its character.

Proof. One of the first properties of characters we proved was that the character depends only on the
isomorphism class. So, the “only if" is clear. Suppose now that x, = xr, then for every Xj we have

<sz?(j> = <XT/X]'> =:m;. We have seen that then both representations are isomorphic to p;r” D--- @pZ”’,
hence to each other. O

12. Further theorems and examples

Before proving some additional "big theorems", we study some examples and prove some easier results
that will give us a better sense of the whole subject.

12.1. Decomposition of the regular representation. Recall from § 9.2 the regular representation p"®3 of a
group G. It is the representation on the vector space C[G] that has basis {[g] : ¢ € G}, and

P (h)([g]) = [hg], Vg heG.
We have calculated there that
ﬁGl g = 1G;
0, else.

e |
Let us now find the decomposition of the regular representation into irreducible representations. As we have
seen, the multiplicity m; of x; is given by

m; = (X8, xi)-

This is easy to calculate:

(X8, xi) = hiG gx”g(g) Xi(g) = e X" (1g) - xi(1g) = dj,
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where d; = dim(V;), as per our conventions. We conclude the following proposition.

Proposition 12.1.1. We have

h
~ di —
(15) P8 =@l o, X =Y dix;.
i=1

Namely, every irreducible representation appears in the regular representation with multiplicity equal to its
dimension.

By calculating the dimensions of both sides in the isomorphism (15), we conclude:

Corollary 12.1.2. We have

(16) 1G = £, 4.

12.2. Criterion for being irreducible. An easy consequence of orthogonality of characters is the following
useful result.

Corollary 12.2.1. A representation (p, V') is irreducible if and only if
”Xp” =1
Proof. Let us write
Xp = Zmi * Xis
i
for non-negative integers m;. By orthogonality of characters (Pythagoras), we have

Ixell? = Y
1

Thus, |[x,]| = 1 if and only if there exists a unique iy such that m;, = 1 and all the rest of 0. But this is
exactly the case where p is irreducible. g

Remark 12.2.2. A very similar argument gives that ||x, || = 2 if and only if p is a sum of two distinct irreducible

representations, and that HXp||2 = 3 if and only if p is a sum of three distinct irreducible representations.
I?

However, when || x,[|* = 4 the pattern breaks down, and p could be either the sum of four distinct irreducible

representations, or isomorphic to two copies of a single irreducible representation.

12.3. Another look at the standard representation of S,. We take another look here at the standard
representation of S;;, n > 2, introduced in Example 10.1.2. Recall that this is an n-dimensional representation

std

p®t4 of S, whose character x* satisfies

XM (o) = I(0) = t fixed points of ¢.
We repeat here a calculation we have done before: It is clear that the space of invariant vectors is (C")%* = U,
in the notation of that example and, in particular, dim((C")") = 1. The projection formula gives another

way to calculate this dimension (see Example 10.3.4) and we get

LY XM= ¥ I =1

TESy TESy

This has a pleasant interpretation: the expected number of fixed points for a randomly chosen permutation
is 1.
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Let us use the notation T = {1,2,...,n}. Then, from the very definition of the inner product, we can say
that
1 . .
std)|2 — — Zs ( fixed points of o on T)2.
T oeS,

Ix

Lemma 12.3.1. [|x*|]? = 2.

Proof. Consider the action of S; on T x T given by

(i, j) = (o(i), a(j))-
It is clear that S, has two orbits on T x T. Namely, {(i,i) : i € T} and {(i,j) : i #j € T}. On the other
hand, o fixes (i,j) if and only if o(i) =i and o(j) = j. Thus,
 fixed points of o on T x T = (4 fixed points of o on T)?.

We apply the CFF to the action of S;, on T x T to conclude that

1 1
2= - ij fixed pointsof con T x T = — Z(ﬁ fixed points of o on T)2 = [|x*!||2.

o o
(]

std

As we have seen, this implies that p**# is a sum of two distinct irreducible representations (Remark 12.2.2).

But, we also know that
pstd =10 pstd,O.

Therefore, we conclude that pStd'O is irreducible. This argument is much more elegant, | think, than the proof

we previously gave for the irreducibility of o409 22

12.4. The character group G*. Recall from §9.1 the set
G* = Hom(G,C*),

which is group under

(91 92)(8) = ¢1(8) - P2(8)-

For a 1-dimensional representation there is no difference between the representation and its character. The
following properties are not hard to prove and the details are left as an exercise:

(1) We have a canonical isomorphism
(G1 X+ xGg)" =G x---xGj.

It is given by

fe= (fley--- fle,),

where we identify G; with {1} x --- X G; X -+ x {1}. The inverse isomorphism is given by

(fi,eoes fa) = i X X fq,
where

(fi <X fa)(81,---,8a) = f1(81)f2(82) - - - fa(ga)-

(2) We have a canonical isomorphism G* = (G*)*.

22Conversely, if we use that p**0 is irreducible, the lemma is an immediate consequence of the isomorphism p** = 1 @ 0.
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(3) We have a canonical isomorphism
(Z/nZ)" = py,
where p, = {e/?™/" . j =0,1,...,n — 1} is the multiplicative group of n-th roots of unity in C.
(Don't confuse (Z/nZ)* with (Z/nZ)*.) The isomorphism is given by
f=f(Q) € pn,
and

{— fe(Z/n2), f(a):=7"

As every finite abelian group is isomorphic to a product of groups of the form Z/nZ, we have a method to
determine G* for any finite group G:

e Calculate G®. Any f: G® — C* induces an element of G*, i.e., f o 7r, where 7r: G — G is the
canonical homomorphism. All multiplicative characters of G arise this way.

o Write G =2 Z/mZ x - - - x Z/n,Z. Use the isomorphism (Z/mZ x - - x Z./n,Z)* = (Z/mZ)* x
X (Z/naZ)*.
e Use the identification (Z/nZ)* = u, to fined the multiplicative characters of Z/nZ.

In particular, we conclude that if G is a finite abelian group then
#1G = 1G* = h(G).

Even better, we can conclude the following corollary of unique decomposition for representations.

Corollary 12.4.1. Every irreducible representation of an abelian group G is 1-dimensional and there are G
of them. Every n-dimensional representation of G is isomorphic to a representation of the form

x1(g)
p: G — GL,(C), g ,

an(g)

for some a; € G*.

12.5. Twisting. Let (p, V) be a representation of G and let a: G — C* be a 1-dimensional representation
of G. Then Hom((«,C),(p,V)) is a representation of G of the same dimension and its character, by
Theorem 11.1.6, is just

Xp - &
As &: G — C* is likewise a 1-dimensional representation, we conclude that also Xp & is a character. We
call the operation x, — X, - « twisting the representation p by the character a. We proved the first part of
the following proposition.

Proposition 12.5.1. For any character x of G and any 1-dimensional character « of G, also x -« Is a
character. Moreover, if x is irreducible, so is x - a.

Proof. It is not hard to give a direct simple proof of the second part, but let us use characters instead. We
have

x| = ﬁ% Y x(8)2(8)a(8)%(3)-
8
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However, because « is 1-dimensional, a(g) is a root of unity and we find
1 _
Ixel® = 7= Lx(2)x(g) = xll* =1.
6%

Thus, by Corollary 12.2.1, x is irreducible. O

Remark 12.5.2. It is possible that x -« = x even if o # 1. In fact, this happens quite often, for example in
cases where G has a unique irreducible representation of a given dimension. Nevertheless, in general, twisting
by 1-dimensional characters is a very useful method to get new irreducible representations from known ones.

13. Character of induction and Frobenius reciprocity

13.1. The character of an induced representation. We return now to the subject of induced representa-
tions. Let H < G be finite groups and let (p, V') be a representation of H. We defined a representation of
G,
Indfp = C[G] @cpy V-

We now analyze this representation more closely, calculate its character and prove a remarkable theorem
of Frobenius connecting induction and restriction of representations. For another model for the induced
representation see Remark 21.2.1.

Denote the character of p by x. We want to the determine the character of Indflp in terms of x. We will
denote it Ind$y.

Choose a set of coset representations for H in G so that G = [[%_, ¢;H. Then C[G] = & ,g,C[H] as a
right C[H]-module and, since C[H| ®¢(y V = V., we have a decomposition

C[G] @ciy V = (818iC[H]) @i V = &1_18i(C[H] @cpy V) = @18 @ V.
How does G act?  Given g € G, we have for any coset representative g;

88i = gjh,
for some unique coset representative gj and unique h € H. Of course, j and h € H depend on g and i. In
fact, if we write j = j(g,1),h = h(g, i), then for any fixed g the map i — j(g, 1) is a permutation of {1,...,d}
and h = g;lggi. We then have forv € V

8-8i®v=_ggi®v=_ghev=_gi®p(h)(v).
Thus, the action of ¢ can be imagined as a block matrix of size d x d, where the (i, j(g, i))-block is the matrix
p(h(g,1)). Only the blocks on the diagonal contribute to the trace, and we get a diagonal block at the place
i precisely when
88i = gih(g i),
and then f(g,i) = g; 'ggi. The corresponding block is then p(g; 'gg;) that has trace x(g;'ggi). (N.B.,
we cannot say x(g:'ggi) = x(g) as g; & H in general.) To sum up this discussion, we have proven the
important formula:
G _
Indix(g) =} x(si'ssi).
{izs; 'gsi€H}
Note that changing g; to g;h for h € H doesn’t change the condition g;lggi € H, nor the value X(glflggi).
Thus, we can reformulate our calculation as follows.
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Theorem 13.1.1. The induced character is given by the formula

1

(17) Indfx(g) x(b7'gb).

|H| {beG:b-1gbeH}
A common notation is to write
X
for the extension by zero of the character x to G. Namely, x(x) = x(x) if x € H and 0 otherwise. We can
then write the character of the induced representation as

(18) Ind§ix(g) = iy Loec (67 gh).

Corollary 13.1.2. Suppose that H<G then b’lgb € H iffg € H and so we find

0 g¢H
Ind?, -
ndix(e) {éZbeG x(b~'gb) g€ H.

Example 13.1.3. From the formula we find that the character x™® of the regular representation C[G] =
Ind?l}C satisfies x"8(g) = 0 if g # 1 and x™8(1) = |G|. It is of course easy to deduce that from the
definition of the representation itself.

Example 13.1.4. Let {1 =1, = e¥™/3,73 = ¢*™/3_ The three 1-dimensional representations p; of Az are
determined by

pi((123)) = ;.
Let x; = Ind?f’api; we can easily calculate it using Corollary 13.1.2. The following table gives the values of
these characters on the three conjugacy classes of S3.

1 (12) (123)
xn 2 0 2
X2 2 0 -1
x3 2 0 -1

As two representations with the same character are isomorphic, we find here an example of two non-
isomorphic representations of a subgroup, that is p2, p3, whose induced representations are isomorphic. We
can also calculate the norm and find that x», x3 are irreducible, while x1 is not. It is isomorphic to the direct
sum of the trivial representation 1 and the one-dimensional sign representation sgn : S3 — {£1}.

13.2. Frobenius reciprocity. Frobenius reciprocity in its precise form is a very useful tool to analyze induced
representations. Its importance rests on the fact that induced representations are a very powerful method to
arrive at the irreducible representations of a group G starting from its subgroups. We have already seen a
form of Frobenius reciprocity when studying the (®, Hom) adjoint pair.

Given a group G we will sometimes add the subscript G in {(a, B)g when denoting the inner product of its
characters.
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Theorem 13.2.1. (Frobenius Reciprocity) Let H be a subgroup of a finite group G and let V be a repre-
sentation of H with character p and W a representation of G with character o. Then
(Ind$p,0)c = (o, ResSor) .
Proof. We just calculate!

(Inde,

Z g)-o(8)

0\

_ 1 —
e eG<|H|Izph gh)) o(g)

g heG
= |Hl| )3 D p(t) - o(hth=1)

teH {gheG:h—1gh=t}

|H\ ZP

teH
= (0,0)H

We used that in {g,h € G : h_lgh =t} actually g = hth~1 and so is uniquely determined by 4 that can be
arbitrary, and that for i,t € G we have o(hth™!) = o(t) because ¢ is a representation of G. O

We note an immediate conclusion: if p and ¢ are irreducible representations of H and G, respectively, then
the multiplicity to which ¢ appears in the induced representation Indgp is equal to the multiplicity to which
© appears in ¢ restricted to the subgroup H. Applying Frobenius reciprocity, one may deduce the following
(details left as exercise).

Corollary 13.2.2. Let H1G and let (o, W) be an irreducible representation of H. Then Indga is irreducible
if and only if for all ¢ € G\ H the representation

o8 H— GL(W), o8(h) =o(g 'hg),

is not isomorphic to . In particular, we must have Centg(H) C H.

13.3. Representations of D,,. We apply here the technique of induction to find the irreducible representa-
tions of the dihedral group D,,. There are minor variations between the case n even and n odd. We consider
here the case of n > 3 odd, leaving the case of n even as an exercise.

We use the usual presentation of D, = (x,y : y*> = x" = yxyx = 1). First, we note that yxy 'x~1 = x~2

and so, as # is odd, the commutator subgroup of D, contains (x). Since D, /(x) is abelian, it follows that
D}, = (x) and D% > 7 /27. Thus, D, has two 1-dimensional characters: one is the trivial character 1, and
the other character ¢ is determined by ¢(x) =1, 9(y) = —
Our analysis below will reveal that any other irreducible representation of D, is 2-dimensional, induced
from a character of H := (x) and that there are (n —1)/2 of them. Note that
(n—1)
2

x224+1+4+1=2n,

and this identity not only confirms the dimension formula $G = Zd% but also shows that it if we have
found (n — 1)/2 non-isomorphic irreducible 2-dimensional representations of D, then, together with the
1-dimensional representations, we have found them all.
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Let x: H — C* be a multiplicative non-trivial character of H. Then x(x) = ¢, where { is some non-trivial
n-th root of unity, and )((xi) = ¢'. We claim that the 2-dimensional representation Indg")( is irreducible.
Let & denote its character. Let x' € H then yx'y~! = x~'. Since every element of D,, is either x* or x"y for
some a, we can easily calculate all the conjugates of x*. Using Corollary 13.1.2 we find that

a(xy) =0, a(x) =+

To show Indg”)( is irreducible, we can use Corollary 13.2.2. Let ¢ = x%y then gxig™! = x~*

and so we
only need to verify that the character x, given by x> Ci, is not the character x&, given by xl @‘i.
Take i = 1. We can't have { = {~! because that means > = 1, but n is odd. Thus, Indg”)( is indeed
irreducible. We remark that an alternative way to prove that is to calculate that ||a||> = 1, which we leave
as an exercise (it uses that {2 is a non-trivial root of unity and that for a non-trivial root of unity 7 of order
m, 14+y+924- 49" 1=0).

Finally, our formula for a shows that IndEI”X & Indg”)(’ if and only x(x) = x’(x)*'. Thus, if we denote
Xa the character of H such that x,(x) = e?27i/n the characters Xz and xn—g give the same induced
representation, and the representations

IndID{”Xa, a=1,...,(n—-1)/2,

are representatives for the isomorphism classes of all the irreducible representations of dimension greater
than 1.

14. Character tables

The character table of a group G is one of the best ways to get insight into the structure of G and its
action on vector spaces. There are whole books written on this subject.23 In this section we will study various
properties of the character table. Our treatment is by no means complete: there are additional properties we
will not even mention, and there are properties that we will mention but not prove.

The character table of G has rows for every irreducible representation of G, and columns for every conjugacy
class of G. We reserve the first row for the character 1 and the first column for the conjugacy class of
the identity (often we will write a representative element for each conjugacy class, and indicate below the
conjugacy class how many elements it contains). The table entry corresponding to a character x and a
conjugacy class ¢ is just x(c). By that we mean x(x) for any x € ¢; the choice of x doesn't influence the
value x(x). So, for example, the character table of S3 is the following:

1] (12) | (123)
1 3 2
n=1[1] 1 1
X2 1 -1
X3 2] 0 -1

Table 1: Character table of Sg

We see the three representatives 1,(12), (123) of the distinct conjugacy classes of Sz and the sizes of
their conjugacy classes are indicated by 1,3,2. We see 3 irreducible characters. The first one is the trivial

character 1, the second is the sign homomorphism sgn: S3 — C*, and the third is the character )(Std'o.

23For example: |. Martin Isaacs, “Character Theory of Finite Groups", Dover 1994.
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We will usually use the notation x; for the rows and c; for the columns. We use the notation introduced
before: x; is the character of the irreducible representation p; that has dimension d;.

14.1. First properties of the character table.

Theorem 14.1.1. The character table of G has the following properties:

(1) The number of rows equals to the number of columns.

(2) The sum of the squares of the entries of the first column is the cardinality of the group.

(3) The number of rows with 1 in the first column is equal to §G°.

(4) Every entry in the first column is an integer dividing §G.

(5) The “weighted" inner-product of distinct rows is 0. The weighted self-product of a row is equal to
#G (here the weights are the cardinality of conjugacy classes).

(6) The “weighted" sum of the rows is the vector (4G,0,...,0) (here the weights are the dimensions of
the representations).

The proof consists of references to theorems we proved, or will prove shortly.

Proof. (1) This is the statement that the number of irreducible characters h is actually equal to h(G). We
mentioned this before and we will prove it in Theorem 15.1.1 below.

(2) This is Corollary 12.1.2: 4G = ZI 1dZ

(3) This states that the irreducible characters of dimension 1 are 1-dimensional characters G — C*, and
1G* = #(G%)* (Lemma 9.1.1).

(4) This is a theorem we will prove later (Theorem 18.1.1).

(5) This is just orthogonality of characters (Theorem 11.4.1). If we use the fact that characters are class
functions, we may write

<XirX] 2 xi(g g ﬁG Z leil - xi CI)X](CI)
gEG
We find that if i # j the weighted inner-product of the rows, Y, |cilxi(ci)X;(ci). is equal to 0, and if i = j
it is equal to §G.
(6) This is just a restatement of the decomposition of the regular representation: x"§ = 2?:1 dixi
(Proposition 12.1.1). O

14.2. Examples of character tables.

14.2.1. Character table of Z /nZ.. Recall that every irreducible representation of an abelian group is a mul-
tiplicative character and that we have

(Z/nZ)* = uy.
We usually denote the corresponding characters py, ..., p,—1 in this case, because if we let { = 27/ then
we have
pi(a) = g".
(This notation is slightly in conflict with the usual convention of denoting the irreducible characters of a group
G by x1,---,xn-) We find the following table
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o 1 | 2 | [n-1]
po=1|1 1 1 . 1
o1 1 ¢ | 22 [T
02 1 é’Z €4 o éZ(n—l)
én_l 1 é'n—l gz(n—1) _ é'(n—l)z

Table 2: Character table of Z/nZ

Note that property (6) in Theorem 14.1.1 gives us the very useful identity: For a root of unity { of order n,
we have Z?;Ol {™ =0 for every a # 0(n).

14.2.2. Character tables of (Z/2Z.)?, Z/3ZxZ/5Z., (Z/3Z.)*. “Multiplying" two copies of the character table
of Z./2Z. we find

| (0,0) [ (1.0) ] (0, 1) ] (L1) |

0] 1] (0] 1] Ix1 | 1 1 1 1
T]1l1] X T [1]1] = 1xp | 1 | 1 | -1 | 1
o |11 o |11 px1 | 1 | 1| 1 | 1

plxpl 1 -1 -1 1

Table 3: Character table of (Z/ZZ)2

Similarly, for any abelian group G &£ Z/mZ x - -- X Z/n,Z. we can “multiply" the character tables for
each Z/n;Z to find the character table of G. This rests on our discussion that showed

G 2 (Z/MZ)* X -+ X (Z/NgZ)* = ppy X -+ X Un,,

and the concrete description of the character table of Z/nZ.
It is not efficient to use this method for G = Z/3Z x Z./5Z. because by CRT we have G = Z /157 which
is a cyclic group for which we already have a nice description. But, for example, for the case G = (Z/BZ)2

it is useful, and we find the following 9 x 9 table (w = €2™/3):
[(00)|... ] @2 ... ] (ab) |
1Ix1 1 1 1
[oj 1 ]2] [oj 1 ]2] ,
T[T T[] T[] = oxpm| 1 W2 wi+2b
o1 | 1| w | w? p1|1| w | w? _
1] w? | w 1] w?| w : :
P2 P2 oixp | 1 wit2i Wit

Table 4: Character table of (Z/3Z)?
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14.2.3. Character table of S3. We have h(S3) = p(3) = 3 and so there are 3 conjugacy classes and we take
as representatives 1, (12), (123). Their sizes are 1,3,2, respectively. We have

S =83/ A3~ 7/27Z,
and, in fact, we know two 1-dimensional characters: 1 and sgn. As we must have

1S3 =6=1"+1"+ 7,
we conclude that the remaining irreducible representation of Sz is 2-dimensional. We happen to know such a
representation, namely, p***0 and its character x*'*? whose value on a permutation ¢ is the number of fixed
points of o minus 1. Or, using the isomorphism S3 =2 D3 and our description of the characters of dihedral

groups, we can find that representation as induced from a non-trivial multiplicative character of A3. We
therefore find the following table:

1] (12) | (123)

1 3 2
X1 1 1 1
w1 -1 1
X3 2 0 -1

Table 5: Character table of S3

Remark though that we didn't really need to use our “lucky break" of knowing before-hand an irreducible
2-dimensional representation. We could have solved for the remaining character:

1
xs =5 (X —x1—x2)
(Theorem 14.1.1).

14.2.4. Character table of Dy. It requires some calculations but one find that
Dy ={1,x?}, D% ={1,%7, xy},
and that every element of Dgh has order 2. Thus,
DY =7/27 x7/2Z, %+ (1,0),7+— (0,1).
We also calculate "by hand" the conjugacy classes and find that they are given by
a={1}, a={xx"}, a={*}, ca={yy?}, s = {yxyx '}
There isn't a really quick way to do that, but one can note that since (x) is a normal subgroup, conjugacy
classes are either contained in it, or disjoint from it. At any rate, we now know that D4 has four 1-dimensional
representations, “lifted" from (Z/2Z)2. That is, if x is an irreducible character of (Z/2Z)2 and f is the

composition Dy — Dfib — (Z/2Z)? then x o f is an 1-dimensional character of Dj.
In addition, D4 has one more irreducible representation and its dimension x satisfies

8 =tDy =12 +12+124+1% + 2%
It follows that we are missing a 2-dimensional representation. Note that we can solve for the missing character,

say x, using the result on the sum of the rows of the character table, but it is also natural to wonder whether
the missing representation is provided by the action of Dy on the plane (the action inducing the action of Dy
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on the square). In this representation p”l, the action of the representatives for conjugacy classes is given as
follows:

1= ("), x=(4"), y:(711)' x2:(—1_1), Vx:(—l_l)'

We can now write the character table of Dy. The last row is x?! = Xort which is indeed irreducible because

|x?!|| = 1. (Yet another method is to construct this representation as induced from a one-dimensional
representation of the subgroup (x).)

x|y |xy|a?

1 2 2 2 1
1 1111} 1]1
prxT |1 |-1]1|-1]1
Ixp; |11 ]-1]-1]1
P1 X P1 1]-11]-1 1 1
X" 2/o0]o0 )

Table 6: Character table of Dy

Here is an application. The composition p defined by

std

Dy ——S4 -~ GL4(C),

(where the first arrow is the natural inclusion of Dy into Sy4, x +— (1234),y — (24)) is a 4-dimensional
representation of Dy. It is a bit hard to understand this action. Indeed, in terms of matrices

and it is not easy to understand what is the overall action of elements of the group. However, we can
decompose p into irreducible representations. A calculation gives
!
o) =1 ,(xpp1x1) =1, (xp,x") =1
This tells us that
p=1e (o x 1) & o,

That means that there is another basis for C* in which the representation has the form

Lo R) (i
X=\1lo00o01]) - Y¥={o0-10]"
00 -10 000 1

And a general element g of Dy will act by a matrix of the form

10 0
01 0 |,
00 p"(g)

It is now much easier to understand the action of Dy.
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14.2.5. Character table of S4. Here is a general principle. Let f: A — B be a homomorphism of groups. Let

p: B — GL(V) be a representation of B. Then po f is a representation of A and its character is simply
Xpof = Xpof: A—C.

In fact, we have used it several times before in the situation G — G — C* to lift 1-dimensional characters

of G* to G.

Now, if f is surjective and p is irreducible then also p o f is irreducible. Indeed, suppose that U C V is
a subrepresentation of po f. That is, for all a € A we have p(f(a))(U) C U. Then, as f is surjective, it
follows that for all b € B we have p(b)(U) C U. It follows that U is a subrepresentation of p and so U = 0
or V.

Let us use this for the surjective homomorphism f: Sy — S3, whose kernel is K, the Kline group. (It can
be constructed by letting Sy act by conjugation on the set K — {1} = {(12)(34), (13)(24), (14)(23)}.) Using
it, we can lift the characters of S3 to S4, and so we easily find the first 3 rows of the character table of S,.
(The conjugacy classes of S, correspond to the cycle type of permutations and that gives us the columns’
labels.) As there are 5 conjugacy classes, there are two additional irreducible representations. We know one
of them, p*%9, and we get the last row as the twist p**®0 . sgn (or by solving the equation where the sum of
the rows with multiplicities is equal to the vector (24, 0,0,0,0)). We find the following table.

1] (12) | (123) | (1234) | (12)(34)
1 6 8 6 3
1 1 1 1 1 1
sgn 1] -1 1 -1 1
X30f 210 | 1 0 2
x40 3] 1 0 -1 -1
X0 sen [ 3] -1 0 1 -1

Table 7: Character table of Sy

14.2.6. Character table of A4. The representatives for the conjugacy classes of Ay are given by 1, (12)(34), (123), (132).
There are therefore 4 irreducible representations. As A4/ K is of order 3, it follows that Ay/K = Z/3Z. and
that K D A)j. As Ay is not abelian, A} # {1} and so contains some element of cycle type (2,2). But those
form a single conjugacy class and A} is normal. It follows that A} = K.

We conclude that there are 4 irreducible representations, of which 3 are 1-dimensional, and the last is
3-dimensional (as A4 = 1% + 12 4 12 + x2 only allows x = 3). Using the result about the sum of rows we

find the following character table:

1] (123) | (132) | (12)(34)
1 4 4 3
1 |1 1 1
x|l w w? 1
x| 1] «? w 1
X 13 0 0 1

Table 8: Character table of Ay
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It turns out that the last character is just x . This is no coincidence. One can prove that forn > 4

the representation p A, Is an irreducible representation of A,.

14.3. Orthogonality of columns. We show here that the columns of the character table enjoy an orthogo-
nality property. We begin with some renormalization device to make the argument more transparent.

For every character x of G (or even for every class function f) we define a vector Uy € Ch, where
h = h(G) is the number of conjugacy classes of G. Let ¢y, ...,c, be the conjugacy classes of G, and let

(\/iTé'X(Cl):"-r\/jﬂjTg‘X(ch))

The point of this construction is that for every two characters ), { (or even any two class functions) we have

<X/ 4’> = <UX/ Ulll>l

where the inner-product on the left is the inner product of class-functions, and the inner-product on the right
is the usual inner-product in C". In fact, we have already noticed something very similar — see the proof of
part (5) of Theorem 14.1.1.
Let x1,...,xn denote the irreducible characters of G. It follows that the rows of the following matrix are
orthonormal:
Y1
Ux2

v

Xh
But this implies that the columns of the same matrix are an orthonormal set too. Namely, for any two
conjugacy classses ¢,, ¢, we get that

ZM 52“ ﬁﬁg Xi(ca)xi(cp) = Sap-

Note that £(G)/#(c;) = #Cent(x) for any x € C,. Therefore, we conclude the following.

Proposition 14.3.1 (Orthogonality of columns). We have the following orthogonality properties of the
columns of the character table.

(1) If ¢, # ¢y, are conjugacy classes then the product of the ¢, column with the ¢, column is 0. To be
precise:

Xi(ca)xi(cp) = 0.

M-

i=1

(2) For every conjugacy class c, the norm of the ¢, column is the cardinality of its centralizer. That is,
h
Y |xi(ca)|* = §Cent(x), x € ca.

It follows that we can use the entries of the character table, more specifically we can use the second part
of the proposition, to figure out the size of conjugacy classes. We record it as a corollary.

Corollary 14.3.2. The character table determines the size of the conjugacy classes.
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15. Irreducible characters form a basis for Class(G)

In this section we fill a gap and prove that the irreducible characters of a group G form a basis for
Class(G). Nothing prevented us from proving it sooner; it just seemed more useful to see some examples
before developing the theory further.

15.1. Irreducible characters form a basis.
Theorem 15.1.1. Let G be a group and let x1, ..., x, be its irreducible characters. Then

{Xll' . -/Xh}

is an orthonormal basis for Class(G).
Proof. We begin with a lemma that constructs endomorphisms of representations.

Lemma 15.1.2. Let (p, V) be a representation of G and let « a class function. Then the linear operator

T=T,= ZG“(S’)P(S’) € Endg (V).
g€

Proof. The fact that T is a linear operator is clear, because a(g) are scalars and T is the sum of the linear
operators a(g)p(g). The point is that it commutes with p. We have

p(h)oTop(h)™ = Y a(g)p(hgh™) = Y a(hgh™)p(hgh™").
g€G g€G

The last equality is true because a is a class function. Now, ¢ + hgh™' is a bijection of G (even an
automorphism) and hence

p(h)yoTop(h)™t = ) a(hgh™1)p(hgh™? =) ag
geG g€G

O

We know already that {x1,...,xx} are an orthonormal set. To prove they form a basis we need only show
for B € Class(G),

(xi,B) =0,¥i = B=0.

Let &« = B. It will of course be enough to prove a = 0.

Let (p, V) be an irreducible representation. We claim the the operator

Tp:= ZG“(g)P(g) € Endg((p, V))
g€

is actually the zero operator. By Schur's Lemma, we have Endg((p,V)) = C under the map T

mTr(T) (Equation (14)). Now,
Tp) = Z a(g)Tr Z Xp = ﬁG<Xpr.B> =0.
g€G geG
And therefore T, = cﬁ%(\/)Tr(Tp) -Idy =0.

Note that the construction

p—=To=) alg)p(s)
geG
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commutes with direct sums. Thus, we may conclude that for any representation (p, V) of G we have T, = 0.
In particular this holds of the regular representation. That is, we conclude that Y, ()8 (g) is the zero
operator on C[G]. In this case, we must have

Y «(8)p"(8)(er) =0,

g€eG

where e € {eg : ¢ € G} is the basis vector indexed by the identity element of G. However,

Y a(8)p"8(g)(er) = ) alg)ey

g€G geG

As {eg} is a basis, it follows that a(g) = 0 for all ¢ € G, as we wanted to show. 0

15.2. More properties of the character table. We organize together all the properties of the character
table we have seen, implicitly or explicitly.

Theorem 15.2.1. Let G be a group with class number h. Let {x;:i=1,...,h} be its irreducible characters,
d; = dim(x;) = xi(1), and let {c, :a = 1,...,h} be the conjugacy classes of G. We assume always that
x1=1andc; = {15}
The character table of G has the following properties:
(1) The number of rows equals to the number of columns.
(2) The sum of the squares of the entries of the first column is the cardinality of the group.
(3) The number of rows with 1 in the first column is equal to 4G .
(4) Every entry in the first column is an integer dividing §G.
(5) The “weighted" inner-product of distinct rows is 0. The weighted self-product of a row is equal to
#G (here the weights are the cardinality of conjugacy classes).
(6) The “weighted" sum of the rows is the vector (4G,0,...,0) (here the weights are the dimensions of
the representations).

(7) For any two columns c,, ¢, we have

and
h
Z |)(,-(ca)|2 = |Cent(x)|, x € cg.
i=1

(8) If xi(ca) = a then xi(c;') = & where c;1 is the conjugacy class {x~1 : x € c,}. In particular, the
set of entries of the character table is closed under complex conjugation.
(9) If xi is 1-dimensional and x; is any other irreducible character, then x; - xj = xx for some irreducible
character xy (possibly equal to x;).
(10) |xi(8)| < xi(1), with equality if and only if p;(g) = a - Id for some root of unity «.
(11) If cq # cp then there is some character x; such that x;(ca) # xi(cp).
(12) The weighted sum of the columns, where the i-th column is given weight |c;|, is the vector (G, 0, ..., 0).
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Proof. We have already proved properties (1) - (6) in Theorem 14.1.1 (only that now we have really proved
(1)). Property (7) is the orthogonality of columns proven in Proposition 14.3.1.

Property (8) was also mentioned before: we have seen that x;(x~1) = x;(x) (Equation 12). Property (9)
is of course the twisting operation we have studied in § 12.5. Property (10) follows from the fact that x;(g)
is a sum of d; roots of unity and the absolute value is equal to d; if and only if they all point in the same
direction.

Property (11) follows from the fact that the {x;} form a basis for the class functions and so for any given
¢a # ¢p a suitable linear combination of them should have value 1 on ¢, and value 0 on ¢,. This is only
possible if for some i, xi(ca) # xi(cp)-

Property (12) is essentially the orthogonality of x1 and x; for i # 1. Indeed, the i-th entry of this sum of
columns is

!
Y lejlxi(c) = #G - (xi,x1) = 4G - 6i1.
=1

O

Character tables have even more properties. We mention an additional one, which is a theorem of Burnside,
just because it is so easy to state (we will not use it in this course)

Theorem 15.2.2 (Burnside). Ifd; > 1 then x; takes the value O for some conjugacy class.

16. Using the character table to find normal subgroups

We will now see a beautiful application of character tables for the calculation of all normal subgroups of a
group G.

16.1. Normal subgroups and character kernels. Let (p, V) be any representation of G with character
X = Xp- Define

Ker(xp) == {8 € G: xp(g) = x(1)} = {g € G: xp(g) = dim(V)}.
Lemma 16.1.1. We have

Ker(x,) = Ker(p),
and so Ker(x,) is a normal subgroup of G.

Proof. Let ¢ € Ker(p) then p(g) = Idy. Therefore, x(g) = Tr(ldy) = dim(V') and thus g € Ker(x).
Conversely, let ¢ € Ker(x) and d = dim(V). As x(g) is a sum of d roots of unity (which are the

eigenvalues, with multiplicity, of p(g)), the only way this sum can be equal to d is if all these roots of unity

are 1. This implies p(g) = Idy and so g € Ker(p). O

In particular, if x1,...,xy denote the irreducible characters of G, as per our usual notation, we have the
normal subgroups
Ker(x;), i=12,...,h

Note that these subgroups can all be written as a union of specific conjugacy classes, given the character
table of G.

Lemma 16.1.2. Let x be a character of a representation (p, V') of G. Suppose that

X = Z AiXis

i€l
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for a subset I C {1,2,...,h} and positive integers a;. Then,
Ker(x) = NierKer(x;).

Once more, note that this can be calculated effectively from the character table of G.

Proof. We have
x(1) =} aixi(1).
il

If ¢ € Ker(x;) for every i, then

x(g) = L aixi(g) = Y aixi(1) = x(1),

i€l iel

and so g € Ker(). Conversely, if g € Ker(x) we have

x(1) = x(8) = Yaixi(g) = ) aixi(1).

i€l icl

Since the a; are positive integers and | x;(g)| < xi(1), the only way the last equality can hold is if x;(g) = xi(1)

for every i € I. Namely, if ¢ € Ker(yx;), for all i € I.

Lemma 16.1.3. Any normal subgroup N<IG is of the form Ker(x) for some character x.

Proof. Let H = G/N and consider the composition

reg

G—Z2G/N=H-".GL(C[H)).

O

Let p = p}¥ o 7. Since the regular representation p};® of H is injective, it follows that Ker(p) = Ker(rr) = N.

Therefore,
N = Ker(x,)-

We summarize our discussion in the following theorem.

Theorem 16.1.4. Let x1,..., x5, h = h(G), be the irreducible characters of G. Let
N; = Ker(x;).
Any normal subgroup N of G is of the form
N = NjerKer(xi),

for a suitable subset I C {1,2,...,h}. And, conversely, any such intersection is a normal subgroup of G.

Remark 16.1.5. The whole point is, of course, that we have a practical easy method to find all the normal

subgroups of a group G from the character table. Note, also, that the theorem implies that any proper

maximal normal subgroup of G is of the form Ker(y;) for some i (although, the converse is not true; Ker(x;)

is often not a maximal normal subgroup).

Example 16.1.6. We illustrate the theorem using the character table of A;. Recall that it is given by the

following table, where in the last column we indicated the kernel of the character.

We conclude that A4 has only one non-trivial normal subgroup, which is K.
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1| (123) | (132) | (12)(34) || Ker
1 4 4 3
1 |1 1 1 Ay
x1 |1 w w? 1 K
w1 &? w 1 K
x |3 0 0 -1 {1}

Table 9: Character table of Ay

16.2. Recognizing the commutator subgroup. Given a group G we have several normal subgroups canon-
ically associated to it. For example, the commutator subgroup G’ and the centre Z(G). In light of Theo-
rem 16.1.4, it makes sense to ask how to construct them from the character table. For the center, this is just
the union of all conjugacy classes of size 1. For the commutator subgroup we have the following proposition.

Proposition 16.2.1. We have
G = N Ker(x).
x I1-dim. char.

Proof. Suppose that ¢ € G’ and p is a 1-dimensional representation, then p(G’) = 1 (and so, as we have
used several times before, p factors through G*). Thus, G’ C My 1-dim. char. Ker(x).

Suppose now that ¢ ¢ G’ and denote § its image in G*. Then § # 0 (the identity element of the abelian
group G). Write
GY" 2 Z/mZ x - x Z/n.Z.

Then § = (g1,.-.,8a4) and assume without loss of generality that g; # 0.
Let ¢ = ¢¥™/™ and p the multiplicative character of Z/n1Z given by p(a) = % Then, px 1 x --- x 1
is a multiplicative character of G% and hence, through G — G, also of G. We have

(px - xM)(g) = (px Wx--- xW)(Q) = p(g1) = && # 1.
Thus, ¢ & My 1-dim. char. Ker(x), and the proof is complete. O

17. More examples of representations

In this section we consider two more examples, more involved than those considered thus far.

17.1. Character table of the Frobenius group F,y. The Frobenius group F,; is the group
Z/5Z % (Z./5Z)".

Recall that (Z/5Z)* = Aut(Z/5Z) and the semi-direct product is taken relative to the identity map
(Z./5Z)* — Aut(Z/5Z). The group law is very simple,

(Tl],bl)(i’lz, bz) = (1’11 +b1n2,b1b2), n; € N:= Z/5Z,bi €B:= (Z/5Z)X.
The Frobenius group can be realized into other ways:

(1) As a group of matrices
{(*"):bez/52",neZ/5Z},

b] nq b2 Ny — hlbz ﬂ1+b11’lz
1 1 1 '

with multiplication
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(2) As the subgroup of S5 given by
((12345), (2354)).
The isomorphism of Fyg with the group of matrices is evident. For the realization as a subgroup of permuta-
tions we send
(12345)" — (n,1), (2345) — (0,2).
Because
(2354)(12345)(2354) ! = (12345)?,

and (0,2)(1,1)(0,2)~! = (2,1), it follows (with some additional arguments) that we have an isomorphism
((12345), (2354)) = Fy.

Next, we calculate the conjugacy classes of Fy. For elements of N, conjugation by N is trivial and so by
conjugating by elements of B we get the full conjugacy classes (using that F,g = NB). We have the formula

(0,b)(n,1)(0,b=1) = (bn,1).
We find two conjugacy classes:
ap={(0,1)}, a={(,1):i=1,2,3,4}.

Likewise, conjugating elements of B by B is trivial and so we will get the full conjugacy classes of elements
of B by conjugating them by elements of N. We have the relation

(n,1)(0,b)(—n,1) = ((1 —b)n,b).
For b = 2,3,4, we get the conjugacy classes
0={(2):0<i<4}, ={(3):0<i<4}, c4={(i,4):0<i<4}.

We see that we already accounted for all the elements of the group. Therefore, Fyy has 5 conjugacy classes
(of sizes 1,4,5,5,5).

Note that Fyg/N = B = (Z/5Z)*, (n,b) — b. As Fy is not abelian, and N has no non-trivial subgroups,
it follows that N = F}; and ng > (Z/5Z)*, which is cyclic group of order 4 with generator 2. Thus, Fy
has precisely 5 irreducible representations, 4 of which are 1-dimensional. Therefore, as the size of the group
is the sum of the squares of the dimensions of the irreducible representations, the remaining irreducible
representation is 4-dimensional. We can find its character x4 by using that the weighted sum of the rows of
the character table is the regular representation.

ay an Co C3 Cy4
1 4 5 5 5
(0,1) | (1,1)](0,2) | (0,3)] (0, 4)
xo=1 1 1 1 1 1
X1 1 1 i —1i -1
X2 1 1 -1 -1 1
X3 1 1 —i i -1
X4 4 -1 0 0 0

Table 10: Character table of Fyq

It is not hard to check that under the realization of Fyg as a subgroup of Ss in fact x4 = XStd'O

Fyo-
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17.2. Monomial representations. Consider a finite group G acting on a non-empty finite set S. Construct
a vector space V with basis {es : s € S}; we have dim(V) = #S. There is a natural representation

p: G = GL(V), p(g)(es) = egus.

Such representations are called monomial. In fact, we have already seen at least two instances of this
construction:

e When S = G, and G acts by left multiplication, we get V = C[G] and p = p"8.
e When G =S5,, and S = {1,2,...,n}, we get V = C" and p = p*!%

As in these two examples, it is easy to check that

Xp(8) = I(g) =t fixed points of g in S.

Applying CFF on the one hand, and the projection formula on the other hand, we get

(19) Y xp(g) =14 orbits of G in § = dim(V©).

1
IjG geG

One way one may get such actions, is by choosing a subgroup B < G and letting S = G/B, the set of
left cosets of B in G (in fact, any set S on which G acts is a union of such examples). The representation is
called the coset representation.

To make the situation even more specific, assume that
G = N x4 B.
Therefore, G = NB,NNB = {1}. Then,
G/B={nB:n € N}.
We check that gnB = nB < ¢ € nBn~!. But,
nBn~' = {(n,1)(1,b)(n"1,1) : b € B} = {(ngp(n) "1, b) : b € B}.
If ¢ = (n1,b) € nBn~! it means that g necessarily equals to (n¢y(n)~!,b) for some n. We conclude that

X((n1,0)) = I((n1,b)) = t{n € N : ny = ngyp(n) "}

Continuing with a general analysis will require making more assumptions on ¢. Instead, let us take the case
of g = Z/5Z x;3 (Z/5Z)*. Here, n; = n¢y(n)~1 is written in additive notation and the condition is
n1 = (1—>b)n. Now,

e if b #£ 1 there is a unique solution to the equation ny = (1 —b)n.
e if b =1 and n; = 0 there are 5 solutions to the equation n; = (1 —b)n.
e if b =1 and ny # 0 there are no solutions to the equation ny = (1 —b)n.

We conclude that the character x has the values x(a1) = 5,x(a2) = 0,x(c2) = x(c3) = x(cq) = 1.
Therefore,

X:X4+XO/

and that tells us how the representation decomposes. Incidentally, note that the action of F»g on the 5 cosets
of B gives us the inclusion Fyg C S5 we used before.
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17.3. A combinatorial application. Let G be a finite group acting transitively on a finite non-empty set S.
Let

Go = {g € G : g has no fixed point in S}.
Gy is a subset of G, not a subgroup. It is not hard to prove (for example by using the Cauchy-Frobenius
formula for the number of orbits for a finite group acting on a set) that if £S > 2 then

1Go > 1.

Theorem 17.3.1 (Cameron-Cohen).
iG
Gy > “—.
1Go > s
Proof. Let I(g) = x(g) be the number of fixed points of ¢ in S, where yx is the character of the monomial
representation of G coming from S.

Compare the proof of the following lemma to the proof of Lemma 12.3.1. It is really the same.

Lemma 17.3.2. We have

1
el 2 X (g) > 2.
8€G

Proof. Consider the action of G on the set S x S, g(a,b) = (g(a),g(b)). The class function x? is the
character of this representation and the dimension of the space of invariant vectors is ﬁ% YgeG x2(g). which
is equal to the number of orbits of G in S x S by Equation (19). To prove the lemma we only need to show
that there is more than 1 orbit. And, indeed, since we assumed that G acts transitively on S, one orbit is the
diagonal {(s,s) : s € S}; since ||S|| > 2, there must be at least one more orbit. O

Let n = #S. Note that for ¢ & Go we have 1 < x(g) < n and therefore

tthgec_co(X(g) ~1)(x(g)—n) <0

Therefore,

" “D(e) 1) < 5 X (xlg) - D(e) —m) = B

ic g;G(X(g) D (x(g) —n) i L e
On the other hand,

jjlcg;G(X(g) ~D(x(g) —n) = ﬁ;gezcx%g) —(n+ 1)1128;(;;((@ + ﬁéggn
>2—-(n+1)+n=1

Combining the two inequalities, the theorem follows. O

The proof of the following theorem in number theory is beyond the scope of this course. It uses the
Cameron-Cohen Theorem.

Theorem 17.3.3. (].-P. Serre) Let f(x) € Z[x] be an irreducible polynomial of degree n. The density of
prime numbers p (in the set of all primes) such that f has no root modulo p is at least 1/n.

Example 17.3.4. If we take the most simple non-trivial situation f(x) = x? + 1, the theorem states that for
at least 1/2 the primes f has no zero modulo p.

On the other hand, f has a zero modulo p if and only if —1 is a square modulo p. As —1 has order 2
modulo p (if p > 2), this happens if and only if there are elements of order 4 in Z/pZ*. Using that Z/pZ*
is a cyclic group of order p — 1 we see that this is the case if and only if p =1 (mod 4). Thus, we conclude
that the density of primes of the form 4k + 3 is at least % (in fact, it is known to be precisely 1/2).
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18. The theorems of Burnside and Blichfeldt

In this section we prove three important results. The first is that the dimension of an irreducible representa-
tion divides the order of the group. We then prove Burnside's theorem that groups of order p“qb are solvable,
using group representations. Finally, we prove a theorem of Blichfeldt that describes every representation of
a supersolvable group G as an induction of a multiplicative character (i.e., of a 1-dimensional representation)
from a subgroup, thus providing an algorithm to construct every irreducible representation. This theory can
be extended further; we mention below a theorem of Brauer in this context that applies for a wider class of
groups, but we will not prove it here.

18.1. Dimensions of irreducible representations.

Theorem 18.1.1. Let p be an irreducible representation of a finite group G then

dim(p) 4 G.

Proof. \We first note that if x is a character of G then as x(g) is a sum of roots of unity, which are algebraic
integers, for all ¢ € G also x(g) is an algebraic integer. Let ¢ € G and let C be the conjugacy class of g in
G. Let (p, V) be an irreducible representation of G with character x. Consider the operator
p(C):=) p(x): V= V.
xeC

Note p(C) is equivariant for the action of G. That is, p(h) 0 p(C) o p(h~') = p(C), which is easy to verify
using that hCh~1 = C. Thus, by Schur’s lemma, p(C) is a scalar operator and so it is equal to A - Id, where

R _ x(@)iC _ x(g)iC
A= Gmey) PO = Gy~ x1)

(using that x is constant along C). Note that

is an algebraic number (not known yet to be an algebraic integer).

To show that X)(ﬁ)lgc is an algebraic integer, we realize V' as a sub-representation of the regular representa-
tion C[G]. This is possible because the regular representation contains every irreducible representation. Then

the action of ¢ € G on an element u € V is just gu, multiplication in the group ring C[G].

Lemma 18.1.2. Letr:= ) ¢ ag[g]| be an element of C[G] such that ag is an integer for all §. Suppose that
(Xgec aglg])u = Au, for some algebraic number A and non-zero u € C[G|. Then A is an algebraic integer.

Proof of Lemma. Left-multiplication by r defines a C-linear transformation
C[G] = C[G], uwr>ru.

Let us number the elements in G by {1 = g1,...,8x} and so r = Y ; a;[gi]. Relative to the C-basis
{lgi] : 1 < i < n} for C[G], the left-multiplication-by-r map is represented by a matrix with integral
coefficients because it sends the j-th basis element [g;] to };a; - [g;gj]. Which means that the j column of
the matrix is comprised the elements {4;} in some permuted order.

Since the characteristic polynomial of a matrix with integer coefficients is a monic polynomial with integer
coefficients, any eigenvalue A of the matrix, being a root of the characteristic polynomial, is an algebraic
integer. O
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Returning to the proof of the theorem, note that p(C) is an element as in the lemma with a; =1 if g € C,
and ag = 0 otherwise. It then follows that

x(8)1C
x(1)
is an algebraic integer (any non-zero element of the representation V is a corresponding eigenvector).
Now, let hq,...,h, be representatives for the conjugacy classes Cy,...,C, of G. Then

r
xX(hi)iCi
2 % ‘X(hi)
H x1)
is an algebraic integer. But this algebraic integer is equal to

1G _ G
X W =5

Therefore, % is an integer, meaning x(1) = dim(V)|4G. O

(20)

€ Q.

18.2. Burnside’s Theorem.

Theorem 18.2.1. (Burnside) Let p # q be primes and a,b be non-negative integers. Any group of order
p°qP is solvable.

We first prove the following theorem, which is of independent interest.

Theorem 18.2.2. Let G be a finite group and p a prime number. Suppose that G has a conjugacy class of
order p" for some positive integer r. Then G is not simple.

Proof. This is one of those proofs that are correct, but it's really hard to figure out what is going on. It just
works.

First note that the group G cannot be abelian and if the conjugacy class C of order p” is the conjugacy
class of g then g cannot be the identity element.

Let x1 = 1,..., xx be the irreducible characters of G. We use the orthogonality of the columns in the
character table of G for the distinct columns of 15 and g, to conclude that

h I
;Xi(g)Xi(1> =1+ gxi(g)xi(l) = 0.

This implies that 2?:2 Xi(g) - # = —1/p is not an algebraic integer and so, for some i > 2 for which

xi(g) #0, @ is not an algebraic integer. Namely, for some i we have

xi(8) #0,  pixi(1).
Now, for suitable integers a,b we have a-§C + b - x;(1) = 1. Multiply this by x;(g)/xi(1) to find

xi(8)4C xi(8)
- +bxi(g) = .
P =)
Using this equation and (20), we find that 7;’% is an algebraic integer. We claim that
m)_,
xi(1)
Indeed, denote ¢ = ;’g; # 0. As x;(g) is a sum of d roots of unity, say x;(g) = {1+ -+ {4, where

d = xi(1), we have |y| < 1. Suppose that |y| < 1. The minimal polynomial of  has roots (¢(Zy) + -+
0(Z4))/d, where o € Gal(Q/Q); each such root has absolute value at most 1 and one of them, e.g. v, has
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absolute value less than 1. It follows that the constant coefficient of the minimal polynomial, which is the
product of the roots, has absolute less than 1, yet it is a non-zero integer because -y is a non-zero algebraic
integer. This is a contradiction.

We know ¢ = ({1 + ---+ {4)/d has absolute value 1. As each {; has absolute value 1, this is possible
if and only if all the {; are pointing in the same direction and therefore are equal; that is to say, p;(g) is a
scalar. As such, p;(g) commutes with all p;(h),h € G.

Now, if p; is not a faithful representation, its kernel is a non-trivial normal subgroup of G which is not G
(because x; # x1), showing G is not simple.

If p; is faithful, we may conclude that ¢ commutes with all h € G and so ¢ € Z(G). This shows
Z(G) # {1} and, as G is not abelian, Z(G) is a non-trivial proper normal subgroup of G and again we find
that G is not simple. O

Proof. (Of Burnside's Theorem) Arguing by induction, it is enough to prove that such a group is not simple.
Moreover, given basic results about p-groups, we may assume that a and b are positive and G is not abelian.

Let Q be a g-Sylow subgroup. Note that Z(Q) # {1} and take 1 # ¢ € Z(Q). Then Cent(g) D Q and
thus Conj(g) is of cardinality p". If r =0, g € Z(G) and so Z(G) is a non-trivial normal subgroup of G. If
r > 1, G is not simple by Theorem 18.2.2. O

18.3. Blichfeldt’s theorem. Blichfeldt's theorem is a rather striking result that asserts that for supersolvable
groups, in particular, for p-groups, every irreducible representation is induced from a 1-dimensional represen-
tation of a subgroup.

Let G be a finite group. We say that G is supersolvable if there is a sequence of subgroups
(21) G=Gy2G; 2---2Gy = {1},

of subgroups G;, such that each G; is a normal subgroup of G (not just of G;_1!) and such that G;,_1/G; is
cyclic fori =1,...,N. For example, every abelian group and every p-group is supersolvable.

It is an exercise to show that we may, equivalently, require that each G;_1/G; is cyclic of prime order.
Namely, that given a series such as in (21), one can refine the series so that the quotients are cyclic of prime
order and still every subgroup is normal in G.

It is a standard argument to show that just like for solvable groups, subgroups and quotient groups of
supersolvable groups are supersolvable. However, unlike in the case of solvable groups, it is not true that an
extension of a supersolvable group by a supersolvable group is supersolvable. For example, the group Sy sits
in an exact sequence 1 — K — S4 — S3 — 1, where K (the Kline group) and S3 are supersolvable, but Sy is
not supersolvable: S4 doesn’t have any normal subgroup of order 2 or 3. We see that

=N
supersolvable solvable.

4=

However, a direct product of supersolvable groups is supersolvable.

Theorem 18.3.1 (Blichfeldt). Let G be a supersolvable group and let p be an irreducible representation of
G then
p= Ind?l/],
where | is a subgroup of G and ¢ a 1-dimensional representation of J.
Proof. The proof is a mix of induction on the order of G and also of reduction to the faithful case. The base

of the induction is the case where G is cyclic of prime order in which case any irreducible representation is
one-dimensional and so we may take | = G.
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Now for the general case: we first assume that G acts faithfully on V. Namely, that
p:G— GL(V),
iS an injective map.

First note that if G is abelian there is nothing to prove; p must be one dimensional and we take | = G.

Lemma 18.3.2. Let G be a non-abelian supersolvable group. Then G has an abelian normal subgroup N
such that N € Z(G).

Proof. (Lemma) Let G; be the minimal subgroup in (21) such that G; € Z(G). Then Gj41 € Z(G) and
G;/Gjy1 is cyclic. Then G; is a normal subgroup and is abelian: every element of G; can be written in the
form x"y for some fixed x € G; and y € Gjy1. As elements of G;;1; commute with elements of G;, in
particular with x, we find for two elements x"1y, x"2y, that

n n — L Htn — L Htn N n
x 1y1x 2y2 =x 1 ZylyZ =x 1 Zyzyl =x Zyzx lyl'
O

Fix this subgroup N and consider V as a representation of N. As N is abelian, V decomposes as a direct
sum over the character group of N:
V = Dyen+Vy,
where Vy = {v € V : p(n)v = ¢(n)v,Vn € N}. Pick a ¢ such that Vi # {0}. For g € G let

PN = CX, yS(n) = (g ng).

These are characters of N. Let S ={¢8:9€ G} C N*. Let H={g € G: ¢3 = ¢}. Then,

1S =[G : H].
Now, it is easy to check that

p(8)(Vx) = Vys.

Thus, in fact,

V - @XGSVX.
Note that for every x € S we have an isomorphism of vector spaces Vy = Vj, (but not as representations)
and that give

dim(V) = S - dim(Vy).

Now consider the map of representations, given on pure tensors by g ® v — p(g)(v),
(22) Indf;Vy = C[G] @cp Vi — V.
As this is not the zero map and V is irreducible, this map is surjective. The dimension of the I.h.s is
[G: H| - dim(Vy) = 4S - dim(Vy) = dim(V') and therefore the map is an isomorphism.

In fact, we claim that S has more than one element (and consequently H is a proper subgroup of G).
Indeed, if S has only one element then & = for all ¢ € G and V = V. That is, foralln € N and g € G
we have

plg tngn™!) = (g lngn™!) = 1.
As p is faithful, this implies that g~'ngn=! = 1 for all n € N,g € G. But that implies N C Z(G).
Contradiction!

Thus, we have proven that V = Indf{le for some proper subgroup H of G. Note that Vy, is an irreducible
representation of H, else the isomorphism in (22) would imply that V is reducible too. As H is a supersolvable
subgroup of smaller order, we may apply the induction hypothesis to conclude that

Vy = Indj'U,
where U is a 1-dimensional representation of a subgroup J of H. Then

V = Indf; Ind}'U 2 Indf U,
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and the proof is complete for the case where G acts faithfully.

Suppose that G does not act faithfully and let Gop = Ker(p). Using the first isomorphism theorem, there is

an injective homomorphism pg: G/Gg — GL(V') such that p is the composition G — G/ Gy Ll GL(V). As
G/ Gy is a supersolvable group of smaller order, we can apply induction and conclude that

po = Indj/ U,

for some one dimensional representation U of a subgroup J' of G/Gy (where we view both sides also as
representations of G). Let | be the preimage of ] under the homomorphism G — G/Gy. Then, viewing U
as a 1-dimensional representation of |, one finds, for example by calculating characters,

Y G

Example 18.3.3. Let consider again the Frobenius group Fpg of §17.1:
Z7/5Z % (Z./5Z)".

Let N = Z/5Z<1F)y. One checks that any non-trivial normal subgroup of F5y contains N and that Fpg has
no centre. Any irreducible representation of Fyy of dimension greater than 1 is faithful, else it comes from a
representation of a quotient group of Fpg, but all these quotient groups are abelian. Thus, N is the group to
take in the proof of Blichfeldt's theorem. One deduces that every irreducible representation of Fyq is induced
from a multiplicative character of N. Fixing a fifth root of unity £, the multiplicative characters of N are

xa(b)=2%, a=0,1,23,4.

We claim that Indi}oxﬂ is the same irreducible 4-dimensional representation of Fyg if a # 0. We use Frobenius
reciprocity, with the simplification afforded by the normality of N (Corollary 13.1.2)

0 g¢N
Ind$x =
00 = g §on

Note that for ¢ € N, each b~'gb appears the same number of times, #Cent(g) = #N, when b ranges of G.
Also, if ¢ # 1, it is not hard to check that the conjugacy class of g is N —{0}. Thus, for g # 0,
1

IN| ). Xa(b7'gb) = xa(1) + xa(2) + Xa(3) + xa(4).

beG
This sum is equal to —1 if a # 0 and is equal to 4 for a = 0. Thus, all the induced characters for a # 0 are
the same, implying that the induced representations are isomorphic. And,

1 4

(Ind%xa,lndflxﬂ> = (Xa, Resl(\;,IndI(\;,)(u> = W(él — Z g“b) =1.
b=1

Namely, each such induced representation is irreducible. In contrast, when a = 0, the same calculation gives
||Ind1(\;]]1|]2 = 4, showing that the induced representation is reducible.

Example 18.3.4. This is a generalization of the previous example, but a bit rephrased. Let p > 2 be a prime
number, and let

F=F,, 1) =2Z/pZx (Z/pZ)".

p—1
We let N = Z/pZ, viewed as a subgroup of F via n — (n,1) and we also view (Z/pZ)* as a subgroup via
b+~ (0,b). The group law in F is

(a1,b2) (a2, b2) = (a1 + bpaz, b1by).
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The series
FD> N D ({1},
has cyclic quotients, namely Z/pZ* and Z/pZ (the multiplicative group of a finite field is cyclic), and

hence F is supersolvable.
The following properties of F are not hard to check and are left as exercises:

e Z(F)={1}, FF=N.
e Any non-trivial normal subgroup K of F contains N.

We conclude that F has p — 1 one-dimensional representations, all obtained as a composition
F—Z/pZ* — C*.
Also, if (p, V) is an irreducible representation of F of dimension greater than 1 then p is faithful, else p is

obtained as a composition F%F/KgGL(V) , where pg is irreducible. But K O N and so F/K is
abelian, implying that pg (and hence p) is 1-dimensional. Thus, following the proof of Blichfeldt's theorem,
the N is our N, and we are in the faithful case. The trivial character 1 of N always induces a reducible
representation of F — it is a monomial representation on the set of cosets of N, of dimension p —1 > 1, that
has the trivial representation as a subrepresentation. Thus, in the proof we have some ¢ : N — C* such
that Vi # {0}, (1) =, where L # 1,77 = 1.

The action of N on @ by twisting is trivial and the action of b € Z/pZ* can be check to be

pg?, YN C, yPi(n) = g(bn) =

In particular, we find that H in the proof is just N and every non-trivial character of N appears in the
decomposition of V:

V = @yenpre1 Vi = Indiy,

for any choice of a non-trivial character ¢ of F. In particular, F has a unique irreducible representation of
dimension greater than 1, it is induced from any non-trivial character of N and has dimension p —1. We
check that

pp—1)=(p—-1)-1*+(p—1)~

Remark 18.3.5. There is an important theorem, in the same circle of ideas, that should be mentioned. To
state it, we will need some additional terminology. Consider the subring

ch(C[G])

of C[G] consisting of all Z-linear combinations of the irreducible characters {x; : i = 1,...,h(G)}. An
element f of Class(G) lies in ch(C[G]) if and only if (f,x;) € Z,i =1,...h(G). The elements of ch(C[G])
are called virtual characters. They are class functions f that are good candidates to be characters of
representations, especially if f(1) > 0, but this condition doesn't suffice.

Let p be a prime. A group H is called p-elementary if H is a direct product of a p-group with a cyclic
subgroup of order prime to p. It is called elementary if it is p-elementary for some prime p. Given a group
G we can consider the family of all its elementary subgroups.

Theorem 18.3.6. (Brauer’s Induction Theorem) Every virtual character of G is a Z-linear combination
of characters induced from 1-dimensional characters of elementary subgroups of G. That is, any element

f € ch(C[G]) is of the form
f= Zl?l,’ . IndI(-;I,l/Ji/
Hi

for some integers a;, elementary subgroups H; of G and 1-dimensional characters ;: H; — C*.
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Brauer's motivation was to prove this way that L-functions constructed in number theory have meromorphic
continuation to the complex plane. This factorization formula expresses an L function associated to a Galois
extension of Q with Galois group G as a product of Dirichlet L-functions to powers a;. For Dirichlet L-function
one knows analytic continuation and so, if one knows all the a; are positive, one would even get holomorphic
continuation, which is still an open problem known as Artin’s Conjecture.

19. Further operations on representations

We have seen already the construction of the dual representation and the tensor product of representations.
We provide a few more constructions of representations of linear algebra nature.

19.1. Symmetric and alternating products. The importance of symmetric products and alternating prod-
ucts goes much beyond representations of groups and so it is well worth to spend some time on these notions.

19.1.1. Graded rings. Let R be a ring. R is called a graded ring if R decomposes as a direct sum of abelian
groups

R = EBZO:ORHI
such that for all m, n,

RuRy € Rn+m‘
Note that Ry is a subring of R. A two-sided ideal I<IR is called graded if

I= 69;0:0[”, In g Rn-
In this case, the quotient ring R/ is also graded as
R/TI= &5 yRu/In.

It is not hard to prove that if 7; are elements R such that each r; € Rn(i) then the two sided ideal I generated
by them ({r;}) is a graded ideal. Sometimes we will use the notation R = @3> R" instead of R = @5  R;.

19.1.2. Tensor and symmetric algebras. Let R be a commutative ring and let V be an R-module. We define
T*(V) = &p=oT"(V),
where
T°(V)=R, TY(V)=V, T(V)=V@rV®g---@rV (n—times).
T*(V) is a graded R-algebra: for every m and n there is a natural map 24

T"(V)x T"(V) = T"™"(V), (1@ Qw1 @ QWy) =10 R QU QW R -+ @ Wy

2475 be honest, to show that this map is well-defined requires an argument. For that we assume that T" (V) “solves" the problem
of R-multiadditive, or even R-multilinear, maps V x --- x V. — W for any W, in the same way that V ® V “solves" the problem
of R-biadditive, or bilinear, maps. See also § 19.2. For a fixed (wy,---,w,), the map

V= T (01, U) R 0L R QU QW R - @ Wy,
is an R-multilinear map. Thus, we get a well-defined homomorphism of R-modules
Py ion) | T" S T", 1@ QU= Q- QU QW ® - -+ @ Wy,
This provides an R-multilinear map
V" — Hom(T™, T"™), (W, ..., wy) — P (wy0et0m) 7

and one concludes a homomorphism

T"(V) — Homg (T™, T"™™),
given on pure tensors by

W Q- Qwy P(wy ...wn)
We finally get a well-defined map

T"(V) x T"(V) = T""(V),
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This extends to define a product law on T*(V), the tensor algebra of V.
Assume that V is a free R-module of rank d with a basis ey, ..., e, then T"(V) is a free R-module of rank
d" with the basis

{€i1®”°®€in 1§1]§d}
We let I be the two-sided ideal generated by all the tensors {x @ y —y®@x : x,y € V} where 1 <1i,j < d.
Then I is a graded ideal
I = @;)lo:()ll’l/
where, in fact Iy = I; = 0, I is the R-span of the elements {x @ y —y @ x : x,y € V} and I, is the R-span
of the elements
{X1®X2®“'®anxg(1) @ Xp(2) @ D Xg(p) : Xi € V,o € Sy}

We define the symmetric algebra
Sym* (V) =T*(V)/I = &5 (T"/ 1,

and denote its graded pieces by

Sym" (V) :=T"(V)/I,.
We shall denote the image of the tensor v1 ® - - - ® v, of V" in Sym” (V) by vy - - - v, (remembering that
we are allowed now to switch the order of the v; as we please).

Suppose that R = C. If G acts on the finite dimensional vector space V linearly, then it acts linearly on each
T"(V), and so on T*(V), by
§01® - QU =801 WL X -+ X gUp.
The ideal I is a G-representation as well and so Sym® (V) is a graded G-representation and each graded piece
is a finite dimensional representation of V. It is not hard to see that
{€i1®“‘®€in11§i1 <<y Sd}

is a basis of Sym" (V') and therefore
dim(Sym" (V) = (” i = 1).

n

Remark 19.1.1. Choose a basis x1,...,xy for the C-vector space V. It is not hard to see then that a basis
for VO is

{xilxiz Xy, Z] S {1,. . ,d}}
(It has cardinality d".) Thus, we may view T*(V) as the ring of polynomials in the non-commuting variables
X1,...,X4. To bring out this interpretation we have on purpose written x; x;, - - - x;, instead of x;, ® x;, ®

-+ ®x;, . From this perspective, Sym® (V) can be interpreted as the ring of (usual) complex polynomials in
the variables x1,...,x, and a basis for Sym" (V) is the given by the monomials

{xl-oxf i > 0,4+ +ig = n},

n+d—1) )

and has cardinality (""

given on pure tensors by

and the fact that it is an R-bilinear map.
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19.1.3. Example. Let us deviate now from our usual conventions and allow G to be the infinite group GL,(C).
Let us take V = C? the standard representation of GL,(C), but let us think about it as linear forms ax + By,
where &, B € C. A matrix (*8) acts by sending x (= '(1,0)) to ax +cy (= ‘(a,b)) and y to bx +dy. That
is, the action amounts to a linear change of variables.

In this interpretation, an element of Sym" (V) is a homogeneous polynomial f(x,y) of degree n and the
action is

f(x,y) — f(ax + cy, bx + dy).

We get therefore a series of representations of GL,(C), {Sym" (V) :n =0,1,2,...}. There is also the series
of one dimensional representations {det" : n € Z}. Combined, we find that representations

det” ® Sym®(V), a€ZbeN.

It turns out that all these representations are irreducible and non-isomorphic. Furthermore, every algebraic
representation of GL,(C), i.e., every homomorphism of groups GL,(C) — GL,(C) given by rational functions
(‘; s) — (fl-]-(a, b,c,d)), where the f,-]- are of the form of a polynomial in a, b, c,d divided by some power of
the determinant, is one of these representations. This gives a complete classification of the representations
of GL,(C). A similar theory exists for any algebraic group, or even any Lie group, in place of GL,(C).

19.1.4. The character ofSymz. Suppose that G acts on V with character x. The character of the repre-
sentation T2(V') is therefore x2. To calculate the character of Sym?(V') take an element ¢ € G and a basis
{e1,...,eq} for V on which it acts diagonally, say by diag(ay,...,az). It acts then on e;e; by a;a; and so we
find that the trace is Zigj ajoj. We arrive at the following formula

(23) Kegmi(r)(8) = 5 (v (82 + xv(8%))

Let us look at an example. Recall the character table of Sy.

1] (12) | (123) | (1234) | (12)(34)
1 6 8 6 3
1 1] 1 1 1 1
sgn 1] -1 1 -1 1
Xx3of 2 0 -1 0 2
A0 3] 1 0 -1 -1
X0 sgn [ 3] -1 0 1 -1

Let x = x3o f. the character of the irreducible-two dimensional representation. Then Symz()() is the
character of a 3-dimensional representation and is calculated using the table below. Using characters we find
that Sym? () is reducible and in fact

Sym*(x) = x1 + 1.

1 (12) (123) (1234) (12)(34)
1 6 8 6 3
X 2 0 -1 0 2
P 4 0 1 0 4
x(&?) 2 2 -1 2 2
Sym?(x) [3 1 0 1 3
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19.1.5. The exterior algebra. The exterior algebra is likewise constructed as a quotient of the tensor algebra
by a graded ideal | = ®}7 ;J,. But now we want tensors to anti-commute. Thus, we want that under the
map

"= N'V:=V*"/],
that the image of v1 ® - - - ® vy, is equal to the image of sgn(a)va(l) ® -+ @ Vy(y)- It turns out that a better
condition is to require that if in 1 ® - - - ® v, we have v; = v; for some i < j then its image in N*(V) is zero.
This implies the previous relation, but is a strictly stronger condition if 1 = —1 in R. Thus, we define

Jn = Spang{v1 ® - ®@vy :v; € V,3i < js.t. v; =0}

Then | = @57 Jx is a graded two-sided ideal and we define the exterior algebra
NV =T(V)/];

It is an R-algebra. We denote the image of 11 ® - - - ® v, in A*V by
[ AR AN 75
If R =k is a field, eq,...e; is a basis for V, we can calculate that
{egs N Ney, 1<y < - <y < d}
is a basis for A" V and so
d
am = (1),

This is not obvious, but it is reasonable to leave it as an exercise. Some notable special cases are

Nv=k ANv=v, Nv=k AN V={0}Vn>ad

Example 19.1.2. Decomposition of V2, Assume that V is a vector space over C. The surjections
VeV -osym*(V), VeV NV,

have sections. For the image of the first section, we can take the subspace spanned by the vectors {%(ei ®
ej+e@e) 1 < i< j<d}, of dimension d(d +1)/2, and for the other the subspace spanned by
{3(ei®ej—ej®e;) : 1 <i<j<d} of dimension d(d —1)/2. Abusing notation, we denote them also

Sym?(V) C V, NVcCV.

Note that /\2 V maps to zero under the projection V® V — Symz(V) and so we find that the two spaces
are complementary and by dimension count

VeV =Sym’(V)e V.
Passing to characters, and making use of Equation (23), we find the identity

xv (872 = 5 (rv(8) + xv(8) + 5 (v (9)* — v (s2),

where xy is the character of the representation V. We conclude that
1
Xp2v(8) = 5 (v (9)? = xv(8?)-
Example 19.1.3. Let pSt'O be the irreducible representation of dimension n — 1 of S;, contained in its standard

representation p5f. We claim that A% p5* is irreducible as well for all 1 < a < n — 1. The proof here follows
Fulton-Harris.
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Lemma 19.1.4. Let x be the character of \" pSt of Sy, forsomel <a<mn-—1. Then
Ix]I* = 2.

Proof. Choose a basis eq,...,e;, for pSt. Note that there is a bijection between subsets B C {1,2, . ..,n} ofa
elements and basis elements of A* pSt; to B={i; < --- <i,} is associated the basis element ey N Nej,.
Define for o € S,; and such a subset B,
0 o(B)#B,
c{B} =<1 o(B)=B, g|pis even,
—1 o(B) =B, ol is odd.
The point of this definition is that

x(0) =Y o{B}.
B

As this is a sum of integers

x(o) = x(o)
Therefore,
Gox) == T (% o{B})
" 0€Sy |B|=a
1

=L ¥ ¥ o{Broic)

" 0€Sy |B|=a|C|=a
1

-~ Y ¥ ¥ ofBrofch

|B|=a|C|=a 0€Sy
oc(B)=B
o(C)=C

Now, any permutation ¢ such that o(B) = B and ¢(C) = C can be written as product,
T = 01020304,
where,
01 € 501,...n}—{BuC}, 02 € Sp—c, 03 € S5c-B, 04 € Spnc-

Let also £ = ¢pc := BN C. Below, we should note that the argument also works for £ = a under the
conventions Sp = {1} and sgn(1) = 1. Then, continuing our calculation, we find that

=2V Y ¥ L L L sen(es)sen(en) sgn(os)

|B|=a|C|=a ‘7165117(2/17[) 02E€S,_¢ 03€S,_ 04ESy

=LY Y- ax( Y sgn()?

|B|=a|C|=a 02€5,¢
In the calculation above we should note that ¢ is really ¢gc, i.e. it depends on B and C, but we omitted
that from the notation which is quite cumbersome as it is. But, we should note now that if a — ¢ > 1 then
Yo,es, ,5gn(02) = 0 as this sum is ! - (Xsgn, 1) = 0 for the sign representation and the trivial representation
1 of S,_;. To continue the calculation we consider separately the case ¢ = a where B = C and the case
¢ =a—1 where BNC has a — 1 elements. We find, using that (7) is the number of choices of B,

—_

xy==1 Y m—a)at+ Y Y (m—a-1)(a—1)
|B|=a |B|=a |C|=a
|CNB|=a-1

= % (<Z> (n—a)la! + (Z)a(n —a)-(n—a—1)(a— 1)!>
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St,0

Corollary 19.1.5. The representations \* p>** are irreducible for all1 <a <n —1.

Proof. We may think of A% p5*0 as a sub-representation of A% p%. If
St — aj;
/\u p - 69l'pl‘ 7
is the decomposition into irreducible representations then, by the Lemma,

2= |x|? = Lt
1

There is only one possibility, that there are two irreducible representations in A? pSt and they are non-
isomorphic. But then, as A? pSt'O is a proper sub-representation is must be equal to one of them. O

This is quite useful. For example, for Sg we get this way 4 irreducible representations of dimensions 4,6,4, 1
(these integers are the values dim(A%pSt0) = (;}),a =1,2,3,4). They are all distinct, which is clear except
for the two 4-dimensional representations where it follows from calculating the characters. The 1-dimensional
representation is the sign representation. We also have the trivial representation 1. As S5 has 7 = p(5)
irreducible representations and their dimensions satisfy 120 = 5! = 12 + 12 + 42 + 62 + 42 + x2 + 2, we

conclude that there are two additional irreducible representations, both of dimension 5.

19.2. Tensors, wedges and multi-linear forms. Let R be a commutative ring. Thus, every R-module is
naturally an R-bimodule and so tensor products retain the property of being R-modules. Let V and W be
R-modules. An R-d-multilinear map of V into W a function

fiVXVX- o x V=W, (v1,00,...,05) = f(v1,02,...,04),

which is R-linear in each variable separately. That is, foranyi=1,...,d, v;, ZJ; cV,r,v" € R, we have

floy, -+ roi+10, . 09) =rf(vr, -+ 05,0 ..,00) +7 f(o1, 0, ..., 04).
The property
flor, 1o, 0) =1f(01,7 0+, 0., 0g)
follows from that. A particular case is d = 2 giving us the notion of an R-bilinear pairing; note that this a

different notion than R-biadditive function, although every R-bilinear pairing is also R-biadditive. Nonetheless,
the d-fold tensor product V® over R serves the same function; see § 2.7

Lemma 19.2.1. To give an R-d-multilinear map V? — W is to give a homomorphism of R-modules

Vel W,

Proof. Let f be a multilinear map then f is also R-multiadditive and by (a slight extension of) the results we
have proven, we get a well-defined homomorphism of abelian groups

VT S W, 01008 - ®vg— f(v1,02,...,04).

Now, 701 QU @ -+ - Qug = (rv1) ®ua & - - - @ vy which is mapped to f(rvq,va,...,v4) = rf(v1,02,...,0,4).
That shows that the map V&4 — W is automatically R-linear. The converse is very similar. Il

Let us use the notation
V* := Homg(V,R).
Some care is needed because in general (V*)* # V: although there is a natural map V — (V*)* taking
v € V to the function ¢ — ¢(v), this map needs not be injective (or surjective). A good case to keep in
mind is R = Z, V = Z/2Z where V* = {0} and so V** = {0} and the map V — V** is not injective. In
this notation, we find
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{ R-d-multilinear maps } { homomorphisms of R—moduIeS}
from V to W ved s w

We say that an R-d-multilinear map f from V to W is symmetric if for any o € S; we have
f@e1)r- -1 Vo)) = f(v1,-..,0a).
Equivalently, if the map f: V®4 _y W vanishes on the R-submodule spanned by Vp(1) @ D Vp(g) — V1 &
-+ ®uvy. We say that f is antisymmetric if for any 1 <7 < j < d we have
f(o1,...,04) =0 if v; = v;.

Equivalently, if the map f: V® _ W vanishes on the R-submodule spanned by the tensors Q- - Ry
with v; = v;. This implies that for any o € S; we have

f(va(l)r . ,Z)a(d)) = sgn((T)f(vl, ce ,Z)d).

Corollary 19.2.2. There are natural homomorphisms of R-modules

{ R-d-multilinear symmetric maps } { homomorphisms of R—modu/eS}
from V to W Sym?V — W '

and

{ R-d-multilinear antisymmetric maps } { homomorphisms of R—modu/eS}
from V to W 5 ANV s W ‘

Corollary 19.2.3. (Uniqueness of determinant) Let V be a free R module of rank d. Up to a scalar, there is
a unique d-multilinear anti-symmetric map V x --- x V.— R (i.e., a determinant map).

Proof. Such maps correspond to homomorphisms of R modules

NV =R
But AYV 2 R and Homg(R,R) = R. O

Remark 19.2.4. If we choose a basis for V we can represent an element of V by a column vector in R? and
we can represent an element of V x --- x V (d-times) by a d x d matrix with entries in R. A d-multilinear
antisymmetric map is then a function

M;(R) — R,
that is multilinear in the columns and changes sign when we switch the columns and (even stronger when 2
is not invertible in R) vanishes when two columns are the same. That is, this function has all the properties
of the determinant and the Corollary asserts that it must be equal to the determinant up to a scalar.

19.2.1. Existence of invariant forms. Suppose that G is a finite group acting on a finite dimensional vector
space (p, V). Itis a natural question to ask if there is a non-zero G-invariant bilinear form on V.2 Using the
methods we developed, this is the same as asking if (Sym?(V))* has a G-invariant vector. Now, if x denotes
the character of (p, V), the character of Sym?(V') is, by Equation (23),

Kgm()(8) = 5 (v (8)” + v ().

25\We have asked that before for hermitian forms, saw that the answer is yes, and put it to good use in proving that every
representation decomposes into a direct sum of irreducible representations in Theorem 10.2.2. Although one could address this
question using the same methods we are using here for symmetric bilinear forms, it is a bit convoluted and so we will not do it
here.
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Thus, the character ¢ of (Sym?(V))* is

9() = 5 (v (@) + xv ().

The dimension of the invariant subspace is ﬁ YeeG %(Xv(g) + xv(g?)). Since this is an integer, we can
take the complex conjugate and conclude:

Proposition 19.2.5. V has a non-zero G-invariant symmetric bilinear form if and only if

G L 2 (v e +xv(s) £
g€

More precisely, the dimension of the vector space of invariant symmetric bilinear forms is equal to ‘1@ YecG % (xv( g)2 +
2
xv(g))-

If V is an irreducible representation of G then using additional considerations one finds that there is at most
one G-invariant bilinear form on V, up to scalar (symmetric or not). The argument is based on viewing a
bilinear form f(-,-) as a homomorphism V — V*,v +— f(v,-) and G-equivariance is equivalent to this map
being a homomorphism of representations; one uses now Schur's Lemma. We leave that as an exercise.
Admitting this we conclude:

Corollary 19.2.6. Let V be an irreducible representation of G. Then there is a symmetric bilinear G-invariant
form on V if and only if ‘é—‘ Ygec %()(V(g)2 + xv(g?)) # 0, in which case this form is unique up-to-scalar.
This is the case if and only if x is real-valued.

20. Representations of the symmetric group

The representations of the symmetric group are a rich area of research, with a very combinatorial flavour,
as is to be expected. We will only provide a short introduction, very far from giving a true understanding of
this topic.

20.1. Young tableuax. Let n > 1 be an integer and A be a partition of n that we write as
A=M2A 227,

where the A; are positive integers whose sum is n. To this partition we associate a Young diagram having
A1 boxes in the first row, A, boxes in the second row and so on. For example, to the partitions (4,3,3,1)
and (5,4,2,1,1) we associate the diagrams

Conversely, a Young diagram defines a partition. If we transpose the Young diagram, making the columns
into rows, we get the conjugate partition A’. The conjugate diagrams to those above are, respectively,

corresponding to the conjugate partitions (4,3,3,1) and (5,3,2,2,1), respectively.
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A Young tableau is obtained by numbering the boxes in the Young diagram using each of the numbers
{1,2,...,n} exactly once. And by doing that we also create a permutation — its cycles are defined by the
rows — with associated partition A.

Here are two Young tableaux associated to the same Young diagram. The first one is called the canonical
(or standard), one.

1123 21416
415]|6 31718
718 915
9 1

Given a tableau T there is an associated conjugate tableau T’. Even if T is standard, T’ is not standard.

To a Young tableau we associate two subgroups of S;,;. They depend on the tableau, not just on the underlying
partition A, but since they depend on the tableau up to conjugation only, we will usually be lax and write
these subgroups as P, and Q,. If emphasizing the tableau T is important we will write Pr and Q. At any
rate, define

P =Py ={0c €S, : 0o preserves every row of the tableau}

and

Q = Q) ={c €S, : o preserves every column of the tableau}.

For example, for the tableau

1

4
718
9
we have

P =503 % Spuse X Srgp, Q=15(1479) X S258) X S{3,6}-
For the tableau

2

3
915
1
we have

P =546 X S(378 X S(59)s Q= 571239} X S{457) X S{68)-

To a partition A (or, rather, to a tableau) we associate two elements of the group ring C[S,] of Sy:

ay= Y 0, by= ) sgno-o.

oEP) ey

And we define the Young symmetrizer of A as
cy =ayby € C[Sn]

If we keep the Young diagram of A but take another tableau associated to it, the elements a,,b,,c, are
instead ta T, by, 7c,T! for some T € S, and any T will arise this way for some tableau associated
with A.

Now, the point is that for every element y of a group ring C[G], the right ideal C[G]y is a left C[G]-module.
Thus, it defines a representation of the group G. In fact, the natural map

C[G] — C[Gly, X — Xy,

is a homomorphism of representations. Thus, by letting y take different values we get different quotient
representations of the regular representation C[G].
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20.2. The irreducible representations V).

Theorem 20.2.1. Let A be a partition of n. Then
VA = C[Sn] *C)

is an irreducible representation of S;,. Every irreducible representation of Sy, is isomorphic to a representation
obtained this way, for a unique partition A.

Proof. We will need a few lemmas. We follow Fulton and Harris.

Lemma 20.2.2. Let T be a tableau and P = Pr, Q = Q7 be the associated stabilizers, a = a = Yper P b=
br = Y4eqsgn(9)q, ¢ = et = L(pg)epx o 5gn(49) pa.
(1) Forp € P,pa=ap =a and pc = c.
(2) Forq e Q, qb =bq = sgn(q)b and cq = sgn(q)c.
(3) Forp € P,q € Q, pcq = sgn(q)c and, moreover, any element x of C[S,] such that pxq = sgn(q)x,
forall p € P,q € Q, is a scalar multiple of c.

Proof. The first two claims are rather clear given the explicit form of a and b. As ¢ = ab the assertion
pcq = sgn(q)c is clear too. The main issue is to prove that this property characterizes ¢ up to multiplication
by a scalar. Let x € C[G] be an element such that

pxq =sgn(q)x,  VpeP,qeQ.
Write x = Zg ne¢g. The group G is a disjoint union of double cosets G = Ug, Pg;Q and it is clear that the

coefficient ng, determines the coefficient ng for any ¢ € Pg;Q. For example, if ¢ = pg;q then, on the one
hand, pxq = sgn(q)x = Yo sgn(q)ngg and, on the other hand, pxq = ¥, ngpgq and we find that

(24) ng = sgn(q)ng;, if g = pgiq.
For example, for ¢ = pg € PQ we have
ng = ny -sgn(q).

Note that PN Q = {1} as any permutation fixing every row and every column of a Young tableau fixes all
its entries. (Conversely, defining, ng = ny -sgn(q), and ng = 0 for all g ¢ PQ, is well-defined and gives us,
in fact, n1 - c.)

What remains to prove is that if ¢ ¢ PQ then ng = 0. If ¢ ¢ PQ we will prove that ng = 0 by finding a
transposition T such that T € P,gflrg € Q. Then, using Equation (24),

_ _ -1 _
Mg =M golrg = sgn(g 1g)ng = —ng,
and so
ng — 0.
How can we find such a transposition? Let us be more precise and let T be the standard Young tableau

associated to A. The subgroups P,Q and the elements a,b,c are really Py, Qr,ar,br,cr. Let us consider
the tableau gT obtained by applying g to every entry of T. We have

Por = gPrg ™!, Qer=gQrg "
We claim that if ¢  PQ then there is a pair of integers i # j such that i, j appear in the same row of T and
in the same column of ¢T. Given that, choose T = (ij). Then, as i,j, are in the same row of T, definitely
T € Pr. Asi,j, are in the same column of gT, definitely T € Qg7 and so g_lrg € Qt. Thus, we are done
once we prove the following lemma:

Lemma 20.2.3. Suppose that there is no pair of distinct integers that appear in the same row of T and the
same column of gT then g € PQ.
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Before proving the lemma, it may be a good illustration to look at a particular example. Consider the
following Young tableau

T =

1
4
718
9

We PT = 5{1/2’3} X 5{4,5,6} X S{7,8}/QT = 5{1/4’719} X 5{2,5,8} X 5{3,6}' Let us take g= (15)(37) Then

2|7
1|6
8

8T =

O | W] k|

Then 1,2 appear in the same row of T and same column of ¢T (4,5 are another example). On the other
hand, let us take an element g that is clearly in PrQr, say ¢ = (123)(78)(1479) = (14879231). Then,
3|1

5|6
7

8T =

N[ \©O| ®|

We can verify that there is no pair of integers that appears in the same row of T and the same column of
gT. The lemma states that this, in turn, implies that ¢ € PQ.

Proof. (Lemma 20.2.3) We can find p € P and q € Q,r such that pT and q(gT) have the same first row.
Indeed, find g by “raising to the top" in each column of gT the elements appearing in the first row of T and
use p to rearrange the first row of T so that pT and g(gT) have the same first row. This is possible to do
because of the assumption that no two integers appear in the same row of T and the same column of gT —
in particular, the integers in the first row of T are in different columns of ¢T and so in each column of gT
there is precisely one integer from the first row of T.

In the example above, we can take g = (9842) and p = (123). Then

3|1
L q(sT) =

Now consider the tableaux pT,q(gT), where we erase the first row. Their, P and Q, so to say, satisfy
P C Pyr = Pr,Q C qQq¢r = Qqr. And we can repeat the process getting a p',q" (in our example,
p' = Id,q’ = Id) and pass to third row to find p”, g”,
p’" =(78),q4" = Id.

Thus, we can find p € P,q € Qg7 such that pT = g(gT). This implies that p = gg, or pg~'g~! =1 and

311
5|6
7

pT =

o ™| N

O NN

and so on. In our example, we will then use

g=p-§ 9 'g€Pr g (Qr)g = PrQr.
|
]
Corollary 20.2.4. For any z € C[S,| we have c zc) € Cc,. In particular, cf\ =nyc, for somen, € C.
Proof. (Corollary) Let x = cyzcy. Forp € P,q € Q, we have pxg = (pcy)z(cag) = sgn(q)cazey = sgn(q)x.

Thus, x is a scalar multiple of ¢, . Il

We can now prove that V), = C[S,]c, is an irreducible representation: It follows from the Corollary that
c)Vy € Cc,. Let W be a subrepresentation of V) and consider cyW. There are two possibilities.

e ¢,W = Cc,. This means that ¢y = cyw for some w € W. Then
Vi = C[Sulex = C[Sy]cyw C C[SyJw C C[S,]W C W,
and so W =1V,.
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e ;W = {0}. In this case we want to show that W = {0}. We need a lemma.

Lemma 20.2.5. Let G be a finite group and let W be isomorphic to a subrepresentation of C[G].
For example, any irreducible representation of G has this property. There exists an element ¢ € C[G]
such that W 2 C[G]¢ as a C[G]-module. Moreover, ¢p* = ¢.?°

Proof. We know that W is isomorphic to a subrepresentation of C[G], and so we may assume that
W is already a subrepresentation of C[G]. We can therefore decompose C[G], as a C[G|-module, as

C[Gl=wawh,
and let ¢ be the projection map C[G] — W, which is a map of C[G]-modules. Now, consider the
element 1 € C[G] and its decomposition
l=¢+o0.
Obviously, pw (1) = ew(@) + ew(c) = ¢. Therefore, pw(7) = Tew(l) = T@. That is, the
projection map ¢w is multiplication from the right by ¢. Since g is a projection, qo%\, = @w and
so ¢%,(1) = gw(1); equivalently, > = ¢. O
We return now to the case of the symmetric group and W C V, such that cyW = 0. Then

W-W C (C[Su]cy) - W = C[Su] - (¢cA\W) = 0. On the other hand, for ¢ as in Lemma 20.2.5,
@ = > € W-W and we get a contradiction, unless ¢ = 0. Namely, unless W = {0}.

This concludes the proof that V) is irreducible. We note several consequences of the considerations above:

e Taking the case W = V), we get that ¢,V # {0} and so ¢,V = Cc;,.
° C% =n,c, for some n, € C (already from Corollary 20.2.4).
e Consider the linear operator T, which is the multiplication from the right by c,:

C[Sn] — C[S4], X = XCj.
As
o= ), sgn(q) pg,
(p7)€EPXQ
for every o € S, we have

T(o)=0cx= ), sgn(q)-opg.
(p7)€EPXQ

From this we find that if we calculate the trace of T using the standard basis for C[S,] then
Te(T) = n!

Now, the kernel of T, Ker(T), is a C[S,]-submodule of C[S,] and the image of T, Vj, is irreducible.
If Vi NKer(T) # 0 then in fact V) C Ker(T) and that implies T? = 0. But then the characteristic
polynomial of T is x™ and in particular Tr(T) = 0. Contradiction. Thus, Ker(T) doesn't intersect
V. On the other hand, the dimension of V) = n! — dim(Ker(T)). Therefore, there is a direct sum
decomposition as C[S;,| modules:

C[Sn] = Ker(T) @ V.

It follows that Tr(T) = dim(V}) - n, because T acts on V) by multiplication by n,. We conclude
that n, = n!/ dim(V},), a rational non-zero number.?’

26An element 7 of a ring R that satisfies r2 = r is called an idempotet. Then 1 = (1 —7) +r and 1 —r is also an idempotent.
Moreover (1 —r)r =0 and it follows that R = Rr & R(1 —r), as left R-modules. If R is commutative, each summand is a ring; r
is the identity element of Rr and (1 —r) is the identity element of R(1—r).

27 fact, an integer as the dimension of an irreducible representation divides the order of the group. We will not need this.
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e Consequently, we find that
1 2 1

(acx\) = rTAC)"

We conclude that in fact %c)\ is the idempotent defining V), whose existence is guaranteed by
Lemma 20.2.5.

To complete the proof of Theorem 20.2.1 we need to also prove that if A # u then V) 2 Vi
Write A = (A > Ay > ... ), u = (u1 > pp > ...). Wesay that A > p if the first non-vanishing difference
A; — u; > 0. This provides a linear (lexicographic) order on Sy; for every A # p either A > por yu > A.

Lemma 20.2.6. /f A < u then cyC[G]c, = 0 and in particular cyc, = 0.

Note that the lemma implies that V) 2 Vy for A # u. Indeed, if they are isomorphic, we may assume
A < p and then, on the one hand c,V, # 0, and on the other hand, ¢,V = ¢,C[G]c, = 0. So it's enough
to prove the lemma.

To prove the lemma, it suffices to prove that for all g € C[S,] we have byga, = 0 and, in fact, it suffices
to prove that for ¢ € Sy,. It is thus enough to prove by -gayg*1 = 0. One way to think about it is that we
can change the tableau T’ used to construct ay from T' to ¢T'. So, it is enough to prove that

bTﬂT/ =0,

where T is the tableau used to define b, (that we can assume to be a standard tableau) and T’ the tableau
used to define a;,, without assuming it to be standard.

The assumption that A < p implies that there are two integers i # j that are in the same column of A
and the same row of T’. To prove that we introduce some (non-standard) terminology. We will denote by
T[i] the i-th row of a tableau T and by ctnt(T[i]) the numbers appearing in it.

The proof is by induction on n, where the case n = 2 is clear as there is only one possibility for A < u
then, corresponding to the tableaux

1 /
T=t] T=[[

Consider the case n > 2, and denote A = (Ay > -+ > Ay),u = (up > -+ > us). If Ay < g then
ctnt(T’[1]), that consists of y; numbers, is distributed over the A1 columns of T and so there are i # j in
the first row of T’ that are in the same column of T.

Suppose that Ay = pq, and suppose that ctnt(T’[1]) is distributed over all Ay columns of T (if this is not
the case, then there are i # j in the first row of T that are in the same column of T and we are done).
There exist then g € Qr such that ctnt(T’[1]) = ctnt(¢T[1]). Consider then the tableaux

qT* = (qT[2],...,qT[r]), T = (T'[2],...,T'[s]),

that are associated with the set §* = {1,...,n} \ ctnt(T’[1]), whose size n* is smaller that n, and the
partitions A* = (Ay > -+ > Ap), u* = (p2 > - -+ > us). Note that A* < u*, which implies n* > 2. Applying
the induction hypothesis, there are i # j appearing in the same row of T’* and the same column of qT*. But
that also means that i, j appear in the same column of T.

Thus, if these integers are i,j then T = (ij) € Qr N Py and
bTaT/ = (bTT) (TQT/> = —lelT/,

and we conclude arby = 0. This concludes the proof of Theorem 20.2.1 Il
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Example 20.2.7. Consider the trivial Young tableau

[ 12]3]]x]
In this case P = S,,Q = {1} and so a = Y ,cg, 0,b = 1 and ¢ = Y ,¢5, 0. Note that for every o we

have oc = c. Namely, C[S,] - ¢ = Y ,es, Coc = Cc, with every o acting trivially. That is, the associated
representation is the trivial representation.

Example 20.2.8. Consider the Young tableau

In this case P = {1},Q = Sy andso a = 1,b = ¢ = Y5, sgn(0) - 0. Note that for every ¢ we have
oc = sgn(c)c. Therefore, C[S,]-c = ¥ ,c5, Coc = Csgn(c)c = Cc. Thus, the associated representation is
Jjust the 1-dimensional sign representation.

Example 20.2.9. A somewhat more complicated example is coming from the Young tableau

1]2]3]. ]

n
We claim that the associated representation is pSth. More generally, the representation associated to the
tableau

1]2]3]. |ns

—s+1

n—1

n

is \°pS*Y. Let us sketch the argument for the case s = 1. In this case

P=5,1, Q=((1n)),
and
a= Y o b=1-(1n), c= Y o— ) o-(n).
0€S, 1 0€S,_1 0eS, 1

Now, quite generally, given a representation V of a group G, choose a vector v € V, v # 0, and define
C[G] =V, x> xv.

This is a morphism of C[G] modules. Given a left ideal I of C[G], I is a C[G] module and the map C[G] — V
induces a map of C[G]-modules
I -V, x— xv.

If V is irreducible, the morphism I — V s either surjective, or zero. If I is irreducible, the map is either
injective or zero.

Let us take the ideal I = C[S,]c and the vector v = (1,1,...,—n—1) € pSt'O. Apply b to it: bv =
(n,0,...,—n). Apply a to get abv = (t,t,...,t,—n-(n—1)!), where t = n- (n —2)!. In particular abv is
not zero. Thus, we have a surjection

C[G]c — p°*P.
Since we know V), is irreducible, the map is an isomorphism.

To show this is an isomorphism without using that V) is irreducible, it is enough to show that dim(C[G]c) <

n —1. Using that for every o € S,,_1 we have ca = a and so oc¢ = ¢, we find that C[G]c = Y} ; C- (in)c ,
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and then using that (1, (in))a = Y,cg, 0 we also find that (I, (in))c = 0. It follows that dim(C[G]c) <
n —1, as desired.

Assuming the result for A® p0

we can match the Young diagrams with representations, at least for n < 4.

1 sgn=p5t0

Sy [ 1] H

1 S0 sgn=A2p5t0
Ss L] | @
1 S0 A2 pSt0 sgn=/\3 pSt0 -

T is the representation pS0

of S3, pulled-back to Sy through the homomorphism S4 — S3.

20.3. Further results. As one suspects, there is a lot of combinatorics involved in understanding what are
the properties of the representations arising as C[G]c, (and some key words to google are “tabloid" and
“Specht module"). For example, the dimension of the representation V), = C[G]c, is given by the hook
length formula

n!
dim(V),) = .
lm( A) Hall hooks (hOOK length)

Every box in a Young diagram has a hook associated to it that consists off all boxes to the right of the box
(and in the same row) and all boxes below the box (in the same column), including the initial box itself.

A diagram thus has n hooks. The hook length is just the number of the boxes in the hook. In the diagram
above, 3 hooks are indicated and their lengths are 8, 5 and 4. The diagram

[1]2]8]]n]

has n hooks, of lengths n,n —1,...,1. The dimension of the associated representation should therefore be
1 and we know that is correct. The diagram

has hooks of length 3,2,2,1, giving a representation of dimension 4!/(3 x 2 x 2) = 2.

A more general, and very natural, question is what is the character x, of the representation V7 A formula
for x» will provide a formula for the dimension as dim(V)) = xx(1).

Let ¢ € S, be a permutation of cycle type (iy,...,in) — meaning it has iy cycles of length 1, iy cycles of
length 2, ..., i, cycles of length n (and so Z;’:lji]- =n). Don't confuse that with the partition associated
to g. Also use the notation A = (A > Ay > -+ > Ag) for the partition A. Define then

b=M4k=1,6=N+k=2,... 0 =A
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And define polynomials Py, ..., P, in the variables x1,..., xt, by

Pi(x) = x]i +xé+~--+x{(.
Let also,

Ax) = 1_[ (x; — xj).
1<i<j<k

Frobenius’ formula. The character x, is given by

n .
x1(g) = coefficient of xfl . -x,f" in the polynomial A(x) r{P](x)’f
]:

We will not prove this formula in this course. The proof can be found in Fulton & Harris.

21. Representations of GL,(TF), FF a finite field.

To find all the complex representations of GL,(IF), where F is a finite field of ¢ = p" elements, we begin
by first determining the conjugacy classes. We will assume that char(IF) # 2.

21.1. Conjugacy classes in GL,(IF). Recall a consequence the structure theorem for modules over PID.
Matrices in GL,(IF) are classified up to conjugacy by their rational canonical form. For GL(IF) the rational
canonical forms corresponds to pairs of polynomials of the form {(x —a,x —a),a € F*} of which there are
g — 1, to pairs of polynomials of the form (x —a,x —b),a # b € F* of which there are (9 —1)(q —2)/2, to
polynomials of the form (x — a)z,a € F* of which there are g — 1, and to quadratic irreducible polynomials
x?>+ax+b,a € F,b+#0¢cTF of which thereare g(g —1) — (g —1) — (9 —1)(g —2)/2 = q(g9 — 1) /2. These
correspond to IF[x]-modules of the form

F[x]/(x —a) ®F[x]/(x —a),  F[x]/(x—a)®F[x]/(x-b),  Flx]/((x—a)?)
and
F[x]/(x* +ax +b).

Examples of such matrices are provided by

a 0 a 0 a 1 0 —-b
0 a)’ 0 b)’ 0 a)’ 1 —a)’
The centralizer of a matrix corresponds to the automorphism group of the module. Thus, in the first case

the centralizer is GLy(FF), in the second case it is {(6‘2) :x,y € F*}, in the third case it is {(*¥) : x €

F*,y € F} and in the fourth case it is the units of F[x]/(x? 4+ ax + b) which is a group of order g% — 1.
This allows us, by the orbit-stabilizer formula, to determine how many elements are in each conjugacy class
and we find the following:

rational form type representative no. of classes  size of conj. class

(x —a,x—a) (29) g—1 1
(x—a,x—b) (52)  @-D@-2/2  q@+1)
(x —a)? (§a) q-1 7> -1

2+ax+b gg—1)/2 qz—q

—_ O
S
~——
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Thus, we must find g2 — 1 distinct irreducible representations of GL, (IF). The simplest are the one dimensional
characters. There are g — 1 distinct homomorphisms a: F* — C*. Composing them with the determinant
we find g — 1 distinct one dimensional characters

a(det): GLy(F) — C*.

(In fact these are all the 1-dimensional characters. Equivalently, the commutator of GL;(IF) is SLy(TF), in
fact for any field IF and also for GL,(IF). But we will not need this fact.) We call the corresponding one
dimensional representations U,.

21.2. Representations induced from a Borel. Let B be the Borel subgroup of GL;(IF) that consists of the

upper triangular matrices:
a x
B = a,bcF*,xcF;.
0 b

It is a subgroup of GLy(IF) of index g + 1. The 1-dimensional characters of B are all of the form

a x
(0 b) — a(a)B(b),

where a, B are characters of F*. We denote these characters
Xap: B — F*.
Define
Wi = IndgLZ(]F) Xop-
It is a representation of GL;(IF) of dimension g + 1.

Remark 21.2.1. Let G be a group, H < G and (p, V) a representation of H. The induced representation
was defined as
Indf (p, V) = C[G] ®¢py V.
We now present another model for this representation.
Let Rep := {gi}?zl be left coset representatives for H. Then every element of the induced representation
has the form Zfl:l gi ®v; for some v; € V, and this expression is unique. We can think of such an expression
as a function f: Rep — V, such that g; — v;, and we extend it to a function f: G — V by

fx) = f(giln) = p(hy V) f () = p(hy oy, x = gilu, 1 € H.
This function satisfies
f(xh) =p(h " Hf(x), VxeGhecH
(let x = g;jhq, h1 € H and calculate.) We temporarily define

ind(p,V) = {f: G — V|f(xh) = p(h"1)f(x), Vx € G,h € H}

The process can be reversed and we find an isomorphism of vector spaces, Ind%(p, V) =ind(p, V).

Via this construction, a pure tensor g; ® v; gives a function f on G that is supported on the coset g;H and
has the value f(gih1) = p(h1) 'v;. Let g € G. It acts on g; ® v; by sending it to gg; ® v; = & ® p(h)v;, if
ggi = gjh. This element, in turn, gives a function G — V supported on the coset ¢;H and having the value
p(hy Hp(k)o; on gjhy.

On the other hand, if we let G act on functions f: G — V by translation (gf)(x) = f(g '), this action
respects the subspace ind(p, V') and for the function f we find (gf)(gjl) = f(g'gh1) = f(gih ') =
p(h1)Yp(h)v;. We conclude an isomorphism of representations,

nd$(p, V) = {f: G = V|f(xh) = p(h 1) f(x), Vx € G,h € H},
where G acts on the right hand side by (¢f)(x) = f(g~'x).
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In particular, as in common in the literature, the induced representations from the Borel can be thought
of as C-valued functions on GL,(IF) that have an invariance property relative to the action of the Borel
subgroup.

Lemma 21.2.2. Ifa # B, Wa’/g is irreducible.®® If x = B then W, o is reducible and W,wg = U, & V,, where
Vi Is an irreducible gq-dimensional representation.29 The representation Wap determines the unordered pair
of characters {w, B} and the representation V, determines the character .

Proof. We use Theorem 13.1.1 to calculate the induced character. For example, for an element of the form

a 0
(0 b), there is a unique conjugate of it in B (i.e, itself) if a = b. And for a # b it has 2q conjugates

a x b «x
in B (the matrices (O b), for any x, and the matrices (0 ) for any x). In the first case the size of
a

the centralizer is (g% —1)(q%> — q) (the size of GL,(IF)) and in the second case the size of the centralizer
is (g — 1)? for each of the cases. Thus, the value of the induced character is (g + 1)(a(a)B(a)) in the first
case, and a(a)B(b) + a(b)B(a) in the second case. We leave the calculation of the remaining cases as an
exercise.

The character of W, g is given according to conjugacy classes as follows

(x—a,x—a) (x—a,x—b) (x—a)®> x*+ax+b

(g +Da(a)p(a) a(a)p(b) + p(a)a(b) a(a)p(a) 0

Not that the character determines the pair {«, }. Now, as a, B take their values in roots unity, we have

Itndepl® = = (D @+ DR +aq+1) ¥ @+ ala/b)p(b/a) +alb/mpa/e) + (2~ 1) L 1)
(q )([7 q) acF* {a#b}CIF* acFx
= - D+ D g+ D=1 -2+

g +1) ) (a(a/b)B(b/a) + a(b/a)Bla/b)) + (42 —1)(g —1)].
{(ab):ababF#0}

Now, use that for any group G and a non-trivial one dimensional character x of G, } cec x(g) =0, to
deduce that if « # B, then Y, ) a(a/b)B(b/a) = 0. We then get

gl DD 0= 16-2) - 1 2k 1)

= m[(wl)(ﬁl)z+q(q+1)(q*1)(q*2) —q(q+1)(q -1+ (7> ~1)(g - 1)]
=1

nd e g1 =

Now, if & = B then

[Indx, s/ = ] [(q—=D(q+1)*+q(a+1)(g—1)(g—2)+2q9(q+1)(g—1)(g—2) + (4> = 1)(q — 1)]

(> -1)(g*—q
—2.

It follows that Wy is @ sum of two non-isomorphic irreducible representations. We claim that the represen-
tation a o det appears in Wy . To show that we can use Frobenius reciprocity

Homg (Wya, & o det) = Hompy (xaq, & o det|g).
28Those might be called principal series representations, although the name is typically used for p-adic groups of Lie groups

(where a normalization factor is introduced).
e might call V, a Steinberg representation.
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But xa. = @ odet|y, so the r.h.s. is non-zero. We conclude that
Wya = a(det) ® V,,

where V, is irreducible of dimension q with character

(x—a,x—a) (x—ax—b) (x—a)® x*>+ax+b

ga(a?) a(ab) 0 —u(b)

Note that the character determines «. O

So far, we found the following distinct irreducible representations:

(1) g —1 representations a(det) of dimension 1.
(2) (9 —1)(g —2)/2 representations of dimension g + 1.
(3) g — 1 representations of dimension g.

We are therefore missing g> —1— (g —1+ (g —1)(§—2)/2+g—1) = g(q — 1) /2 irreducible representations.
If they are all the same dimension that dimension should be g — 1.

Let € € F* be a non-square. Then F[x]/(x? —¢) is a field with g% elements that we denote L. Writing
L=F®Fye,
multiplication becomes an F-linear transformation. a € F acts by the diagonal matrix diag(a,a) and by/e for
b € F acts by the matrix (9 %e). We get a homomorphism
L* = GLy(F),  C:=a+b/e— (7%).

Following Fulton and Harris we will call the image K, but think of { also as an element of K. The elements
in K such that b # 0 are elements of L that are not in F. The characteristic polynomial of such elements
and its discriminant A are the following

2 — 2at 4 (a* — b%e), A = 4b%.
As € is not a square, this is an irreducible polynomial. We observe that we get all the irreducible quadratic
monic polynomials in F[x] this way. Therefore, the (g% — q) /2 pairs of elements of K, { = a + by/e for which
b # 0 are representatives to the conjugacy classes of matrices with irreducible characteristic polynomial.
The group K is a cyclic group and we can take any of its q2 — 1 characters ¢: K — C*. When we look at
Ind%(p we get a g> — g-dimensional representation whose character is given as follows.

(x—a,x—a) (x—ax—b) (x—a)®> (=a+b/e
q(9 = 1)¢(a) 0 0 ¢+

The argument is easy: the only elements of K with reducible characteristic polynomial are the diagonal
matrices diag(a,a),a € F*. The only conjugates of { = a + by/€ that lie in K are a & by/e.

At this point, we are going to pull a rabbit out of a hat. Suppose that ¢ # @7 and consider the class
function x? (a notation we choose so as to show the dependence on ¢, yet to distinguish it from the character
of @, which is @, and from the character of Ind$¢).

¢ — _ _
X" = XVieWer — XAWa1 — XindSg-

It has the following values on conjugacy classes

Also ||x?||*> = 1 and x?(1) = g—1 > 0. If we write @ as an Z-linear combination of the irreducible
characters, possibly with negative coefficients, we can deduce that in fact ¢ is an irreducible character,
corresponding to an irreducible representation X,. Note that ¢ and ¢7 give the same character, but that
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(x—a,x—a) (x—ax—b) (x—a)> (=axbye
(4 =D¢(a) 0 —¢(a)  —o(0) — (Z)

is the extent of the identifications. There are g — 1 characters ¢ such that ¢ = ¢7 and (4> —1) — (g — 1)
such that ¢ # 7. Thus, we get (q2 — q)/2 irreducible representations of dimension 4 — 1. By looking at
the character tables we can recognize that all the irreducible representations we have constructed are non-
isomorphic. Therefore, we found all the complex irreducible representations for GL,(F), where F is a finite
field.

22. Introduction to Fourier analysis on finite groups.

In this section we are following the wonderful book by P. Diaconis, “Group representations in probability and
statistics" and if you find the following sections interesting, | very much recommend reading it; you should
have essentially all the prerequisite knowledge for that. Another good and friendly reference is the book by
A. Terras, “Fourier Analysis on Finite Groups and Applications".

Before commencing, let us mention that the theory of Fourier transform for groups has many applications
to other branches of science (computer science, chemistry, physics, electrical engineering), and even within
mathematics to many branches besides probability and statistics; for example, to number theory.

The theory developed below resembles classical Fourier analysis, either for periodic functions on the real
line f(x) = f(x+1), or just for any function on the real line. In the first case one uses the functions
{e27inX = cos(27tn - x) +isin(27n - x) : n € Z}, and in the second case the functions {2™"¥ : r € R}.
In the first case, these functions are continuous unitary homomorphisms from IR/Z to C and in the second
case continuous unitary homomorphisms R — C.

There several possible conventions when defining the Fourier transform and the L2-norm and these choices
lead to some differences between the formulas appearing below in the case of finite groups and the classical
formulas appearing in Fourier analysis. But once the different normalizations are reconciled, this is really the
same theory done for various groups: R/Z,R and finite groups G.

22.1. Convolution. Let G be a finite group. Let
C(G,C)={f:G—CC},

be the vector space of complex-valued functions on G. It is of course just the vector space C[G] we used
many times before, but we change our notation as to emphasize the function-theoretic aspects. A function
f defines an element Y, f(g)[g] of C[G], and conversely. The complex vector space C(G,C) has dimension
1G.

For ¢ € G define the delta function J;: G — C by

‘53(35) = {1' 8=

0, else.

This function corresponds to the group-ring element [g¢] € C[G]. The collection {d¢ : ¢ € G} is a basis for
C(G, C).The group action in terms of functions is

(8f)(h) = f(g7'h), g€ G,feC(GOQ).
Indeed, to see that, it is enough to consider the é-functions &, associated to [h] € C|[G]. For ¢ € G, the

function x + (gdy,)(x) = J,(¢~'x) is the d-function at gh, a function that corresponds to the element
[gh] € C[G].
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We define the convolution of two functions f, g € C(G,C) as

(f 8)(x) = Lsec f(xs™1)g(s)-

Note that for a non-abelian group in general f * g # ¢ f. In fact, convolution is just the product in the ring
C[G]; if we write an element of C[G] as Y, ag[g]. where ag € C, then

(L aglg]) + (L bglgl) =Y (ag +bg)lsl,  (Qaglgl) (Pobsls]) = Y () ags1bs)lg]-
8 g 8 g 8 g s

And so it is clear that C(G,C) is a ring under addition of functions and convolution, with identity element &.
For the same reason, the following two properties are evident, nonetheless we prove the first in the language
of convolutions.

® g * 0 = Ogp.

s f = ng(g)5g~

Indeed, (8 * &) (x) = Lseg 0g(xs™1)d)(s) = dg(xh™1), which is a function that is everywhere zero except
at x = gh where it is 1. Thus, g * & = dgp.

22.2. The Fourier transform. The Fourier transform f of a function f € C(G,C) is a function on repre-
sentations (p, V) of G. It associates to a representation p the element

f(p) = Esec f(s)p(s) € End(V).

In this part of the course, we will always assume that the representations are unitary, which we can always
achieve by a suitable inner-product (cf. the proof of Maschke's theorem, Theorem 10.2.2).

Lemma 22.2.1. We have the following properties of the Fourier transform:
(1) f/—;g:f—i—g, andu/cj\f:af,zxeC.
(2) og(p) = p(8)-
(3) Let U be the uniform distribution on G, U(g) = ﬁ,Vg € G. Let (p,V) be a representation of

G. Then U(p) is the projection operator on the sub-representation VG. Thus, if p is irreducible and
p 21 then U(p) = 0, while U(p)(11) = Id.
(4) Letting T - S denote composition of linear transformations (the product in End(V)) we have

(25) frg=1-8

Proof. The first two properties are immediate from the definition. The third property is just the definition
of the projection operator and the fact that VC is a subrepresentation of V. For the last, let (o, V) be a
representation of G. Then,

Frglo) =Y (¥ fst™H)g(t) - p(s)

seG teG
= () f(0)p(x)(} g(t)p(t)
xeG teG

= f(p) - &(p).

(The last product means product in the ring End(V'), which is composition of linear functions.) O
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22.3. Fourier Inversion and Plancherel’s formula. The following theorem is very much reminiscent of
formulas in Fourier analysis over IR.

Theorem 22.3.1. Let py,...,p; be unitary representatives for the irreducible representations of G and let
d; = dim(p;), xi = Xp;-
(1) (Fourier Inversion) For any function f € C(G,C),

h
(26) £9) = 17 L Trlois ™ @)
(2) (Plancherel’s formula) For any two functions fy, f» € C(G,C),
(27) Z(:;fl 71 f2 ‘G‘ Zd TI‘ fl Pz)fZ(Pz))

Proof. The proof is surprisingly simple for such scary looking formulas. First note that by linearity and
bilinearity, it is enough to prove Fourier inversion for the functions d¢, and the Plancherel formula for the pair
of functions dg, d,. We first verify Fourier inversion for d,. In this case, the right hand side of (26) evaluated
at s is:

h ~
|<13 ;di Te(pi(s™)dg (i) =

1 h

= @ ;di : Tr(pl(s_lg))
1 h

= @ Zdl?(z< 18)

This is a function that vanished everywhere, except at s = g, where it receives the value 1. Namely, this is
just the function d¢(s), as required.

Now for the second part of the theorem. The right-hand side of Plancherel's formula (27) is equal to

1
|G‘ ZdTI' 58 Pz)5y Pl ))

||M
&.
:1
‘9

I
al~
'ME

Il
—_

diTr(pi(gy))

I
al~
M-

Il
—

dixi(8y)

I
Q=
=

3
=
0oqQ
=

This expression is equal to 1 if g = yfl, and is equal to 0 otherwise. The sum
-1
Y Gl
seG
has exactly the same property, so we get the equality we were after. O

We now derive a variant of Plancherel’s formula that is very useful for applications. Recall the (potentially
confusing, but customary) notation for a complex matrix M: M* = M!. Recall also that if V is an inner
product space we can define an inner product on End(V) by (S, T) = Tr(S* - T) (it would be conjugate linear
in the first variable and linear in the second variable), where S* is the adjoint operator relative to the inner
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product on V. If we choose an orthonormal basis for V then we may think about S as a matrix and S* has
the same meaning as above. This sheds some light on the expressions appearing in the next corollary.

Corollary 22.3.2. Let f1 be a real-valued function then, for any function f;,
1
(28) Zfl(s)fz(s) = @

seG

di - Te((fi(pi)* - fa(pi).

™=

Il
—

i

Proof. Let g be the function g(s) = f1(s™). Then Yecq f1(5)f2(s) = Ysec g(s71) f2(s) and we can apply
Plancherel's formula to this sum. It only remains to note that for p = p; for some i,

8o) =Y fils™Hp(s) = Y Aile)p(s™) = Y fils)e(s)" = (L fi(s)e(s))" = filp)",

where we used that p; is unitary and fy is real-valued. 0

22.4. The case of cyclic groups. Let N be a positive integer and G the group Z/NZ. Any finite cyclic
group is isomorphic to Z/NZ and the isomorphism is canonical up to choice of a generator. Besides the
groups Z/NZ., other cyclic groups that appear very often are the cyclic groups IF*, where FF is a finite field.
In the latter case, there is no canonical choice of a generator.

If G is an abelian group then G = G*, where G* = Hom(G,C*) is its character group. The isomorphism
requires choices in general, but in the case of Z/nZ we can make it canonical by

Z/NZ =~ Hom(Z/NZ,C*), a+ Xa,

where

Xa(x) = R = (8,

where {n = e¥™/N_ Note that unlike our usual conventions, xo = 1 and not x;.

When G is abelian, every irreducible representation is an element of G* and as the Fourier transform
is additive relative to direct sum of representations, we see that the whole story depends on the Fourier
transform evaluated on irreducible representations. Fix an isomorphism G = G*. With this understanding,
we can think about the Fourier transform for an abelian group G as a linear transformation

C(G,C) — C(G,C), [ f.
When G = Z/NZ. this is the map taking f to f(a) := f(xa) = Zg\]:_ol F(s)xa(s).3® Thatis,

f(ﬂ) _ 25{\]:_01 (S)EZnius/N

Our calculation of dg as the function sending a representation p to p(g) gives that dg(a) = e>™8/N = x,(a).
That is, the Fourier transform sends the function J¢ to the character x,:

‘Zz:Xg

The Fourier inversion formula f(s) = H@Z?:l d; - Tr(pi(s~ 1) f(p;)) translates to the formula f(s) =
Ly N"Vxa(s71)f(a). Considering that xa(s™!) = %a(s), we get®!

f=HeN @)k = 5 2N F@)x—a

30Terras, who follows more closely the classical conventions, define f(a) = f(x—a) leading to f(a) = £N ! f(s)e~2mias/N.
31\ith Terras's conventions, one gets f= % Y f@)xa.
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Moreover, from Plancherel’'s formula (or perhaps more simply by repeating its arguments) one can deduce,
for any abelian group G of cardinality N in fact, that

(29) (f.8)=n{f.8)  IfI?=RIAIP

22.5. The uncertainty principle. One version of the uncertainty principle states that one cannot pinpoint
too-well both a function and its Fourier transform. If function f is simple, in the sense that it is concentrated
around a small set (supported on a small set, for finite groups) then many oscillations (characters for finite
groups) are required to describe it — meaning f is not concentrated around a small set.

The terminology originates with uncertainty principle in quantum mechanics. The latter can be phrased
in terms of properties of the real Heisenberg group. We will not discuss how this is done, but focus on some
mathematical aspects. One of many references to consult, one where the mathematical aspects are perhaps
clarified, is the book by G. B. Folland/Harmonic analysis in phase space.

22.5.1. The real Heisenberg group. Given a C-valued function f € L?(R), there are two ways ¢, i € R can
act on such a function — “multiplication"” and translation:

(Mgf)(x) := ™8 f(x),  (Tuf)(x):= f(x —h).
These operators do not commute. In fact,
TMg = e 28" M, T,
(and so Ty, Mg, Ty, Mg, = ezmgthThl+h2Mgl+g2). This non-commutativity is a manifestation of the uncer-
tainty principle in Physics.
Define the real Heisenberg group H = H(IR) by
H=RxRxR, (w1, b1, 81) (a2, hp, 82) = (a1 + a2 + g1ho, Iy + 1y, 81 + &2)-
By observing that this is a semi-direct product of the form (C x R) x R, or by the association («,k,g) <

lgoa
<0 é12 h>, one sees that this is indeed a group. It acts on functions f: R — C by
001

(a1, 8)(f) = Ty (Mg f).
The centre Z(H) of H is C = {(«,0,0) : « € R}. One can define a pairing on R?> = H/Z(H) by:
(1, 81), (12, &2)) := [(0, 111, 81), (0, 2, 82)1,

where on the right hand side we are taking the commutator (and our notation is [x,y] = xyx~1y~1). It'is
an element that lies in Z() and identifying it with R we find that

() R2xR* =R, ((h,81),(h2,8)) = g1h2 — g2l

A key fact about the Heisenberg group is the classification of its representations.

Theorem 22.5.1 (Stone-von Neumann). H has a unique continuous unitary irreducible Hilbert space repre-
sentation in which the centre acts through the character a — ™% This representation is, up to isomorphism,
the action of H on L?(R).

We remark that it is easy to generalize everything we said thus far to R” and the Stone-von Neumann
theorem still holds. In fact, it holds in much greater generality than for groups of the form IR” and for any
non-trivial unitary character Z(#), not just for the character a +» e2™*.
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22.5.2. Models of the irreducible representation. Besides the model of L?(IR) already discussed, one can
construct another model for this irreducible representation. The representation space is still LZ(]R), but here
we let the Heisenberg group H act by

(a,h,8)f = ™M _}, T, f.

As M_y TeM_y,Tg, = ezmgthM,(hﬁhz)TgﬁgZ, this is another representation of H in which the center

acts by & — €27% and is, likewise, irreducible. Thus, there should be an automorphism of Lz(]R), say f — f

the commutes with the two group actions. In fact, by Schur's Lemma, such an isomorphism is unique, up to
a scalar. Namely, reducing the requirement to generators (O,g,O), (0, O,h), we require:

Mgf = Tef,  Tuf = M_yf.
The Fourier transform for functions on the real line is defined as>?
@) = [ fls)e>tas.
Fourier inversion is
1) = [ feemae,
and the normalizations are such that we have -

(i f2) = (1. fa)-

The Fourier transform satisfies

(280 f) () = f(E—8) = Tef(€),  Tuf(2) =e ™ f (&) = M, f(G).
Namely, the Fourier transform is an equivariant isomorphism between two models of the same irreducible
representation; a so-called intertwining operator.

As said, the uncertainty principle in quantum mechanics has very much to do with the canonical unitary
representation of the (suitably generalized) Heisenberg group and the non-commutativity of the operators
Mg and Tj,. The precise explanation is beyond the scope of these notes. In the context of our discussion, the
uncertainty principle implies that one cannot at the same time localize the value of a function and its Fourier
transform. To be precise, one has the inequality for a function f of norm 1:

The uncertainty principle : (/_o:o(x — Ll)z\f(x)|2 dx) (/_0;(5 . b)2|f(§)|2d§> > ﬁ

Thus, the above says that if f is concentrated around a € R then no matter what b € R is chosen, f
cannot be concentrated around b. Equality is attained in the above if and only if f is, modulo translation and
multiplication by a phase factor, a Gaussian function (i.e. of the form Ke’cxz).

22.5.3. Finite Heisenberg groups. Let G be a finite abelian group with N elements. Define the finite Heisen-
berg group as
H=unxGxG", (a1,h,81)(a2,h2,82) = (vqa2 - g1(h2), hih2, §182)-
Here pn are the N-roots of unity. A straightforward verification shows this is a group with identity (1,1,1) and
inverses (a,,¢) "' = (a~'g(h),h™1,¢~1). The centreis Z(H) = {(«,0,0) : « € uyn}, and the commutator
pairing is
() (GX G x (G xGY), ((h, 1), (h2,82) = [(1,11,81),(1,h2,82)] = g1 (h2)ga(h) .

The analogue of the Stone-von Neumann theorem is

32Here we adhere to the usual convention.
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Theorem 22.5.2. H has a unique irreducible representation in which the centre acts by
(0,1,1) — - Id.
Proof. The proof is very similar to the proof of Blichfeldt's theorem 18.3.1, so we will be brief. Let
G={(Lnl):heG}, G ={(1,1,9) :9€G"}.

Both are subgroups of H and the projections G — G,G* — G* are isomorphisms.
Let (p,V) be an irreducible representation in which the centre acts as scalars. We will write p(h) =
p(1,h,1),0(g) =p(1,1,8). As G is abelian, there is a decomposition

V =®4ecVg, Vgi={veV:p(h)(v)=g(h) v,VheG}.
An easy computation shows that if v € V; and g1 € G* then p(g1)v € nglg. From this one can deduce the
1

following:

e all the V; have the same dimension;

e choose some non-zero v1 € Vi and let vg = p(g)v1 then vg € Vo1 and p(81)vg = Vg, g;

o V = @gGG*C . Z)gq, C- Ugfl = Vg.
(It is in the last point that we use irreducibility.) Note that then (p, V) is uniquely determined because we
know how puy, G, G* act on each vg.33 O

22.5.4. Models for the irreducible representation. We construct two models of the unique irreducible repre-
sentation of Theorem 22.5.2.

First model: We take as our vector space V = L2(G) = C(G,C). An element h € G acts on functions by
translation
(Tuf)(x) = f(h""x).

An element ¢ € G* acts on functions by “multiplication"

(Mgf)(x) = g(x)f (x).
An easy verification shows the identities:
® Mg Mg, = Mg,g,, Tiy Tiy = Ty, -
o T,M; = g(h)"'M,T,,.
o Ty, Mg, Ty, Mg, = 81 (hZ)ThthngZ'

Consequently, we have a group action of H on V by

(@ h g)f = a- (Tu(Mg(f)))-

Namely, (a,h,g) — a-Tyo M. By comparing dimensions we see that V must be isomorphic to the unique
irreducible representation of H such that the centre acts naturally.

Second model: We take as our vector space Vi = L2(G*) = C(G*,C). An element h € G acts on functions
“by multiplication"

(Mpf)(§) = S f(Z)-

An element ¢ € G* acts on functions by translation
(Tef) (@) = f(87'0)-

3, fact, we have proven that (p, V) = IHd;jN xG

of G*. Then IndeNXQ = BgecrC- g If we let vy = [¢] we find that g € G* acts as g1vg = V4. As h € G satisfies

hg = (Lh1)(1,1,8) = (Lhg) = (1,1,8)(g(h)~1,h,1) = g(h)~!gh, it follows that /i in G acts on vg by multiplication by the

scalar g71(h). Thatis, C - g is precisely the eigenspace associated to g~

1. To see that, take as representatives for the cosets of yy X G the elements
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An easy verification shows the identity
TeMy, =g (WM T,, g€ G*heG.
Consequently, we have a group action of H on V;j by
(a,h,g)f = a- (My(Ty1(f)))-

Namely, (a,h,g) — a- My o0 T,-1. By dimension considerations we see that V3 must be isomorphic to the
unique irreducible representation of H such that the centre acts naturally.

We conclude that there is an isomorphism of representations of H, unique up to a scalar,
L*(G) — L*(G*).
If we denote this isomorphism f  f then it must satisfy, in particular, that
Tof = Myf, Mgf = Te f,
and those properties, in turn, guarantee that f — f is equivariant for the action of H. The following

Lemma shows that the Fourier transform satisfies these identities and hence our notation is justified. The
isomorphism is, indeed, the Fourier transform!

Lemma 22.5.3. Let G be a finite abelian group. The Fourier transform satisfies
Tuf = Myf, Mgf = T f.
Proof. The first identity is

Tf(@) = L(Tf)()E(s) = 1 fh1)e(s) = 1 f(s)a(hs) =

seG seG seG

The second is,

Mef(§) = Y (Mgf)(s)E(s) = 1 () ()6(s) = X f(s)(88)(s) = (Tg1 )(©)-

seG seG seG

22.5.5. The uncertainty principle for finite groups.

Theorem 22.5.4. Let G be a finite abelian group and let f be a non-zero function on G with Fourier transform
f on G*. Then

[supp(f)| - [supp(f)| > |G-

Example 22.5.5. If f = J; then [supp(f)| =1, so f should be a no-where vanishing function. Indeed, we
saw that f = Xg which takes values in the unit circle and in particular is no-where vanishing.

Proof. Unlike many of our results, this is not a statement that can be reduced by linearity to delta functions.
We will estimate || f||> using the Fourier transform and the identity (29).
On the one hand,

(30) 1% = |G| Y 1f(s) |(1;||8upp(f)| -max{|f (x)*}.

seG

On the other hand, by Fourier inversion,

0\

ol 5/
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As each |x(x)| =1, we find that

sup{|f(x)|*} < W (X Ifx = (2 1FQ)1P) - [supp(F)].
xeG* xXeG*
(using Cauchy-Schwartz for the sum (¥, ¢ 1f0l-1 supp(f ) ). Using (29), we find
max{|f(x)|*} < || fII* - [supp(f)I-
Combining with (30), and then dividing by | f||?, gives the theorem. O

22.6. Random walks on cyclic groups. Let N be a positive integer, and consider the integers modulo N,
Z./NZ. For various applications in cryptography, statistics, computer science and more, it is of interest to
randomly choose a congruence class modulo N, or to emulate a random walk on Z/NZ. True randomness
is hard; it's hard to generate and hard to “excavate" from nature. For that reason, one tries to expand,
or stretch, a small amount of randomness to create a process that is pseudo-random; it is not completely
random, but for all practical purposes it is.

Consider then the following process

Xer1 = X+ b, k=1,2,....

At each iteration a; and by can be chosen among the classes (Z/NZ)X and Z/NZ, respectively, according
to some agreed upon distribution. (This process is related to pseudo-random number generators, but we will
not get into that here.) The simplest situation that is not completely deterministic is

ay = 1,Vk, by chosen from {£1} with equal probability.

This process just requires a fair coin-toss at every step.

Let us denote functions on Z/NZ by vectors (ag,...,an_1). And let us suppose that the initial seed is
xo = 0 € Z/NZ, namely, it is the vector (1,0,...,0) with probability 1. Then, the distribution after one
iteration is P = (0,1/2,0,...,0,1/2), and after n-steps it is given by P*"" := P P % --- % P (convolution
n-times). For example, applying the random walk twice, it is clear that we can only end at 0,2 or =2 = N —2,
and the probability we end at 0 can be found as

11 11 1

22 2277

Similarly the probability for ending at 2 is P(b; = 1) - P(b, = 1) = 1/4, and so on. We recognize that we are

just calculating P % P. For example, (P P)(0) = Z]’.’:_Ol P(j)P(—j)=P(1)P(p—1)+P(p—1)P(1) =1/2.
Let us switch for a moment to multiplicative notation (which will hopefully be less confusing), and write

Z/NZ = (t) where tN = 1. Using the group-ring notation (instead of the functions on G notation), we can

say that

P(by =1)-P(by=~1)+P(by = —1)-P(by = 1) =

1 1
P=—-(t+-
S+,

and so

where

i€{0,...n},2i—n=j(N)
The limiting distribution is thus

: o
nlgnmP —nlgnoo(ao(n),al(n),...,aN,l(n)).
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Our main interest is to know whether lim,, _, oo P*" approaches the uniform distribution U, and, if so, how
fast? If N is even, P*" does not approach the uniform distribution as it is always support on the even integers
modulo N. Suppose henceforth that N is odd. The fact that P*" approaches the uniform distribution U is
fairly easy (and follows from basic theory of Markov chains). The main question is how quickly it approaches
u.

To gauge this we introduce the total variation norm || - ||;uax. Let G be a finite group. For any two probability
distributions P, Q € C(G,C) we let

1P~ Qllwax = max|P(4) ~ Q(4)] = 5 ¥ P(3) - Q(e)],

g€G

where P(A) = Y.,c4 P(a) is the probability of the event A.3*

Lemma 22.6.1 (Diaconis-Shahshahani). Let G be a finite group with irreducible (unitary) representations
p1=1,...,0. and let P be a probability distribution on G. Then, using * to denote the adjoint operator,

1P — U fax < di - Te(P(o:)" - P(pi))-

AN
D=

(Namely, the trivial representation 1l is the only one not appearing in this sum.)

We will prove this lemma later on. Let us first see its application for the process we are discussing. In this
case, recall that the irreducible representations of Z/NZ are the 1-dimensional representations {x; : j =
0,1,...,N —1}, where

xi(a) =Ty gy = e2m/N),

(Namely, x; is the character such that )(]-(1) is the N-th root of unity e2™//N ) Then,

N 1 .
P(x) = 5(xj(1) + xj(=1)) = cos(27j/N).
By multiplicativity of the Fourier transform, using *# in the the exponent to note n-fold convolution,
17*\”()(j) = cos(2mtj/N)".
Applying the Diaconis-Shahshahani lemma we find
1 N=1
1P = UG < 5 3 cos(275j/N)™".
j=1
This last sum, though elementary in appearance, is not that easy to estimate, yet a relatively simple argu-
ment>° gives a bound and one gets the following. If N > 7 and odd then for n > N?

N

_n-,.n

1P = U fay < € 22

This can be formulated qualitatively as saying that

34The total variation norm is just half the L1 norm.

One proves that for x € [0, 7z] we have N
35 cos(x) < e */2 and then sums the - o N
resulting geometric series. For more N

details see Diaconis’ book, p. 26. \
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“for ay = 1, and by chosen uniformly from the set {1, —1}, about N? iterations of the process
Xpy1 = agXg + by
are required to achieve a distribution close to the uniform distribution."

One can perform a similar analysis for the case g = 1 and by chosen uniformly from {0,1, —1} and get
a very similar result. On the other hand, in stark-contrast, one can prove the following results for N such
that ged(N, 6) = 1:

“for ay = 3, and by, chosen uniformly from {1, —1}, about log N iterations of the process xj,1 = agxy + by

are required to achieve a distribution close to the uniform distribution."

It is quite surprising that the second type of random walk mixes so well compared to the first type. One
reason the estimates are so different is that we are transitioning from representation theory for the group
Z./NZ to representation theory for the group Z/NZ x Z/NZ*. The process xj,1 = 3xx + by is thought
of as coming from a random walk on the group Z/NZ x Z./NZ>* corresponding to taking powers of the
random element (b,3), where b = {1,0, —1} with equal probability.

22.7. Proof of the Diaconis-Shahshahani lemma. Let us now prove the lemma. Recall the statement:

Let G be a finite group with irreducible (unitary) representations py = 1,...,py. and let P be a probability
distribution on G then

1 L
IP—Uln < 5 Y diTe(P(pi)* - Ppi)).
4
i=2
(Namely, the trivial representation 1 is the only one not appearing in this sum.)

Proof. Applying the Cauchy-Schwarts inequality for real numbers (¥ a,b,)? < (L a2)(Xb2) and taking all
the b, = 1, we find that

4P = Ulfax = (X [P(s) = U(s)D? < £G - ) (P(s) — U(s))*

seG seG

We view the last sum as Y g f(s)h(s), where f(s) = h(s) = (P(s) — U(s)). Apply the version of
Plancherel's formula given in Corollary 22.3.2 to find

diTr(f ()" - f(p))

M=

I
—

G- X (Pls) ~ U(s)) <
seG
Now, f(p;) = (P —U)(p;) and, using Lemma 22.2.1, we see that it is equal to P(p;) for p; # 1 (i.e., for
i > 1), while f(1) = (P — U)(1) =1 —1 = 0. Therefore, we find

h h
;diTr(f(P)* flp)) = ;diTr(p(P)* P(p)),

and the proof is complete. O

22.8. Random walks on Cayley graphs. 3° Let G be a group and § a set of elements of G. We construct
a directed graph whose vertices are the elements of G and where for every s € S and vertex ¢ € G, there
is an edge between g and sg. We will assume that S is symmetric: s € S < s~ € S. Under this condition
there is also an edge from sg to ¢ as ¢ = s~ !(sg). We may therefore form an undirected graph that we
denote T'(G, S) and call the Cayley graph of G with respect to S. It has a vertex set G and there is an edge
between the vertices ¢; to g if for some s € S, sg1 = g». Note that I'(G, S) is has no parallel edges and if

36 good reference for this section is Hoory, Linial and Wigderson: Expander graphs and their applications. Bull. Amer. Math.
Soc. 43 (2006), no. 4, 439-561.
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1 ¢ A, it has no loops. Moreover, it is a regular graph of degree d = |S|. It is connected if and only if S is a
generating set of G.

The group G acts as (right) automorphisms of I'(G, S) where ¢ € G sends a vertex g1 to g1g. If there is
an edge between g1 and g», there is an edge between g1¢ and g2¢ and so we indeed get an automorphism of
the graph.

Assume that G is finite and enumerate the elements of G as G = {g1,92,...,4N}, Wwhere N = |G|. Let S
be a symmetric generating set of G such that 1 ¢ S. We define the normalized adjacency matrix A of G
as the matrix whose ij entry is equal to % if there is an edge between g1 and ¢» and is 0 otherwise. The
matrix A is symmetric, because S is symmetric, has 0's on the diagonal because 1 ¢ S and is bi-stochastic,
meaning it has non-negative entries and the sum of every row and every column is 1. We may therefore also
view A as defining a bi-stochastic Markov chain on the set of vertices. The bi-stochastic property and the

assumption that S is a generating set implies, by basic results in Markov chains, the following:

e that there is a unique probability distribution U such that AU = U,
e that U is the uniform distribution: U =*(&,..., &);
e that for any probability distribution P we have lim,_,. A"P = U.
Thus, starting from any vertex ¢ (a probability distribution concentrated at the vertex g) performing the
random walk A, which means that at every step we move to a neighbour, where the choice of any particular
neighbour is with probability 1/d, the random process converges to the uniform distribution. That means,
that after enough iterations of the random process the chances of being at any particular vertex ¢’ are more
or less independent of the vertex.
The main interest, thus, is to get a quantitive estimate on the rate of convergence in
lim A"P = U.
n—oo
We have already dealt with case of a cyclic group Z/NZ and S = {1,—1}. We would likewise want to
use group representations to study the general case.

With the notation and assumptions above (G, N, S,d, etc.), given any representation p of G we define

Ay = % Y p(s).

seS

We may think about A, as the Fourier transform of the (normalized) characteristic function %]ls of the
generating set S. We claim that the adjacency matrix A is obtained this way from the regular representation
0" of G:

A — Apreg.

Indeed, taking the delta functions {[g;]} as a basis for the regular representation, an element s € S acts by

o(s)(gi] = [s8il,

and in term of a matrix it has an ij entry that is zero, unless g; = sg;.

To continue the analysis it will convenient to assume that T'(G, S) is not a bipartite graph. Namely, there is
no partition of the vertices into two non-empty sets such that all edges go from one set to the other. This
is no always the case; for example, if S is the set of transpositions in S, then the graph is bipartite with one
set being the even permutations and the other the odd. For any G, If S has an element of odd order then
I'(G,S) is not bipartite. So our assumption allows for great many examples.

If T(G,S) is not bipartite then one can show the following (by simple linear algebra considerations):

e 1 is an eigenvalue of multiplicity 1 of A with eigenvector (%, .y %)
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e any other eigenvalue A of A satisfies [A| < 1.3

Now, using that A is symmetric, there is a basis in which A is diagonal:
A~ diag(l, )\2, . ,)LN),

and to ask how quickly A"™P approaches U, for any P, is “morally" the same as asking how small are the
Ai. (This can be made quantative and precise.) We continue the analysis therefore by looking further at this
question.

First, note that Ap ap, = Ap, © Ap,. As the regular representation decomposes as a direct sum of
irreducible representations, we conclude the following: the eigenvalues A,,...,AN each an eigenvalue of
some Ap, for some irreducible non-trivial representation p of G. Conversely, an eigenvalue of A, for an
irreducible representation of G is an eigenvalue of A.

This gives, in principle, a way to analyze very closely the Cayley graph T'(G, S) if one has complete control
over the irreducible representations. But, still, in practice, it could be a very difficult problem computationally.
In certain cases, a great simplification occurs. Suppose that the set S is a union of conjugacy classes of G.
For example, taking G = S, and S to be all transpositions and all 3-cycles gives a set satisfying all our
assumptions. In this case, for any irreducible representation (p, V) with character x we have A, € Endg (V)
and, so, is a scalar, by Schur’s lemma. Moreover, that scalar is the only eigenvalue of A, and is given by the
formula,

1 1
ETY(AP) = ax(1) EX(S>-

seS

Note that this requires only knowing the character x and avoids computation with matrices.

Example 22.8.1. For N odd and S = {1, —1} the Cayley graph T'(Z/NZ,{+£1}) is a circle. This is the case
we considered previously for the random walk given by xj1 = x; + by with by = %1 with equal probability.
(Note that the process xx1q = 3xy + by is not equivalent to a Cayley graph. It is rather an object called a
Schreier graph , and there is a theory for those as well.)

N

3

x x2

The Cayley graph T'(Z /57, {+1})

All the assumptions we made are satisfied and the eigenvalues A, for the non-trivial characters are

cos(2mj/N), j=1,...,N—1.

For the dihedral group Dy, = (x,y|y?> = x" = 1) we may take S = {x,x~!,y} and the Cayley graph T(Dy, S)
is the following:

37§ 1 is elementary; not equal to —1 is not hard and uses the fact that the graph is not bipartite.
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/\
/1\ /y\
AN
AN J
/N/ T~
4 \J‘C/ xy

B Py ————— 2%y
The Cayley graph T'(Ds, {x,x~1,y})

X

However, in this case, the set S is not closed under conjugation so more work is required to find the eigenvalues.
We assume that n is odd and we use the results about representations of dihedral groups in § 13.3. The non-
trivial 1-dimensional representation receives the values ¢(x*1) = 1,9(y) = —1 and so gives the eigenvalue

1

g.

The irreducible 2-dimensional representations p, := IndPDI”Xﬂ,a =1,...,(n—1)/2, are determined by their

values on the generators
o 0 . [0 1
x5 (€ .yl .
0o ¢ 10

The corresponding operator Ap, is thus given by the matrix

1 (2 cos(27ta/n) 1 )

3 1 2cos(2ma/n)

Let t = 2cos(27mta/n). The characteristic polynomial of 3A4,, equal to x? — 2tx + (#* — 1) and has roots
t+1. Thus, the eigenvalues of the A,, are

1
§(2cos(27m/n) +1), a=1,...,(n—-1)/2.
The graph of the functions y = 1(2cos(27tx) & 1) looks as follows:

4

The fact that there are eigenvalues that are so close to 1 (e.g., %(2cos(27tx) +1)) is again responsible
for the slow convergence to the uniform distribution, which is at the same rate as for the walk on the graph
[(Z/nZ,{+1}) that we analysed before.
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22.9. Riffle shuffles. This is a famous problem that one can attack by similar techniques. The actual
estimates are rather difficult and require full and detailed knowledge of the representation theory of the
symmetric group. It is interesting, nonetheless, to see how the problem is set up and the first steps of the
analysis.

A deck of cards, consisting of N cards (N = 52 in a usual deck) is split into two piles, one with k cards
and the other with N — k cards, with probability ZLN(I]\{]) Say, the left pile and the right pile. Then the cards
from the two piles are interleaved randomly, where a card is chosen from the left pile with probability k/N
and from the right pile with probability (N —k)/N. In the new pile the cards appear in a new order that is a
permutation 7t € Sy. Such a permutation is called, naturally enough, a shuffle, and the process of shuffling
cards this way is called riffle shuffle or dovetail shuffle. After the shuffle, for some k, the cards 1,...,k
appear in the deck in that order, but interleaved with the cards k4 1,..., N (that also appear in the deck in
that order) in a random way. An example is

1 2 3 4 5 6 .. ... ... N=2 N-1 N
k+1 1 2 k+2 3 k+4 ... k=2 ... k-1 N k

Experiments show that this is a good model for real-life card shuffles.

After n shuffles we get a certain probability distribution on Sy. If P is the original distribution, the
distribution after n shuffles is P*". It is easy to understand the distribution P. We have P(7) = 0 if 7t is not
a k-shuffle for any k, and P(7r) = 2N if 7 is a k-shuffle. But it is complicated to describe P*" (and you can
convince yourself of that by considering the case n = 2); more sophisticated methods are needed.

Similarly to the case of random walks on Z/pZ, routine arguments with Markov chains show that P** — U
relative to the total variation norm. The question is how fast? Once more the main idea is to use the Diaconis-
Shahshahani Lemma to get an estimate of the form

[P = U0 < i Y. dim(p) - Te((P(p)")" - (P(p))"),
p#1, irred.
where now p runs over all irreducible representations of Sj,.
The following table (their Q is our P) is taken from a paper of Bayer and Diaconis. It shows that 7 shuffles
suffice to shuffle reasonably-well a deck of 52 cards and that, on the other hand, even 5 shuffles will exhibit
significant bias towards particular permutations. .

Total variation distance for m shuffles of 52 cards

m 1 2 3 4 5 6 7 8 9 10
@™ - Ull 1.000 1.000 1.000 1.000 0.924 0614 0.33¢ 0.167 0.085 0.043

22.10. Rubik’s cube. Rubik’s cube, or the Hungarian cube, is a well-known game. One is given a “scrambled"
cube and using certain moves, one tries to unscramble the cube, bringing it to a position in which every face
has the same colour.

To introduce group theory into the study of this game, one notes that there is a group G acting on the
cube. The group G is generated by 6 basic moves a,b,c,d, e, f (each is a rotation of a certain “third of the
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Figure 1. The Rubik Cube.

cube™) and could be thought of as a subgroup of the symmetric group on 54 = 9 X 6 letters. It is called the
cube group. The structure of this group is known. It is isomorphic to

(2/377 x Z./2Z'") x ((Ag x App) X Z/27Z).
The order of the cube group is
2%7.314.53.72 .11 = 43,252,003, 274, 489, 856, 000,
while the order of Ssy is
230843697339241380472092742683027581083278564571807941132283000000000000.

One is usually interested in solving the cube. Namely, reverting it to its original position. Since the current
position was gotten by applying an element T of G, in group theoretic terms we attempt to find an algorithm
of writing every element in G in terms of the generators a,b,c,d, e, f since then also 71 will have such an
expression, which is nothing else than a series of moves that returns the cube to its original position. It is
natural do deal with the set of generators a®!,b*1,..., f¥1 (after all, why do 3 times a when you can do
a~1). A common question is what is the maximal number of basic operations that may be required to return
a cube to its original position. Otherwise said, what is the diameter of the Cayley graph of G relative to the
generators {a*!, b*!, c*1, d*1 e*1, 112 But more than that, is there a simple algorithm of finding for every
element of G an expression in terms of the generators? The speed at which some people are able so solve
the cube certainly suggests that the answer is yes! The current world record (June 2020) is 3.47 seconds,
achieved by Yusheng Du from China in 2018.

The cube group is a rather complicated subgroup of Sgg4. For example, it has an element of order 1260 =
22.32.5.7. Usually, one denotes the moves not as we did, but by the letters u,d, 1, r, f, b for up, down, left,
right, front, back. The letter u signifies then rotating the upper face 90° clockwise if one looks straight at
the face. Similarly, 7 means rotating the right face 90° clockwise if one looks straight at the face. In this
notation, the element of order 1260 is ru?d~1bd—1. Note that if we enumerate the 54 faces and performed
this element we could encode it as a permutation and by decomposing it into a product of disjoint cycles
easily check its order.

We introduced the notation u,d, f,b,1,r and the Cayley graph of the cube group relative to the generators
ul, di,fi, b1 7, i =1,2,3. There is a rational for using this redundant set of generators; in practice, the
moves u2,u3 = u~1, for example, take almost the same time as u.

In cube solving competitions, cube scramblers are used. These are computer programs that produce a
position of the cube and a set of instructions of how to get to it that judges use to create the cube positions
to be solved. Naturally, we wish to have all cube positions given to the participants “equally hard", and also
“hard enough" so that undeserving achievements will not be recorded as world-records. One needs to find a
method that produces such positions. The scramblers are choosing randomly generators to provide directions
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for creating the cube positions. However, we would like to guarantee that (with high probability) such sets
of directions lead to equally hard positions that are also among the hardest possible.

The question of which position requires the most moves to solve was open for a long time and was finally
settled by Rokicki et al. that determined this number to be 20. (This number is known as “God’s number";
personally, | don't like this terminology.) The following table is taken from a paper of Rokicki; the first column
indicates the minimal number of moves required to solve a position and the last column indicates the number
of cube positions requiring this number. We ignore the middle column; it relates to the method of analysis
used in their paper.

d Canonical sequences Positions
0 1 1
1 18 18
2 243 243
3 3,240 3,240
4 43,254 43,239
5 577,368 574,908
6 7,706,988 7,618,438
7 102,876,480 100,803,036
8 1,373,243,544 1,332,343,288
9 18,330,699,168 17,596,479,795
10 244,686,773,808 232,248,063,316
11 3,266,193,870,720 3,063,288,809,012
12 43,598,688,377,184 40,374,425,656,248
13 581,975,750,199,168 531,653,418,284,628
14 7,768,485,393,179,328 6,989,320,578,825,358
15 103,607,388,221,736,960 91,365,146,187,124,313
16 1,384,201,395,738,071,424 ~1,100,000,000,000,000,000
17 18,476,969,736,848,122,368  ~12,000,000,000,000,000,000
18 246,639,261,965,462,754,048  =29,000,000,000,000,000,000
19 3,292,256,598,848,819,251,200 ~1,500,000,000,000,000,000
20 43,946,585,901,564,160,587,264 2300,000,000

We see that the bulk of the cube positions require 18 moves. It is thus natural to perform the random
process P and hope that P*" is very closed to a distribution Q that has values, say, Q(17) ~ Q(19) =~ 0.05,
Q(18) = 0.90 and otherwise Q(i) ~ 0. But, is it possible?? More precisely, what is

min [P — Qe

| don't know the answer to that. (A careful analysis might require understanding the representations of the
Cube group.) In real-life, the Thoodle scrambler program is used by the World Cube Association to generate
positions and the quality bar seems pretty low. At some point in time, they were OK with producing cube
positions only guaranteed to require 11 moves or more, which seems rather bad. By simply running the
program for say 1,000 times for each n = 15 — 25 and using fast cube-solvers, one could get a very reliable
statistics on this question. The whole project shouldn’t take more than a week to run a desktop computer.

23. Applications of group representations

This section provides some pointers to the literature. | will leave it to you to consult these references if
you are interested. First, there are the two survey articles by T. Y. Lam, “Representations of Finite Groups:
A Hundred Years, Part I, and Part I1". You can find the articles here:

http://www.ams.org/notices/199803/lam.pdf

http://www.ams.org/notices/199804 /lam?2.pdf
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Secondly, there is the following post on Math overflow about "Fun applications of representations of finite
groups", from which | have learned a lot myself.

https://mathoverflow.net/questions/11784 /fun-applications-of-representations-of-finite-groups

I don’t know if I would have used the adjective “fun", but there are certainly diverse and interesting applications.
You would note, in particular, applications to:

(1)

(4)

Chemistry and Physics, specifically quantum chemistry and quantum physics. For example, one
user mentions "The symmetry group of a molecule controls its vibrational spectrum, as observed
by IR spectrosocopy. When Kroto et al. discovered C60, they used this method to demonstrate
its icosahedral symmetry." They suggest Group Theory and Chemistry by David M. Bishop as a
reference. Another post suggests the book Group Theory and Physics by S. Sternberg for the
connections to Physics quoting Sternberg saying that “molecular spectroscopy is an application of
Schur’s lemma". Another very convincing book is Group theory and its applications to physical
problems by M. Hamermesh.

Combinatorics. A lot of this is done through representations of the symmetric group and related
groups. This is a topic to which many books, book chapters, and articles are devoted. The symmetric
group plays a crucial role in combinatorics, of course. Mathscinet returns 455 references for searching
for “Representation” and "symmetric group" in title, among which 14 are books.

Probability and Statistics. Most notably, the book Group representations in probability and statistics
by P. Diaconis that we have been following in these notes.

Within algebra, the celebrated Feit-Thompson theorem that states that any finite simple non-abelian
group has even order (equivalently, that any group of odd order is solvable), uses the following
theorem of Frobenius, to which the only known proofs use representation theory.

A finite group G is called a Frobenius group with Frobenius kernel K and Frobenius complement
H if G has a subgroup H, such that for any ¢ ¢ H we have HN gHg ™' = {1}. One lets in this case

K={13u(G-JgHs ")
geG

K is called the Frobenius kernel. If we let G act by left multiplication on the left cosets G/ H, the
stabilizer of ¢H is ¢Hg ™! and the condition on H can be interpreted as saying that the only element
in G that has more than 1 fixed point is the identity. The subgroup K consists of the identity and
the elements that have no fixed points.

An example of a Frobenius group is the group of invertible affine linear transformations of the
line {ax + b} with H being the linear transformations {ax} (the stabilizer of the point 0) and K

the translation maps x — x + b. If the line is over a finite field IF, we can also write this group as
{(88):acF*,beF} 2FxF*.

Theorem 1 (Frobenius’ theorem) Let G be a Frobenius group with Frobenius complement H and
Frobenius kernel K. Then K is a normal subgroup of G, and G is the semidirect product K x H.

The hard part is to show that K is a group! As we have indicated above, we can reformulate the
theorem.

Theorem 2 (Frobenius’ theorem, equivalent version) Let G be a group of permutations acting
transitively on a finite set X, with the property that any non-identity permutation in G fixes at
most one point in X. Then the set of permutations in G that fix no points in X, together with the
identity, is closed under composition.
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Apparently, there is still no proof of these theorems that avoids using group representations in an

essential way. Although, recently, Terrence Tao gave a proof that only uses character theory for

finite groups. | have learned much about this from reading Tao's blog
https://terrytao.wordpress.com/2013/04 /12 /the-theorems-of-frobenius-and-suzuki-on-finite-groups/

Finally, but still within the realm of pure algebra, group representations have a lot to do with the study

of simple groups. The classification of simple groups puts them in large families (Z/pZ, An, PSL,(F),...)
but some escape this classification and fall into a category to themselves: the sporadic simple groups.
There are finitely many such groups (27, in fact). The largest simple group is the Monster group,
whose order is

808,017,424,794,512,875, 886,459,904, 961, 710,757,005, 754, 368, 000, 000, 000.

Its existence is a non-trivial fact. Before constructing the Monster, mathematicians suspected its
existence and in fact predicted the dimensions of some of its smallest irreducible representations as
1,196883 and 21296876, and were able, more generally, to work out its character table. John McKay
(1939-2022) made the audacious observation that those numbers are related to Fourier coefficients
of the j-function, a function appearing in the theory of elliptic curves, which is part of number theory.
Following that, precise conjectures were made by Conway and Norton, going under the name of
“Moonshine".

Some of the key aspects of these conjectures were proven by R. Borcherds, a work that got him
the Fields prize in 1998.

(5) In number theory, representations of groups play a central role. The subject of automorphic forms
is really about the representation theory of certain infinite groups. At a more accessible level, group
representations play an important role in the study of L-functions, and in the study of equations over
finite fields (for example, Gauss sums can be viewed as Fourier transforms). For a concrete example,
in a different direction, we might mention Roth's theorem:

A subset A of the natural numbers is said to have positive upper density if

AN{1,23,...,
lim sup | { n| > 0.

n—oo n

Roth’s theorem on arithmetic progressions states that a subset of the natural numbers with positive
upper density contains a 3-term arithmetic progression; namely, there are positive integers x, d such
that x,x + d,x + 2d belong to A. This is a surprisingly difficult theorem, and many people have
worked on various generalizations of it. This is a subject of ongoing research. Roth's proof, as well
as current day developments, use heavily Fourier analysis on the group Z/nZ.
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Part 4. SEMISIMPLE RINGS AND MODULES

In this Part 4 of the notes, we discuss semisimple modules and rings in §§24-28. We will develop the theory
systematically for left modules, but of course it can be developed in the same way for right modules. We will
sometimes be imprecise in our terminology and refer to a “module" when we (always) mean a “left module".
In §29 we discuss central simple algebras and the Brauer group. The Brauer group is connected to many
deep phenomena in algebra, number theory and geometry and we barely scratch the subject.

24. Semisimple modules

24.1. Simple modules and Schur’'s Lemma. In this section we define simple left modules and study their
homomorphisms. We prove that the endomorphism ring of a simple module is a division algebra.

Let R be a ring, not necessarily commutative. Let M € gMod. Recall that M is called simple (or irreducible)
if M # {0} and any submodule of M is either {0} or M itself.

Lemma 24.1.1. M is simple if and only if M = R/1 where I is a maximal left ideal of R.

Proof. If M is simple, choose m € M, m # 0. Then N = Rm is a non-zero submodule of M, hence equal to
M. The map

R—-M, r—rm

is a map of R modules and its kernel I is a left R-module contained in R; that is, the kernel is a left ideal I
and

R/I = M.

The left ideals ] D I correspond to submodules of M. Thus, such J is either I or R and it follows that I is
maximal.

Conversely, if I is maximal, M = R/I is an R-module. The same argument shows that if I is maximal, M
has no non-trivial submodules, hence is simple. ]

Example 24.1.2. Let D be a division ring. Using Morita's equivalence we see that the simple modules over

M, (D) correspond to simple modules over D, of which there is a unique one. Namely, D itself. It follows

that, up to isomorphism, the only simple module over M, (D) is D" (column vectors) on which matrices act
as usual. Further,

0% -

"~ 0% .-

D" = M,(D)/ : : = M,(D)/I.

0% - %

*

Lemma 24.1.3. (Schur) Let M, N be simple R-modules, f: M — N a homomorphism of modules. Then,
either f =0 or f is an isomorphism.

Proof. Ker(f) and Im(f) are both submodules, hence either Ker(f) # 0, which implies both Ker(f) = M
and f = 0. Or, Ker(f) = 0 and then Im(f) # 0, which implies that Im(f) = N and hence that f is an
isomorphism. O

Corollary 24.1.4. Let M be a simple R-module, then Endg (M) is a division ring.

Proof. Any f € Endgr(M), f # 0, is an isomorphism, hence invertible, meaning has a two sided inverse. [J
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Example 24.1.5. Again by Morita's equivalence, we have
EndMn(D)(D”) ~ Endp(D,D) &£ D

(acting from the right); the latter isomorphism takes f to f(1).

24.2. Semisimple modules. In this section we define semisimple modules and find several characterizations
of them. These allow us to conclude that the collection of semisimple modules is closed under direct sums,
homomorphic images and submodules. We prove that every module is semisimple if and only if the ring itself
is semisimple (viewed as a module over itself).

A module M € gMod is called semisimple if M is isomorphic to a direct sum of simple R-modules,

M= Bie1M;, M, simple, Vi € L.

Here I is an index set that is allowed to be infinite. I is also allowed to be empty, hence the zero module is
semisimple (though not simple).

Theorem 24.2.1. The following are equivalent for an R-module M:
(1) M is semisimple.
(2) M is generated by its simple submodules.
(3) For every submodule N'G M there exists a submodule {0} # P C M such that NN P = {0}.
(4) For every submodule N C M there exists a submodule P C M such that M = N & P (internal direct
sum).

Proof. We begin by showing (1) = (2). If M = ®;c;M;, M; simple Vi € I, then M is generated by the
simple submodules M; (where M; is identified with the vectors in @;c;M; with non-zero coordinates only at
the i-th place).

Next we show (2) = (3). We assume M is generated by its simple submodules, say {M; : i € I}. Since
N # M, there is some M;, such that M;, ¢ N. Then, as NN M;, is a proper submodule of M;, and M;, is
simple, we must have N N M;, = {0}; we may take P = M;,.

Assume (3) and let N be a submodule of M and let P be as in (3). We may assume N # M. Let
¥ ={Q C M submodule : QNN = {0}}.

Then X is non-empty as P € X and X is partially ordered under inclusion. Every chain in X has a supremum
which is the union of its members. Thus, by Zorn's Lemma, ¥ has a maximal element P*. Suppose that
N + P* # M, then, by (3), there is some non-zero submodule P; of M such that (N + P*) NP, = {0}.
Then P* 4P, 2 P* and NN (P* + P;) = {0}. This contradicts the maximality of P*. In summary, we
proved that NN PT = {0}, N+ P™ = M, and we conclude

M=NaoPt.

It remains to prove (4) = (1). Pick some index set I such that |I| > |M]|. Let
Y = {@je;H; C M : H; a simple submodule or {0}}.

For two such direct sums ®;crH;, ®ic1H,, we say that @;c H; < @ierHj if for all i, H; C H].(Note though
that since Hl’ is either 0 or simple, the only possibility is to make some of the H; that are zero into non-zero
simple submodules H] of M.) Then X is not empty (it contains the sum of zero modules) and satisfies the
conditions of Zorn's lemma. There is thus some maximal element N of X, say

N = ®jerH;.

For cardinality reasons, there is some ig such that H;, = {0}.
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Suppose N # M and, using (4), let P C M be a submodule such that
NoP =M.

We are going to use P to construct a simple submodule that can be added to N as a direct sum and thus
contradict its maximality. Let a1 € P, aq # 0, Py = Ra; = R/ I; for some left ideal I; of R. Let I D I; be a
maximal ideal and let P, be a submodule such that

(NeP)®P,=M.
Note that (N@ P;) @ P, O N @ Iay & P, and
M/(N@Ia; @ P) =R/I
is a simple R-module. Now, there exists an R submodule P; C M such that
N@lna®PdP;=M,
and P3 = R/I is simple. We now find a bigger direct sum
N@P;

which we an write as ®;c;H!, with H! = H; for i # iy and H{o = P3. This contradicts the maximality of N.
Therefore, N = M and we find that M is a direct sum of simple modules. O

Corollary 24.2.2. The following hold:

(1) A direct sum of semisimple modules is semisimple.
(2) A homomorphic image of a semi-simple module is semisimple.
(3) A submodule of a semisimple module is semisimple.

Proof. (1) is already clear from the definition.

For (2), note that if M is generated by simple submodules M;, and f: M — N is a surjective homomor-
phism, then N = f(M) is generated by the modules f(M;), where each f(M;) is either zero or isomorphic
to Mi-

To see (3), let N be a submodule of a semisimple module M. There is a submodule P such that M = N&@ P
then N =2 M/P is a homomorphic image of M, hence semisimple. O

Corollary 24.2.3. Let R be a ring. Then every R-module is semisimple if and only if R is a semisimple ring,
meaning R is semisimple as an R-module.

Proof. One direction is obvious. Consider the converse: If R is a semisimple ring then @;c;R is a semisimple
R-module, the sum over any index set I. But any R-module is a homomorphic image of such a sum: if M is
an R-module M is a homomorphic image of ®,,cpR, where an element r € R in the m-th coordinate is sent
to rm under the homomorphism. Thus, any R-module is semisimple. O

Remark 24.2.4. One can prove that a ring R is a simple R-module if and only if R is a division ring. (The
natural argument produces for a # 0 an element b such that ba = 1. One needs to show that then also
ab = 1. Consider abab. In a general ring it is possible that for a given a there is a b such that ba = 1 but

ab #£1.)
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24.3. Semisimple rings.  Semisimple rings are very accessible because every module over them is semisim-
ple. If R is a semisimple ring one can say a bit more about its structure and that is what we do in this
section.

Proposition 24.3.1. Let R be a left semisimple ring then R is a direct sum of finitely many minimal left
ideals.

Proof. Firstly, a (left) R-submodule of R is a (left) ideal and it is simple if and only if that ideal is minimal,
meaning not zero and not properly containing any other non-zero left ideal. Thus, if R is semisimple, we have
an isomorphism of left R-modules,

R = ®ier]i,
where each J; is a minimal left ideal. In particular, under this decomposition, 1 = ®e;, e; € J;, where all ¢;
but finitely many are 0. Now, for any r we have

r = ®r, r=r-1=r-0e = Dre;.

We conclude that r; = re; and so if e; = 0 also r; = 0. It follows that the sum @®;¢;]; is actually a finite sum
and for every i, e; # 0. O

For the next corollary, refer to § 25.1 for the definition of artinian modules and some results used in the
proof.

Corollary 24.3.2. [et R be a left semisimple ring then R is left artinian and left noetherian.

Proof. We have R = @filji, where J; are minimal left ideals. For any 1 < a < N —1 we have an exact
sequence of R modules

0— @?:1 Ji — @f:ll Ji = Ja41 — 0.
Note that J,;41 has no non-trivial submodules hence is both artinian and noetherian. This shows by induction

on a that each @?if]i is artinian (resp., noetherian) and thus so is R. O

Example 24.3.3. If D is a division ring then its only simple module is D (because any simple module is D/ I
and there are no non-trivial left ideals). As D is a simple module over itself, it is semisimple. Thus, every
module over D is a direct sum of simple modules, namely of copies of D. This is something we already used
without ever proving it (just alluding to "linear algebra™).

Using Morita equivalence we conclude that M, (D) is a semisimple ring. In fact, as a module it is isomorphic
to the following direct sum of simple modules

D"®---®D" (n times).
(The i-th column in a matrix being the i-th copy of D™.)

One can prove that if Rq,..., R, are semisimple rings then so is R = Ry X --- X R,,. This is quite easy when

we note that we can view any R;-module as an R-module by letting R act through the projection on its i-th

component R;. A simple R;-module is then a simple R-module. Moreover, if each R; is artinian so is R.
Therefore, we may conclude that if D; are division algebras and n; are positive integers

My, (Dy) X - -+ x My, (Dy)

is a semisimple artinian ring. The Artin-Wedderburn Theorem 28.2.1 asserts that all non-zero semisimple
artinian rings are like that!

Example 24.3.4. The simple Z-modules are Z/pZ, p a prime. In particular Z is not a semisimple ring. You
can extend this argument to many other examples of PIDs, for example F[x], where F is a field.
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Example 24.3.5. Let G be a finite group. Maschke's theorem states that C[G] is a semisimple ring as it
decomposes as a sum of irreducible representations (=simple C[G]-modules) over itself. The theorem is true
for k[G], where k is any field such that (char(k), #G) = 1, although a different proof is needed.

Maschke's theorem may fail without the assumption on the characteristic of k. For example, F>[G] is
not semisimple if G = (x) is a cyclic group of order 2. Indeed, we have isomorphism of rings F3[G] =
Fa[x]/(x*> — 1) = Fa[x]/(x — 1)® = F[t]/(t?). The submodule, i.e. ideal, (t) does not have a direct sum
complement.

25. The Jacobson radical

In this section we introduce the Jacobson radical of a ring and of a module and use it to study semisimplicity.
Certain functorial properties of the Jacobson radical and different characterizations of it are provided. The
Jacobson radical is also used in the following section (Nakayama's Lemma).

25.1. Artinian rings and modules. Let R be a a ring and M € gMod a left R-module. We call M an
artinian module if any descending chain of submodules of M stabilizes. Namely, if

MDMy2>M DM D ...
are modules then there exists an integer N such that
M; =My, Vi>N.

We call R a left artinian ring if it is an artinian left R-module. Namely, R is a left artinian ring if any
descending chain of left ideals of R stabilizes.

There is an analogous definition of artinian right modules and so a definition of a right artinian ring. We
remark that a ring may be left artinian and not right artinian (or the other way around).

Example 25.1.1. Here are some examples.

(1) Every ring with finitely many elements is artinian.

(2) Let D be a division algebra, for example a field. Let R be a ring containing D and of finite dimension
as a left module over D. Then R is an artinian ring. Indeed, any ideal I of R is in particular a left
module over D and thus has a dimension dimp(I), which is finite and non-negative. If I 2 | are
left ideals then I = J if and only if dimp(I) = dimp(J). It follows that there cannot be an infinite
chain of strictly descending ideals.

In particular, My, (D) is an artinian ring for every n € IN,n > 1. This is a very typical way in which
artinian rings arise.

(3) If Ris a PID and f € R a non-zero element, then R/(f) is an artinian R-module and an artinian
ring. The sub R-modules are ideals of R/(f) and those correspond to the finitely many divisors of
£, up to the relation of being associate.

This, too, is a very typical way in which artinian rings arise. A very simple example is C[x]/(x™").

(4) Z is a noetherian ring, but is not an artinian ring. For example, we have the strict inclusions
Z;ZZ%&Z%SZ;....

It is natural to ask if, conversely, there are artinian rings that are not noetherian. The next theorem
answers that.

Theorem 25.1.2. (Hopkins-Levitzki) Let R be a left (right) artinian ring then R is left (resp., right)
noetherian ring.
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This is not true for modules as the next example shows.

(5) Let p be a prime number. U,‘;":1#Z/Z is an artinian Z-module, but is not a noetherian Z-module.

(6) Q is neither artinian nor noetherian as a Z-module. For example, the following is an infinite chain of
Z-submodules extending in both directions:

R

=

Z2 2222222422822 -

N
N =

Lemma 25.1.3. Let M be an artinian module and let {M; : i € I} be a collection of submodules of M such
that NieyM; = {0}. Then there exists finitely many elements iy,...,i, in [ such that ﬂ]leMij = {0}.

Proof. Pick any iy € I. If M = {0} we are done. Else, pick some i, such that M; N M;, & M;,. Such
must exists, else M;efM; = M, # {0}. If M; N M;, = {0} we are done. Else, find an M;, such that
M;, N M;, N M, g M;, N M;,. And so on. If this process doesn’t stop we get an infinite chain of strictly
descending submodules of M, contradicting the artinian property. If the process stops then we have arrived
at a choice iy, ..., i, such that ﬂ]leMij = {0}. O

Proposition 25.1.4. (Artinian induction) Let M be an artinian R-module and & a property of R-modules.
If there is a non-zero submodule of M with property & then there is a non-zero submodule of M that is
minimal relative to having this property. In particular, this applies to artinian rings R and properties of their
ideals.

Proof. If not, then one can construct inductively a strictly descending sequence of submodules of M. U

Exactly in the same way we have

Proposition 25.1.5. (Noetherian induction) Let M be a noetherian R-module and & a property of R-
modules. If there is a submodule of M, properly contained in M, with property &2 then there is a submodule
of M, property contained in M, that is maximal relative to having this property. In particular, this applies to
noetherian rings R and properties of their ideals.

Lemma 25.1.6. Let O My f M, g

My is artinian if and only if both My and M3 are artinian.

M; 0 be an exact sequence of R-modules. Then

Proof. The proof is very similar to the proof of Lemma 7.1.5. [l

Corollary 25.1.7. If R is an artinian ring then any finitely generated R-module is an artinian R-module.

Proof. First argue for R" by induction on n, using the lemma. And then, apply the lemma again to prove it
for quotients of R" for some n, namely for finitely generated R-modules. O

Corollary 25.1.8. /f {M;}! | are simple R-modules then ©_; M; is an artinian R-module.

Proof. Argue by induction on n, using the lemma and noting that every M; is artinian. O
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25.2. The Jacobson radical of a module. Let M € gMod. We define the Jacobson radical of M to be
the submodule
](M) =N max. N,
where the intersection is over all maximal submodules N of M. A submodule N is called maximal if there is
no submodule N’ such that N & N” G M; equivalently, if M/N is a simple module. If there are no maximal
submodules then this is an intersection over an empty index set and therefore it is, by definition, equal to M.
An example of particular importance is when M = R. In that case

](R) = N]4R max. ideall,

is an ideal of R — the intersection of all the maximal left ideals.3®

Proposition 25.2.1. Let M be a semisimple R-module then J(M) = {0}.

Proof. Since M is semisimple, M = @;c1M;, a sum of simple R-modules. If [ =@ then M =0 = J(M). if
I has cardinality 1 then M is simple and its only maximal submodule is {0} and thus J(M) = {0}. Assume
that |I| > 1. (The following works of |I| = 1, but might be a bit confusing in that case.)

Foreveryi e I, M' := ®;xiM; is a submodule and, since M/M! = M;, it is a maximal submodule. Now,
NietM! = {0} so also J(M) = {0}. O

We have the following proposition that will be instrumental later on.

Proposition 25.2.2. Let M be an artinian R-module. If J(M) = {0} then M is semisimple and, in fact, M
is a finite direct sum of simple R-modules.

Note the particular case when M = R. We find that if R is an artinian ring and J(R) = {0} then R is a
semisimple ring and, as we have already seen, a finite direct sum of minimal left ideals.

Proof. The case M = {0} is trivial. Suppose M # {0}. Since J(M) = {0}, there exists a maximal
submodule of M and thus, since R is artinian, by Lemma 25.1.3 there exists finitely many maximal submodules
M;,i=1,...,n (n>1), such that N, M; = {0}. We consider the inclusion

M M/M; @ @®M/M,.

Each M/M,; is a simple R-module, thus the sum on the right hand side is a semisimple module and, conse-
quently, by Corollary 24.2.2, so is M. Therefore,

M = ®jeH;,
a direct sum of simple R modules. Choose a linear order of I, I = {iyp < iy < iy < ---} (I need not be

countable, though). Let Ny = @;>;, H;. Then Ny, is a strictly decreasing sequence of submodules of M that
therefore must stabilize. It follows that I is finite. (Il

Remark 25.2.3. Note that there is a problem in extending the argument to prove that if J(M) = {0} then
M is semisimple. Indeed, we cannot say that M — @®; M/ M; where M; are the maximal submodules of M,
because we dont know that the image of m has only finitely many non-zero coordinates (if it always does
then the argument goes through to show that M is semisimple). This is not a technical issue, but a true
obstacle: take the ring Z, whose Jacobson radical is {0}; it is not semisimple.

Proposition 25.2.4. The Jacobson radical has the following properties:
(1) Let f: M — N be a module homomorphism then f(J(M)) C J(N).

(2) J(M/](M)) = {0}
(3) J(R) is a two-sided ideal of R.

38if R # {0} then there always is a maximal left ideal. Compare it for the situation for module, for example to the case of Q
that doesn’'t have maximal Z-submodules. Why are these two cases different?
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(4) x € J(R) if and only if for allv € R, Ju € R,u(1—rx) =1.

Proof. By the first isomorphism theorem for modules, very homomorphism is a composition of a surjection
followed by an injection, and so it is enough to prove the first statement when f is surjective, or injective.

Suppose first that f is surjective. Let x € J(M) and let N’ C N be a maximal submodule (if none exists
then J(N) = N and there is nothing to prove). As f is surjective, f~1(N’) is a maximal submodule of M
and so x € f~1(N’), which implies f(x) € N’. We proved f(J(M)) C J(N).

Assume now that f is injective and so, without loss of generality, M C N. Let x € J(M) and N’ a
maximal submodule of N. If N’ D M then x € N’. In the other case, N” := N’ N M is a proper submodule
of M, and M/N" — N/N’. As N/N'’ is a simple module, we must have that M/N"” = N/N’ and so
M/N" is simple. That is, N” is a maximal submodule of M in this case and again x € N’. We proved that
fJ(M)) € J(N).

The second statement is easy. Use the correspondence theorem. The maximal submodules of M/J(M) are
in bijection with maximal submodules of M (because they all contain J(M)). In fact, let 7: M — M/]J(M)
be the canonical map. Then,

ON<M/J(M) max. N = T(NN<m max. N) = 7t(J(M)) = {0}.

To get the third statement, let a € R and consider the homomorphism of left R-modules
f:R—R, r—ra

We have f(J(R)) C J(R) but that just means that J(R)a C J(R) for any a € R. Namely, J(R) is a two-sided
ideal.

Now for the last statement. Let x € J(R) and suppose that for some r € R, 1 — rx does not have a left
inverse. Then R(1 —rx) is a proper sub R-module of R, i.e. a proper left ideal. Thus, there is a maximal left
ideal I such that 1 —rx € I. However, x € I and it follows that 1 € I. Contradiction.

Conversely, suppose that 1 — rx always has a left inverse. Let I be a maximal left ideal. If x & I then the
left R-module I + Rx = R. This implies that forsomea € I,r € R,a+rx=1. Thena=1—rxisin I and
left invertible, implying I = R. Contradiction. O

Note that we can restate (4) and say that
J(R) = {z € R:1—rz has a left inverse, Vr € R}.

It is not hard to check that if we define a right ideal J(R) as the intersection of all maximal right ideals of R
then we would again find that it is a two-sided ideal, now characterized by

J(R) = {z € R:1—zr has a right inverse, Vr € R}.

Now note that if an element a in a ring R has both a left inverse, say ba = 1, and a right inverse, say ac = 1,
then b = ¢, because
b ="b(ac) = (ba)c =c.
Moreover, b is uniquely determined: If b’a = 1 then
b’ =v'(ab) = (V'a)b = b.

Thus, in the situation where a has both a left and a right inverse they must be the same and we denote them
a1l

Let z € J(R),r € R. Then zr € J(R), because J(R) is a two-sided ideal and so there is a u € R such
that u(1 —zr) = 1 and so u has a right inverse. But, also u = 1+ uzr = 1 — (—uzr) and —uzr € J(R)

so u has a left inverse too. It follows that u is a unit and we can write (1 —zr) = u~! and conclude that
(1 —zr)u = 1. It follows that z € J(R). And conversely. We deduce:
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Corollary 25.2.5. J(R) is also equal to the intersection of all maximal right ideals of R.

Remark 25.2.6. One can prove the following characterization of J(R), which we leave as an exercise. Any
element of J(R) acts as zero on any semi-simple R-module and this property characterizes J(R). Applying
this observation to the group ring C[G] of a finite group G and its regular representation (which is a faithful
C[G]-module), one conclude that J(C[G]) = {0}.

26. Nakayama's Lemma and applications
26.1. Nakayama’s lemma.

Lemma 26.1.1. Let N € gMod be a finitely generated R-module. Then
JRIN=N = N=0.
Proof. Let n be the minimal integer such that
N =Ra; +---+ Ray
for some ay,...,a, € N. Suppose that N # {0}, son > 1. As N = J(R)N and J(R) is also a right ideal,
we have, a1 € N = J(R)N = J(R)a; + - - - + J(R)ay, and that means that we can write
ay = j1ay + - - -+ jnan,  for some j; € J(R).
Using that (1 — j) is invertible, we find that
a1 = (1—j1) oz + -+ (1= j1) " Vjnan,
and thus
N = Ray +--- 4+ Ray.
This is a contradiction and so it must be that N = 0. 0

26.2. Applications of Nakayama’s Lemma.

Proposition 26.2.1. Let R be a ring and x1,...,x, elements of a finitely generated R-module M. Then

X1,...,X%, generate M over R < Xq,...,%; generate M/J(R)M over R.

Proof. The implication = is clear. In the other direction, let N be the module generated by x1,...,x, in M.
Then, since
N+J(RM M
JRM  J(R)M’
by the correspondence theorem for M — M/ J(R)M, we may conclude that N + J(R)M = M and we find
that R-module M/ N satisfies

J(R)(M/N) = (J(R)M + N)/N = M/N.
This implies M/N = {0} and thus that M = N. O

Corollary 26.2.2. [et R be a commutative local ring with a maximal ideal m. Let N be a finitely generated
R-module and x4, ...,x, elements of N that generate N/mN. Then x1,...,x, generate N.

Proof. This is an immediate conclusion from the proposition because in this case m = J(R). U



160 EYAL GOREN  MCGILL UNIVERSITY

Remark 26.2.3. In Theorem 31.2.1, we will show using Nakayama's lemma that any projective finitely-
generated module over a commutative local ring is free.

Theorem 26.2.4. Let R be a left artinian ring. Then J(R) is the largest left ideal of R that is nilpotent.
That is, for some n > 1 we have J(R)" = {0}.%°

Proof. Let I be an ideal such that I" = {0} and let x € I. The argument “x" = 0 implies x belongs to any
maximal ideal because any maximal ideal is prime", doesn’t work in the non-commutative case. (For a start,
the quotient by a left ideal has no ring structure in general.) We have to argue differently.

For any r € R,rx € I and so (rx)" = 0. We then find

A4+ + )" HA—rx)=1-(rx)" =1,
and therefore (1 —rx) has a left inverse. It follows from Proposition 25.2.4 that x € J(R). Therefore,
ICJ(R).
To show that J(R) itself is nilpotent, consider the sequence of left ideals
J(R) 2 J(R)? 2 J(R)* 2.
Using the artinian property, we have for some n,

J(R)J(R)" = J(R)" ! = J(R)".

If we knew that J(R) is finitely generated, we could have deduced that J(R)" is finitely generated and apply
Nakayama to conclude that J(R)" = 0. In fact, J(R) is finitely generated; this follows from the Hopkins-
Levitzky Theorem. But, since we didn't prove it, and its proof uses the Theorem we are trying to prove, we
find a work-around.

Suppose that J(R)" = J(R)"*!, but J(R)" # 0. Then

J(R)"J(R) # 0.

We then consider a minimal non-zero left ideal M such that J(R)"M # 0. Such an ideal exists by artinian
induction. Thus, there is some a € M such that J(R)"a # 0 and so J(R)"Ra # 0. The minimality of M
implies that in fact M = Ra and, in particular, is finitely generated. Moreover

J(R)"(J(R)M) = J(R)"*'M = J(R)"M # 0.

Note that J(R)M is also a left ideal. As J(R)"(J(R)M) # 0 and M D J(R)M, the minimality of M implies
that M = J(R)M. As M is finitely generated we can apply Nakayama's Lemma and deduce that M = 0.
Contradiction. O

27. Jacobson's density theorem

27.1. Preparations.

39f I and J are left ideals then I] = {Ya;b; : a; € I,b; € J} is a left ideal contained in J. In particular, it makes sense to talk
about I" for any left ideal I and we have I" D ["*1,
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27.1.1. Faithful modules. Let R be a ring and let M € gMod be a left R-module. Recall that M is called
faithful if for r € R,

rm=0VmeM = r=0.

In words, a non-zero element of R cannot act as zero on M. Recall also the annihilator Ann(M) of a module
M. It is a two-sided ideal of R defined as

Ann(M) :={r € R:rm =0,Vm € M}.

Thus,
M is faithful < Ann(M) = {0}.

27.1.2. Dense subrings. Let D be a division ring and let V be a left D-module. Let R be a ring contained in
Endp(V). We say that R is dense in Endp (V) if for every finitely-generated submodule U C V and every
T € Endp(V) there is an r € R such that

lu=Tlu.
Equivalently, given any T € Endp (V) and elements vy, ...,v, € V there is an r € R such that
r(v1) = T(v1),...,+*(vn) = T(vn).

Note that if V is finite-dimensional over D then R is dense in Endp(V) if and only in R = Endp(V).
Thus, the notion is useful either when V has infinite dimension over D or is not known a priori to have finite
dimension.

27.1.3. The setting. Let M be a simple R-module. Then D = Endg(M) is a division ring. Indeed, by
Schur's lemma every non-zero element of D is an isomorphism and so has a two-sided inverse, which is just
the inverse function. We have then, and this is an important observation,

M € pMod,

where for T € D, m € M, the module action of T on m (denoted Tm) is simply Tm = T(m), evaluating the
homomorphism T on the element m. Now, any element r € R defines a map

[r]: M= M, [r](m)=rm.

This map is additive and for T € D we have T([rlm) = T(rm) = rT(m) = [r]T(m). The conclusion is that
there is a natural homomorphism of rings,

R — Endp(M).

That is, multiplication-by-a-scalar commutes with endomorphisms of M, clearly, but the point is that viewing
multiplication-by-a-scalar as a map M — M it becomes an endomorphism of M as a D-module. Furthermore,
if M is a faithful R-module, then multiplication by r # 0 is never the zero map, so:

Corollary 27.1.1. Let M be an R-module then the following holds:
M faithful R-module —> R < Endp(M), where D = Endg(M),

and when M is simple, D is a division ring.
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27.2. Jacobson’s Density Theorem.

Theorem 27.2.1. (Jacobson) Let R be a ring and let M € gkMod be a simple and faithful R-module. Then
R in dense in Endp(M).

Before proving the theorem let’s discuss its assumptions. To say M is simple is to say that M = R/ as
an R-module, where I is a maximal left ideal. The annihilator of M is thus

Anmn(M) ={re R:rse1,Vs € R}.

Note that Ann(M) C I (take s = 1). If I contains a non-zero right ideal J then for a non-zero r € J we would
havers € ] C I,¥s € R. That is, it would follow that M is not faithful. Conversely, if M is not faithful, then

Ann(M) is a non-zero two-sided (hence, right) ideal contained in I. Thus, the faithful simple modules come

40

from™ maximal left ideals whose only sub right ideals are {0}. This is a very non-commutative situation!

Proof. We are given
v1,...,00 €M,

that we may assume to be linearly independent over D (any finitely generated D-module of M is spanned by
such) and any

Ui, ..., Uy € M.
We need to show
dr € R, rv; =u;, Vi=1,...,n.

Note that is not even necessary for the proof to assume that there is some T € Endp (M) such that Tv; = u;,
but that is true by “vector spaces theory".

Reduction step: It is enough to show

dreR, rvy=---=rv,_1 =0,
ron # 0.

Indeed, if rv,, # 0 then Rrouy, is a non-zero left R-submodule of M and so Rrv, = M. Thus, we can change
rsothatrv;=0,i=1,...,n—1 and rv, = u,. Denote this r by r,. By the same argument, for every i we
have an element r; € R, such that

7’1‘0]‘ = 51‘]‘1/[1‘.
Take r =1y 4+ - - 4+ ry. It satisfies rv; = u;, Vi.
Now, suppose to the contrary that we have the implication
VreR, ro=---=1r0,_.1=0 = rv, =0.
Our strategy would be to construct R-module endomorphisms hy,...,h,,_1 of M such that
Op = hy(v1) + -+ hyq(vp1).
That would imply that v1,..., v, are linearly dependent over D and so lead to a contradiction.
Let w = (vy,...,0,_1) € M"™1. Then Rw C M"~! is a submodule. Consider the map
f:Rw— M, f(rw)=rv,.
40We say “come from" and not “correspond to" because it is possible that for two distinct ideals I, I, we have R/} 2 R/, as

left R-modules. For example, take R = M, (D) and the ideals I; =first colum is zero, I, = second column is zero. In both case
M, (D)/I; = D" as left D-modules.
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The map f is well defined: If rw = #'w then (r —r')w = 0 and so (r — #’)v,, = 0 by our assumption, meaning
roy = 1'v,. It is easy to verify now that f is a homomorphisms of R-modules. As M is simple, M 1is
semi-simple and thus there is an R-module P such that

M"!'=Rw&P.

We can therefore extend f to M"~1 by 0 on P. Using the same notation, we got an R-module homomorphism
f: M5 M,

such that f(rw) = rv,. Using it, we define homomorphisms of R-modules

hiZM—>M, hi(m):f(O,...,m,...,O).
i

Then,
on = f(w)
= f(v1,...,00-1)
= f(v1,0,...,0) + f(0,v2,0,...,0) + - - -+ £(0,...,0,0,_1)
= hy(v1) + ha(v2) + -+ hy1(vn-1).

28. Structure of artinian rings

28.1. Simple rings. A ring R is called simple if it has no 2-sided ideals except for {0} and R. For example,
any division ring is a simple ring because it doesn't even have non-trivial left ideals. One can prove that if D
is a division ring then M, (D) is a simple ring. Note though that the ring M, (D) is not simple as a module
over itself for n > 1; in fact it is the sum of n simple submodules, as we have already seen. Thus, a simple
ring is not a simple module over itself and some care has to be taken regarding terminology. That said, if R
is a simple ring then J(R) = {0} and so if R is artinian, R is at least semi-simple (namely, as a module over
itself). See Proposition 25.2.2. But, in fact, we can say much more.

Theorem 28.1.1. (Wedderburn) Let R be a simple artinian ring. Then R = M, (D) for some division ring D.

Proof. Let I be a maximal left ideal of R and let M = R/I. Then Ann(M) C I is a proper two-sided ideal,
hence {0}. It follows that M is a simple faithful R-module. By Jacobson’s Density Theorem, R C Endp (M)
is dense, where D = Endg (M) is a division ring. If is enough to show that M is a finite-dimensional D-module.
Indeed, in this case:

e R= EndD(M)

e Endp(M) = M, (D), where n = dimp (M).*

Suppose that M is infinite-dimensional over D. Let aq,4ay,as,... be elements of M that are linearly indepen-
dent over D. With the notation

Anng(ay,...,ay) ={r€R:ra; =0,i=1,...,n},
we obtain a sequence of decreasing left ideals of R,

AnnR(al) D) Ann(al,az) D) AnnR(al,az,ag) ...

#1This is when we let M, (D) act from the right. If we want M, (D) to act from the left, as R does, then the statement is
R = M, (D)°P. Here M, (D)P is the opposite ring; it is the same set as M, (D) with the same addition, but where multiplication
is now defined as A% B := BA. If we define now for v € D", thought of as a row vector, A*v := vA then we have
(AxB)xv = v(A*B) = vBA = Ax(vB) = Ax (B*v) and so we get a right action of M,(D) on D". Note though that
M, (D)°P = M, (D) as rings by the map M ~— ‘M.
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Since R is artinian, for some n > 1 we must have
AnnR(al, .. .,Lln) = AnnR(al, .. .,an,an+1),

which translates to the statement: if » € R is such that ra; = - - - = ra, = 0 then also ra,,.1 = 0. However,
using the independence over D, we can find an endomorphism T of M as a module over D such that

Tow=---=Ta, =0, Ta,,q #0.

(Complete the {a;} to a basis over D; one can specify a map anyway one wants on a basis.) Since R is
dense in Endp(M), there is some element * € R such that Ta; = ra;,i = 1,...,n+ 1 and in particular
rap = --- =ra, =0 and ra,,q # 0. Contradiction. O

Note that during the proof we proved the following.

Lemma 28.1.2. Let R’ be an artinian ring, D' a division algebra and M’ a D’-module. Suppose that
R’ C Endp (M) and dense. Then dimp, (M) < oo and hence R" = Endp, (M').

28.2. The Artin-Wedderburn Theorem.
Theorem 28.2.1. (Artin-Wedderburn) Let R be a non-zero semisimple artinian ring. Then,
R = My, (Dy) x -+ x My, (Dy),
where each D; is a division ring and the n; are positive integers.
Proof. Since R is artinian and semisimple, we know that
R=M;&---®&M,,

a finite direct sum of simple R-modules (Propositions 25.2.1 and 25.2.2). Here each M; is a minimal left
ideal of R. Note that this is not a decomposition of rings, merely of R-modules, so one cannot say that
multiplication happens component-wise. Still, for 1 <i < /Z, let

Ii = ©jziM;.

Then I; is a left R-ideal and R/I; = M; and so I; is a maximal ideal of R. We see this way too that
J(R) = {0} as already N{_,I; = {0}. At any rate, M; = R/I; is a simple R-module that is simple and
faithful over the artinian ring R/ Ann(M;). We apply Lemma 28.1.2 to R" = R/ Ann(M;), M’ = M;,
D’ = Endg/(M') =: D;, which is a division ring. The conditions of the Lemma hold by Jacobson’s Density
Theorem and we thus conclude that

R/ Ann(M;) = Endp, (R/1;) = My, (D;),
where D; = Endg/ ann(m,) (M) is a division ring and n; = dimp, (M;).
We have a ring homomorphism

R — R/ Ann(Mj) x - -+ x R/ Ann(M,),

which is injective because N{_; Ann(M;) = N‘_; Ann(R/I;) € N‘_; Ann(I;) = {0}. Thus, the following
lemma completes the proof:

Lemma 28.2.2. et R be a ring and R < Ry X --- X Ry an injective ring homomorphism. Suppose that
each R; is a simple ring and that for every i the composition with the projection 7t; on the i-th component

R—3Ryx- xR 25 R;
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is surjective. Then R is isomorphic to a sub-product of Ry X --- X Ry. More precisely, there is a subset
I C{1,2,...,¢} such that the composition

7T
R— Ry x--- xRy =5 R;
is an isomorphism, where Ry = TTic; R; and 7t1(r;)!_, = (r;)ic; is projection on the coordinates in I.

Proof. (Lemma) We prove the lemma by induction on ¢, where the case £ =1 is clear.

For £ > 1,let S = Ry x --- X Ry. Let mg: R — S the natural map. 7tg(R) C S and so, by induction,
7t5(R) is isomorphic to a sub-product of S via the natural projection; that is, there is a subset J of {2,...,¢}
such that via the natural projection 7ty the ring 7ts(R) is isomorphic to Hje] Rj. Note that this forces
that 7tg(R) — [Tjes Rj; we may therefore assume that 715 is surjective to begin with. So, we arrive at the
situation:

R — Ry xS, 7'[51R*>->S, 1 R — Ry,

and we want to prove that either R = Ry x S, or that R is isomorphic to S via 715.42

Let
I={x€Ry:(x,0) € R} = my(Ker(rms)).
Note that I is a two-sided ideal of Ry: if x € I and t € Ry there is some y € S such that (t,y) € R (717 is
surjective). Then (xt,0) = (x,0)(t,y) € R, implying xt € I, and similarly for tx.
Since Rj is simple there are two options:
(1) Either I =0, in which case the map 7t is also injective, R & S via 7tg, and we are done. Or,
(2) I = Ry, in which case Ker(7rs) = Ry x {0} and both R and Ry X S surject onto S with the same
kernel and so they are equal: R = Ry x S.

29. Central simple algebras and the Brauer group

Our discussion in this section follows Jacobson’s book Basic Algebra II.

Let F be a field and let A be an F-algebra which means that F is contained in the centre of A — it is a subring
of A and each element of it commutes with any element of A. Assume further that A is finite dimensional
over F, and hence an artinian ring. If A is a simple algebra, then by Theorem 28.1.1, we have

A2 M, (D),

for some division ring D and an integer n > 1. It is not hard to check that A and D have the same centre,
say K, which is thus a field containing F. We can consider A as a K-algebra too and then K is its centre.

In general, a K-algebra A with the property that K is precisely its centre is called a central K-algebra.
Thus, the discussion above explains that a simple finite dimensional F-algebra is always a central simple K-
algebra for some field K containing F. Further, K is the centre of D under the isomorphism A = M, (D).
The simplest examples of central simple K-algebras of finite dimension are thus M, (K) forn =1,2,....

In this chapter we will consider the collection of central simple finite dimensional K-algebras, up to a certain
equivalence relation, and some of the remarkable properties of this set.

42Not necessarily equal to S! A good example to keep in mind is IF, C IF, X IF), diagonally. Also, remark that in the second case
when R is isomorphic to S, if S is simple, reversing the role of R; and S we will also find that R is isomorphic to Ry, by 7.
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29.1. Tensor product of K-algebras. Let A and B be central K-algebras of finite dimension over a field K.
Then

AQ®kB
is a K-algebra (§ 2.4) and if {v;} is a K-basis for A and {w;} a K-basis for B then {v; ® w;} is a K-basis for
A ®g B and, in particular,
Note that we can view A and B as subalgebras of A ®x B by

A—A®gB, a—a®l; B— A®xB, b—1&0D.

Proposition 29.1.1. Let A, B be sub K-algebras of a K-algebra C, all finite dimensional over K. Then
C~ A®kB,
as K-algebras, if and only if the following conditions hold:
(1) ab=ba,Va € A,b € B.

(2) C = AB (meaning, any element of C has the form Y_a;b; for some a; € A,b; € B).

Proof. The only if part is straightforward. For the if part, note that by the usual argument there is a
homomorphism of K-modules
A®RkB—C, a®bwab.

The first condition guarantees that this is a ring homomorphism as well, the second condition that the map
is surjective and, from the theory of vector spaces, the third condition guarantees it is injective. O

Corollary 29.1.2. If R is a finite dimensional K-algebra,*>

Proof. This follows from the proposition by letting A = M,(K) and B = R- I, = {diag(r,...,r) : 1 €
R}. O

Corollary 29.1.3. Let K be a field then
My (K) @x M (K) = Myn(K).

Proof. From the previous corollary, M, (K) ®x M;;(K) = M, (M;,(K)) (n x n matrices whose entries are
m x m matrices). A direct verification shows that My, (M (K)) = M;;,(K), essentially by removing the
brackets around the matrices appearing as entries in M, (M, (K)). O

If A is a K-algebra, we denote by A°P the opposite algebra. It is equal to A as an abelian group, but we
define a product a x b by a * b = ba, where ba is the original product, in A, of b and a. It is again a K-algebra,
because as K is commutative K°? = K. We define

Af = Ak A°P,

and, following Jacobson, call it the enveloping algebra of A. Note that multiplication is given on pure
tensors by

A Q@ur-dy @ay = ajay @ apnq.
If A is a sub K-algebra of a K-algebra B, then B has a left action of A¢ given on pure tensors by

a®uw-b=aba.

43This is true also without the finite-dimensional hypothesis.
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Indeed, a1 ® aq - (a2 @ ap - b) = a1 ® aq - apbagy = ayazbasey = a1a; @ apaq - b = (a1 @ &y - ax ® )b, which
explains why we define the multiplication in A® the way we do.

Taking the particular case A = B we find that A is a left A°~module. It's another way to say that A is
an A-A bimodule. A submodule of A (as an A°-module) is a two-sided ideal of A. Thus, if A is a simple
K-algebra, its only submodules over A€ are {0} and A, namely, it becomes a simple A® module. This proves
the first part of the following lemma.

Lemma 29.1.4. Let A be a central simple K-algebra.

(1) A is a simple A®-module.
(2) Endge(A) =K.

Proof. Let R be any ring. Viewing R as a left R-module, we have Endg (R) = R°P, by sending f € Endg(R)
to f(1) and, conversely, given r € R we define f(x) = xr. Viewing R as a right R-module (equivalently(!),
as a left R°P-module) we have the same identification Endg(R) = R, where to r € R we now associate the
map f(x) = rx.

Now, a homomorphism f: A — A as an A°-module, is both a homomorphism of A asan A = A®1-
module and thus of the form x — xr; and a homomorphism of A as an A°P =1 ® A°P-module and thus of
the form x — rpx. Taking x = 1 we find that r; = r, and then that for all x € R, xr; = r1x, which means
that rq is in the centre of A. That is, r| € K. Il

Theorem 29.1.5. Let A be a finite-dimensional central simple K-algebra, dimg(A) = n. Then
A® = A @k AP = M, (K).

Proof. As noted, the algebra A is a simple A°-module. We don’t know a priori that it is a faithful A® module,
but it is simple and faithful over B := A¢/I, where I is the two-sided ideal of A€ that is the annihilator of
A as an A°-module. By Jacobson's density theorem, using that End ¢ (A) = Endg(A) = K, we have that
B < Endg(A) = Endg(K") = M, (K) as a dense subring. And, since B contains K and dense, we actually
have B = Endg(A) = M, (K). Thus, we get a surjective ring homomorphism A¢ — M, (K), and comparing
the dimensions of both sides as K-vector spaces, we find that this must be an isomorphism. O

Example 29.1.6. Suppose that K is a field of characteristic different than 2. Then any quaternion algebra B
over K is a central simple K-algebra and has a presentation

K@ Ki ® Kj @ Kk,

for some constants &, 8 € K, where

We previously denoted this quaternion algebra (%) Using this, one can verify that the canonical involution

of B, namely, the map

a=x+vyi+zj+wk — a=Tr(a)—a=x—yi—zj—wk,

provides an isomorphism B =2 B°P. The key identities are a + b = d+ b, ab = ba. \We therefore conclude that
B ®k B = My(K).

This is not an obvious statement at alll For example, the right hand side has a collection of 16 special
elements — the elementary matrices Ej; that satisfy the relations E;;Exy = djxEj. How can we write them as
elements of the left hand side?
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29.2. Tensor product of central simple K-algebras. Our goal in this section is to prove the following
statement: Let Aq,..., Ay, be finite-dimensional central simple K-algebra then also the tensor product A1 @k
Ay ®---® Ay is a finite dimensional central simple K-algebra. But this is not an easy statement to prove
and we will have to build up towards it.

As we will deal a lot with finite-dimensional central simple K-algebras A, we will simply say that A is an
fdCS K-algebra.

For a K-subalgebra A of a K-algebra B, let

Cp(A)={beB:ba=abVaec A};

it is a K-subalgebra of B called the centralizer of A in B.

Lemma 29.2.1. Let A be an fdCS K-subalgebra of a finite dimensional K-algebra B. Let C = Cp(A) be the
centralizer of A in B. Then,

B= A®kC,

and the map
I— Al

is a bijection between the two-sided ideals of C and the two-sided ideals of B. Moreover, the centre of B
coincides with the centre of C.

Proof. By Theorem 29.1.5, A® = M, (K), where n = dimg(A) and thus A° is a simple artinian ring with a
unique simple module up to isomorphism. By Lemma 29.1.4, A itself is a simple A°-module. Note that A,
as an A°-module, has a special generator ¢, namely ¢ = 1, with the following properties:

(1) c generates A asan A = A®1 C A°-module,
(2) (@a®1)-c=(1®a)-c, and
(3) if (a®1)c=0thena=0.
Thus, any simple A°-module has a generator ¢ with the same properties.
As A¢ is also artinian ring, being of finite dimension over K, it is semi-simple (Theorem 28.1.1, or simply
from the isomorphism with M, (K)) and any module over it is isomorphic to a sum of copies of A* In
particular, B itself, considered as A°-module, is a sum of copies of A. Thus,

B = @IXEIACIXI

where ¢, are elements of B that are generators with the said properties, and one of them can be chosen to
be 1; say cqy = 1. It therefore follows that ¢, € C and any element of B can be written uniquely as ), aacq,
with a, € A. A computation based on checking when does an element of the form ), a,c, commutes with
acy, for any a € A, yields that

C = {Y kaca : ko € K}
14

It follows from Proposition 29.1.1 that
B A®gC.

Note that the centre of B commutes with A and hence is contained in C. But then it commutes with the
elements of C too, so it is contained in the centre of C. But B = AC, and C commutes with A and so the
centre of C commutes with every element of B and we find that B and C have the same centre.

It remains to prove the statement concerning ideals. Let I be a two-sided ideal of C then Al = {} ayi, :
ay € A,iy € I} is a two-sided ideal of B, using that B = AC and C commutes with A. In the tensor product

44y fact, since we know that A® = M, (K), we can deduce all its properties rather directly instead of appealing to the general
theory.
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presentation B = A ®g C, Al is the ideal

(31) {Zaa(@ia:aaeA,i,er}.
14

Let us choose a basis for A over K, say {x; = 1,...,x,}. Then any element in A ®g C has a unique
expression as

n
Y xi©d, deC
i=1

and so every element of B has a unique expression as Y1 ; x;d;; C itself are the elements x1dq,d; € C. By
expanding the a, appearing in (31) according to the basis {x;}, we find that the ideal Al is precisely

n
{Zx,' ®d;, d;€e I}.
i=1

We see then that AINC = I. Thus, we have an injective map from two-sided ideals of C to two-sided ideals
of B. We need to show that every two-sided ideal of B has this form.

Let | be a two-sided ideal of B. Let I = J N C, which is a two-sided ideal of C. As | is an A°-submodule
of B, ] = Y, Ad, for some special generators d, € B. But property (2) of a special generator implies that
dy, € C, for all a. So, in fact, d, € JNC =1 and it follows that | = Al O

Corollary 29.2.2. [et A be an fdCS K-algebra and let C be any K-algebra of finite dimension over K. Then
the map

I— ARk,

is a bijection between two-sided ideals of C and two-sided ideals of A @k C. Moreover, the centre of A @k C
is the centre of C, under the identification C = 1® C.

Proof. Let {y1 =1,...,ym} be a basis for C over K. Then any element of A ®g C can be written uniquely
as Yt a; @yi,a; € A. An element of A, written as a ® y;, commutes with such a sum if and only
if a; € K for all i (because (a ®1)(X/L;41 @yi) = Ljiaa; ®y;, etc.). Thus, the centralizer of A is
{¥"1a; ®y;:a; € K} = C. We can therefore apply Lemma 29.2.1 to B = A ®k C. O

It follows directly from Lemma 29.2.1 that the following holds true.

Corollary 29.2.3. Let A be an fdCS K-algebra and C a finite-dimensional K-algebra. Then
A ®k C is central over K < C is central over K,

and

A®gC is asimple K algebra < C is a simple K algebra.
By iterating, we find the following corollary that will be very important for the theory of the Brauer group.

Corollary 29.2.4. et Aq,..., A, be fdCS K-algebras then also A1 @k Ay Rk -+ - Qk Ay is a fdCS K-algebra.
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29.3. The double-centralizer theorem. Recall the Jacobson Density Theorem: Let R be a ring and let
M € gMod be a simple and faithful R-module. Then R in dense in Endp (M), where D = Endg(M).

We make some remarks about this theorem. First, the assumption that M is faithful is not that important.
Dropping this assumption, one may derive by the same proof that the image of R in Endp(M) is dense in
it. Secondly, it turns out that the theorem also holds when M is assumed to be semi-simple. We do not give
the proof here, but it can be found, for example, in Jacobson's Basic Algebra Il, §4.3. The statement is this:

Theorem 29.3.1. (Jacobson) Let R be a ring and M € RMod a semisimple R-module. Then the image of
R is dense in Endp (M), where D = Endg(M).

One application of this stronger statement is the following very useful theorem. For the proof see loc. cit.
84.6.

Theorem 29.3.2. (Double Centralizer Theorem) Let A be a semisimple K-sub algebra of an fdCS algebra
B. Then the double centralizer satisfies

Cp(Cp(A)) = A.

This theorem, plus substantial additional work, allows one to deduce the following statement (loc. cit.):

Theorem 29.3.3. Let A be a simple K-subalgebra of an fdCS K-algebra B. Then,

dimK(B) = dimK(A) dlmK(CB(A))

A very useful conclusion is the following:

Corollary 29.3.4. Let A be a commutative subfield of the matrix algebra M, (K) that contains K. Then
dimg (A)[n and if dimg(A) = n then A = Cyy, (k) (A).

Proof. Let d := dimg(A). Note that A C Cy,(x)(A) and thus d?|dimg(A) - dimg(Cp(A)) = n?. It
follows that d|n.

If d = n then we must have d = dimg(Cpy, (x)(A)): in that case the inclusion A C Cyy, (x)(A) must be
an equality. U

Example 29.3.5. To illustrate the Theorem, we note that it implies that any subfield of a quaternion algebra
over K is either K or a quadratic extension L of K. In the latter case, any element of the quaternion algebra
that commutes with L is actually in L.

The corollary also implies that no quadratic field extension L of K can be embedded in M3(K). And so-on.

29.4. The Brauer group. Let K be a field and consider fdCS K-algebras A, B. We say that A is (Brauer)
similar to B, and we write A ~ B, if there are some positive integers m, n such that

Mu(A) = Mu(B),
as K-algebras. Note that as M, (A) = M,,(K) ®g A, we can rephrase and say

A~B & 3mneNT, M,(K)®k A= M,(K)®xB.
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This relation is clearly reflexive and symmetric. It is also transitive. Suppose B ~ C and M;(B) = M;(C).
Then

Msm(K) ® A = Ms(K) @ M (K) ® A =2 M;s(K) @ Mu(K) @ B =2 M, (K) @ Ms(K) @ B
~ M, (K) @ M;(K) ® C = My (K) @ C.

Our main goal is to put a group structure on the equivalence classes of fdCS K-algebras. Suppose that
A ~ Aj and B ~ By, say M;;(K) ®k A = My, (K) ®k A1 and M, (K) ®k B = My, (K) ®k B1. Note that,

My (K) @ A® B = My (K) @ My(K) @ A® B =~ My (K) @ A® My(K) ® B.
K K K K K K K K

(where we used the general observation that for any K-algebras C, D one has C ®g D = D ®k C, induced
from c®d — d ® ¢, and applied it to M,(K) and M, (K)). The group structure is defined for any two fdCS
K-algebras, A, B, by defining the product of A and B as

A ®g B.

Since
My (K) @ A ® My (K) @ B2 My, (K) @ A1 @ My, (K) @ By 2 My, (K) @ A1 @ By,
K K K K K K K K

we get a well defined operation on Brauer similarity classes. Thus, we have defined a multiplication on
equivalence classes of fdCS K-algebra, which is commutative and associative. The identity element is simply K
(note that it is equivalent to M, (K) for all n > 1). We also have an inverse since we proved in Theorem 29.1.5
that

A % A% = M, (K),

where n = dimg (A). By Theorem 28.1.1 any fdCS K-algebra is similar to a division ring D whose centre is
K. Altogether, we proved the following.

Theorem 29.4.1. The set of similarity classes of fdCS K-algebras forms an abelian group under a group law
induced from the tensor product of K-algebras. The identity element is the equivalence class of K and the
inverse of A is A°P. This group is called the Brauer group of K. We denote it Br(K). Every similarity class
contains a division algebra over K.

Remark 29.4.2. In fact, one can prove that if D;,i = 1,2 are central division algebras over K then Dy ~ D,
if and only if Dy is isomorphic to D, as K-algebras.

Example 29.4.3. If A is a quaternion algebra over K then A = A% and so A ®x A = My(K) (see
Example 29.1.6). That is, a quaternion algebra A over a field K is an element of order 2. It is a deep theorem
of A. S. Merkurjev that if the characeristic of K is not 2 then the subgroup of elements of order 2 of Br(K) is
generated by quaternion algebras. Sometimes, for instance when K is a number field, every element of order
2 is represented by a quaternion algebra. On the other hand, A. Kresch proved that the elements of order 2
of Br(K), where K is the function field of a complex algebraic threefold are not all represented by quaternion
algebras, in general.

Determining the Brauer group of a field is a difficult problem. Here are a few fundamental results:

(1) If K is algebraically closed, Br(K) is the trivial group. This is clear once one has proved that every
finite dimensional division K-algebra is equal to K.

(2) Every element in Br(K) is of finite order. This is not an easy statement, but once one proves
that every division algebra is a crossed product and relates that to cohomology, the result follows
immediately from homological algebra.
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By Theorem 28.1.1, every fdCS algebra A over K is isomorphic to M, (D) for some division K-algebra
D. In fact, as already mentioned, one can show that D is uniquely determined up to isomorphism.
Thus, we conclude that every equivalence class of fdCS K-algebras, i.e. every element of Br(K), is
represented by a division K-algebra D, unique up to isomorphism. The main point is that the tensor
product of central division algebras need not be a division algebra, but is at least Brauer-similar to a
central division algebra.

We have Br(R) & Z/27Z., where the non-trivial element is the Hamilton quaternions.

One of the major achievement of algebraic number theory in the last century was the determination
of Br(K) for K a number field. To fix idea, consider the case of Q. For every prime p, the association
A — A ®qg Qyp provides a group homomorphism

Br(Q) — Br(Qp).
We will use this notation also for p = co and by Qe we will mean R. It is a theorem, that for every
prime p

Br(QP) = Q/Z/

and a deep theorem that there is an exact sequecne

0 — Br(Q) — ®,<xBr(Q,) Q/Z 0.

The second arrow is A — (A ®q Qp)pgw and, identifying the Brauer group of Q, with Q/Z, and
of R with %Z/Z, the next arrow is (ﬂp)pgoo — Zpgoo ap.

This exact sequence contains a lot of information. For example, it implies that if B is a quaternion
algebra over Q then for almost all p, B ®q Qp = M»(Qp) and the number of primes (counting co
as a prime) such that B®q Q, ¥ M>(Qp) is even and determines the quaternion algebra up to
isomorphism.
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Part 5. INTRODUCTION TO HOMOLOGICAL ALGEBRA

30. Exactness properties of functors

30.1. Abelian categories. R-modules are an example of an abelian category. \We can think about an abelian
category as a category where for any two objects A, B and morphisms f, g, € Mor(A, B) one has their sum
f+g € Mor(A,B), and this addition makes Mor(A, B) into an abelian group. Moreover, the addition is
natural with respect to composition; kernels and co-kernels of morphisms exist; finite direct sums and finite
direct products exist and are equal. Further, there is a zero object denoted 0. A functor between abelian
categories is called additive if FO =0, F(f +¢) = Ff+Fgand F(X®Y) =2 F(X) & F(Y).

Our definition is hardly a proper definition, as we have not defined what are kernels and co-kernels in a
category. The following paragraph explains why we allow ourselves this cavalier approach.

The main example of an abelian category is the category of (left, or right) R-modules, where R is any
ring (always with 1). It is almost the most general example. Mitchell's Embedding Theorem states that any
small*® abelian category C is equivalent to a full subcategory of the category of modules over some (not
necessarily commutative) ring R.

For the following, we can fix ideas and think about the abelian category in question as either the category of
R-modules over a ring R, or the category of complexes of modules over a ring R (to be described later). The
functors we will consider will always be additive functors.

30.2. Exactness properties of functors. An additive covariant functor F between abelian categories is called:
o left-exact if

0—+A—+B—+C eact = 0—FA— FB— FC exact.
e right-exact if

A—-+B—-+C—0 eat = FA—FB—FC—0 exact.
e exact if it is both left and right-exact. This is equivalent to

0+>A—B—-C—0exact = O0—FA— FB— FC — 0 exact.

An additive contracovariant functor F between abelian categories is called:

o left-exact if

A—-B—-C—=0eat = 0—FC—FB— FA exact.
e right-exact if

0+A—+B—+C eact = FC—FB— FC — 0 exact.
e exact if it is both left and right-exact. This is equivalent to

0—+A—-B—-C—0exact = 0—FC—FB— FA — 0 exact.
Thus, the use of “left" or “right" is according to the output of the functor.
Let R be a ring and M € Modg, N € RMod. We may then consider the additive functors

M ®g (-) : RkMod — AbGps, (-) ®gr N : Modg — AbGps.

45That means that the collection of objects of C forms a set and for every two objects X, Y of C, Hom¢(X,Y) is a set.
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Theorem 30.2.1. M®g () and (-) ®g N are right-exact functors.

Proof. We prove the claim for the functor M ®g (-); the other case is entirely similar. Let

At g P ¢ 0.

be an exact sequence in kMod. Then, from properties of tensor products and their functoriality, we have a
complex, i.e. the image of any morphism is contained in the kernel of the next,

1®
MoAS MoB 2 Mec——o0.

We need to show it is exact and that amounts to the following:
e 1® B is surjective. ~ This is clear: given Y m; ® ¢; € M ® C choose b; € B such that B(b;) = c;.
Then, (1® B)(Xm; ®@b;) =YL m; @c;.
e (1®B)o(1®a) = 0. As said, this is clear from functoriality because (1® B)o (1®@a) =
1@ (Boa)=1®0=0.
e Ker(1®p) CIm(1®wa). Let E=Im(1®a). We already showed that E C Ker(1 ® B). By the
first isomorphism theorem there is an induced surjective map

B:M®B/E—M®C,

with kernel Ker(1 ® B)/Im(1 ® «), and it is enough to prove B is an isomorphism (and we know
already that it is surjective). We prove that by constructing the inverse map.
Let f: M x C — M® B/E be the map

f(m,c) =m®b (mod E), anyb such that B(b) =c.

We claim that f is well-defined: First, such a b exists because f is surjective. If also B(b") = c then
B(b—1b") = 0 and thus there is some a € A such that a(a) = b—"b". Then m@b—-—mb =
me(b-V)=(1®a)(mxa) € E.
It is easy to check that f is R-bilinear and so we get a well-defined homomorphism
fiM®@C—M®B/E, f(} m®c)=) mab (f(b)=c).

Now, f o B = id. To prove that it is enough to prove that f(B(Xm; ®b;)) = ¥ m; ® b;, which is clear
because we can choose b; as lifts of the B(b;). This prove that B is injective, hence an isomorphism.
O

Theorem 30.2.2. Let M be an R-module (left, or right) then:
e Homg(M,-) is a left-exact covariant functor;
e Homg(:, M) is left-exact contravariant functor.
Proof. We assume that we are dealing with left R-modules, as the other case is the same. We prove the first

statement, leaving the second as an exercise.
We need to show that if

is an exact sequence of modules then
0 — Homg (M, A) — Homg (M, B) — Homg (M, C)

is an exact sequence of abelian groups. We already know it is a complex. Thus, we need to show the following:
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(1) That Homg(M, A) — Homg (M, B) is injective. Suppose that that h € Homg(M, A) and foh =
0. Thatis, for all m € M, f(h(m)) = 0. Since f is injective, this implies that h(m) = 0 for all m
and so that h = 0.

(2) Suppose that h € Homg(M, B) and goh = 0. Then, for all m € M we have g(h(m)) = 0 and
hence h(m) € Ker(g) = Im(f). Thus, for all m € M, h(m) = f(a) for a unique a,, € A and one
verifies, using uniqueness, that

M— A, m—ay

is a homomorphism of R-modules; denote it k1. Then, by definition, h = f o hy.
O

This result suggests singling out those modules M with an additional exactness property. Let M be an
R-module.

e M is called projective if Homg (M, -) is exact;

e M is called injective if Homg (-, M) is exact.

31. Projective modules
31.1. Definition and basic properties. Let R be a ring and M a left R-module. The notion of projective

has to do with /ifting homomorphisms from M.

Theorem 31.1.1. M s projective if and only if given any diagram of R-modules and R-module homomor-
phisms, with B surjective, there exists a homomorphism g making it commutative:

(32) M

Proof. Given an exact sequence B i C — 0, we can always extend it to a short exact sequence

0 - Ker(g) = BB C—o.

Applying Hompg (M, ), the projectivity of M is equivalent to
Hompg (M, B) - Homg (M, C),

which is exactly the content of diagram (32). ]

The next lemma provides us with the first examples of projective modules.

Lemma 31.1.2. A free R-module is projective.

Proof. Let M be a free R-module; M is isomorphic to @;c;R. To simplify notation, we write
M = ®;cIR.

Thus, the module M is generated as an R-module by the elements {e; : i € I}, where ¢; is the vector with
1 in the i-th coordinate and O elsewhere. That means that every element in M has a unique expression as
Y icrtiei, where only finitely many r; are non-zero.



176 EYAL GOREN  MCGILL UNIVERSITY

Given homomorphisms f: M — C and B: B — C, where B is surjective as in (32), choose for every i € I
an element b; € B such that B(b;) = f(e;) and define

g: M — B, g(Zriei) = zrib,-.
1 1

The sum is well-defined as only finitely many terms are non-zero and g is well-defined due to the uniqueness
of expression of elements of M as sums. We have

ﬁ(g(zriei)) = 5(271'51') = Zﬂ'ﬁ(bi) = Zrif(ei) = f(zriei)

andso fog = f. U

Theorem 31.1.3. An R-module P is projective if and only if P is isomorphic to a direct summand of a free
R-module.

Proof. Suppose P is projective. Any R-module, in particular P, is a quotient of a free module F. Consider
thus a diagram
id
£ B

F——P——0

in which F is free. It follows that F = Ker(B) ® g(P) and P = g(P). Thus, P is isomorphic to a direct
summand of the free module F.
Conversely, suppose that for some module Q, P& Q is a free module. And consider a diagram

£ lf
¥ B

B——C——=0.
We can extend it to a commutative diagram using the natural projection P& Q — P:
P—=PoQ
8 7
= ‘B fl
B——C—0.

Here fi(p,q) = f(p). As P& Q is free, hence projective by Lemma 31.1.2, thereis a map g1 : P& Q — B
such that Bo gy = f1. Now, define g(p) = g1(p,0).

P=7roQ

g ;g:
L 1 f

B=——C——0.
Then, B(g(p)) = B(g1(p,0)) = f1(p.0) = f(p). O

Remark 31.1.4. The module Q such that P& Q is free is also projective, by the same Theorem. Thus, we
might say that P is projective if and only if there is a projective module Q such that P& Q is free.

Example 31.1.5. Here are some examples of projective and non-projective modules.

(1) 0, R, R?, .. .are free R-modules hence projective.
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(2) If M has torsion as an R-module*® then M cannot be a submodule of a free module, let alone a
direct summand, so M is not projective. For example, Z/nZ. is not a projective Z-module.

(3) Let K be a number field and I a non-zero ideal of Og. Then I is a projective Og-module (though
this is not an obvious statement), but need not be free. Such ideals exist if and only if the class
group of Ok is not the trivial group. For example, the ideal P := (2,/—6) of Z[y/—6] is not free.
It is projective. In fact, one can prove that P @ P is a free rank 2 module over Z[/—6].

(4) Any direct summand of a projective module is projective.

Proposition 31.1.6. (1) If Py, Py are projective R-modules so is Py & Ps.
(2) If R is a commutative and Py, P, are projective R-modules so is Py Qg Ps.

Proof. Let Q1, Q> be modules such that P; & Q1, P, @ Q» are free R-modules. Then
PeQ)e(PeQ)=(PieP) s (Qe Q)

is free too and P; @ P, is a direct summand of it, hence projective. Likewise, we have the free module

PLeQ)@(P®Q)=(PL@P)®(Q1®P®P® Q& Q1 ®Q2)

and P; ® P, is a direct summand. O

31.2. The class group. For simplicity we shall assume throughout this section that R is a commutative
ring. Our goal is to define the class group, which is a commutative group whose elements are isomorphism
classes of the so-called invertible R-modules. In various situations the class group plays an important role. In
algebraic number theory it measures the failure of rings such as the rings of integers of a number field to be
unique factorization domains (if they always were, Fermat's Last Theory would have been proven in the 19th
century). In algebraic geometry, the class group of a commutative ring A classifies line bundles over an affine
scheme Spec(A). The class group is, in general, an interesting object of study in the theory of commutative
rings. As Theorem 31.2.1 shows, the class group measures the local-to-global obstruction for any module to
be free.

31.2.1. Projective modules over local rings.
Theorem 31.2.1. Let R be a local ring. Any finitely generated projective module over R is free.

Proof. Let M be a finitely generated projective R-module. For some integer n, there is a surjection R" — M
that splits, because M is projective. Thus, there is a finitely generated module N such that M@® N = F, a
free module of finite rank n. We find that as k := R/J(R)-modules we have
M @ N F
J(RYM " J(R)N — J(R)F’

But J(R) is the maximal ideal of R and thus k is a field. That implies that there are finitely many elements
7, ..., M, of M := M/J(R)M that are a basis for M over k. By Corollary 26.2.2, my, ..., m, generate M
over R.

Complete 7y, ...,7, by 71y,...,7p a basis of N = N/J(R)N to get a basis of F = F/J(R)F. We see
that a + b = n and that mq,...,m,, ny1,...,ny is a set of generators for F, which is minimal because

rankg (F) = dimy(F) = a + b.

Therefore, they forms a basis for F over R. We conclude that my, ..., m, are generators for M and independent
over R and this implies that M is free. O

4BRecall that an element m of M is called torsion if there is a regular element r € R such that rm = 0. An element r is regular
element means that for any s € R,s # 0, sr # 0 and rs # 0. Note that when we consider R as a module over itself, there are no
torsion elements.

This topic
is skipped
this year.
Note that
the notes
on this
topic
(§31.2) are
missing
some
details and
may
contain
typos.
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Recall that for any commutative ring R a free finitely-generated module M is isomorphic to R" for some
integer n that is uniquely determined and called its rank (the proof that # is unique can be obtained by
reducing modulo a maximal ideal I of R and thereby reducing the statement to vector spaces over R/1I).

Let S be a multiplicative set. Suppose that M is a free R-module of rank n then M[S™1] is a free R[S™!]-
module of rank n. This is quite clear from R"[S™!] = (R[S™!])". Furthermore, if M is projective over
R, then M[S™!] is projective over R[S™1]. Indeed, for some Q, M @ Q is free and then (M @ Q)[S™!] =
M[S~1] @ Q[S~ ] is a free R[S™!]-module. Also, if M is generated over R by n elements, namely, there is a
surjection R" — M, then by localizing (localizing is an exact functor) we find a surjection R[S™1]" — M[S~1],
showing that M[S’l] is also generated by n elements (and perhaps by less). In fact, if mq,...,m, generate
M then 1, ..., "2 generate M[S™!].

In particular, if M is projective with n generators, for every prime ideal p of R, My is free of some rank
ny < n.4’
Theorem 31.2.2. Let M be a projective module. The function

Spec(R) = Z, p— ny,

is a continuous function. In particular, if Spec(R) is connected, then ny is constant and we call it the rank
of M. We denote it tk(M).

Proof. We will need a lemma that is of independent interest. It shows that finitely generated projective
modules are locally free in the Zariski topology on Spec(R).

Lemma 31.2.3. Let M be a finitely generated projective R-module and p € Spec(R). There is a basic open
set Dy such that p € Dy and M is free over Ds. In algebraic terms: there is an element s of R such that
s & p and such that M[s~] is a free R[s~!]-module.

Assuming the lemma, let us show that the function p — n,, is continuous. Since the sets Dy constructed in
the lemma cover Spec(R), it is enough to show that the function q — n4 is constant on the set Df. But

that follows from the discussion preceding the theorem as Mg is a localization of M[f~1] (f is but one of
the elements in R\ q). It remains to prove the lemma.

We now that My is a free Ry, module of some finite rank m := ny,. Let :—11,..., 32 be a basis for it. So the

x; € M and the s; € R\ p. Since the elements sy, ...,s, are units in R[S™1], also

X1 Xm

T T
are a basis. The idea now would be to determine by what element we need to localize so that xl—l,. .., me will
form a basis of M[f~!]. That is, we have a homomorphism

m
f:R" =M, (r,...,tm)— Zrixi,
i=1

which gives an exact sequence

f

(33) 0 —— Ker(f) R™ M Coker(f) ——0.
Localizing (33) at p, and using the properties given in the proof of Proposition 3.4.3, we get
0 —— Ker(f) R} / M, Coker(f,) —0.
0 0

47Typically, an ideal I of the ring of integers Ok of a number field K is generated by 2 elements and not less, but for every p its
localization is generated by a single element. That is, n = 2 in many situations, but n, =1 for all p in this case.
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Now, Coker(f), being a homomorphic image of M is finitely generated and Ker(f) being a sub-module of
the finitely generated module R™ (that is noetherian) is also finitely generated. Thus, the generators of those
modules become 0 in their localization at p. But, looking at what this means by definition, it follows that there
is an element s € R \ p that kills all these generators. That is, also Ker(f)[s~!] = 0 and Coker(f)[s~!] = 0.
Localizing (33) at {1,s, s2,... }, we find that

R[s71)™ = M[s71].

31.2.2. Invertible modules. Let M be a projective module over a finitely generated ring R. We call M an
invertible module if there is an R-module N such that M ®g N = R, as R modules.

Lemma 31.2.4. Let M be a finitely-generated projective module over R. Then M is invertible if and only if
rk(M) = 1.

Proof. Suppose that rk(M) =1 and M ®g N = R. Localizing at a prime ideal we find that

But M is free finite rank n and thus the left hand side is isomorphic to Ny; it follows that Ny is a direct
summand of the free Ry-module Ry, hence projective, hence free, hence isomorphic to R;”. It now follows

thatm=n=1. %
Conversely, assume that M is projective of rank 1. We claim that

M ®gr Hom(M, R) = R.
First, there is a natural homomorphism of R-modules
M®@grHom(M,R) = R, (m,f)w— f(m).

To show this is an isomorphism, it is enough to show that after localizing at every prime ideal p. But M, = R,
and so, modulo checking that localization commutes with Hom and similar statement,

Rp - HOme (Mp, Rp) - HOm(M, R)p

Consequently
O

31.2.3. The class group. Let R be a commutative ring. We define the class group CI(R) of R to be the
isomorphism classes of projective rank 1 modules over R, where the group operation is the tensor product.
We proved above that every element is indeed invertible. It should only be mentioned that the tensor product
of two projective rank 1 modules is rank 1 and that can be checked by localizing at every prime ideal p of R.

The class group is a very important construction. In the context of algebraic geometry, one can show that
the projective rank 1 modules over R correspond to line bundles over Spec(R). Of course, the notion of line
bundle must be defined, but it is a notion that is visibly an analogue of the notion of a line bundle over a
manifold.

In the context of number theory, the class group is a very important number theoretic invariant. Some
of the fundamental results are that if Ok is the ring of integers of a number field K then CI(Ok) is a finite
group that is trivial if and only if Ok is a unique factorization domain. In fact, one shows that every projective
module over Ok is isomorphic to a fractional ideal of K. That is, it is isomorphic as an Og-module to a
subgroup of K of the form %I, where 11Ok is a non-zero ideal. Thus, one can prove that the class group is
trivial if and only if Ok is a principal ideal domain. In particular, the class group can be seen as measuring the

48It follows that N is projective because the exactness of the functor Homg (N, -) is a local property.
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failure of unique factorization. But we may perhaps mention that if K = Q(\/H) where d > 1 is a square free
integer, then 2°|Cl(Ok), where e + 1 is the number of distinct prime divisors of d. Thus, K can only have
class number one in this case if d is prime, but the converse doesn’t hold. For example, the class number of
Q(\/@) is equal to 3. It is an unproven conjecture of Gauss that there are infinitely many primes p such
that the class number of Q(,/p) is equal to 1.

Unfortunately, discussing examples would be too much of a digression. The subject of class groups has
been a central area of number theory and algebraic geometry since its inception and remains at their forefront.

32. Injective modules

32.1. Definition and basic properties. Recall that an R-module M is called injective if Homg (-, M) is
exact. The notion of injective has to do with extending homomorphisms into M.

Theorem 32.1.1. A module I is injective if and only if given a diagram of R-modules with « injective, there
is @ homomorphism g such that goa = f:

(34) I

0—>A—a¥B.

Proof. We can always complete the exact diagram of R-modules 0 — A — B to a short exact sequence
0— A— B— B/A — 0 and then apply Homg (-, I). And, in fact, up to isomorphism any SES looks like.
Thus, I is injective, if and only if Hom(B, I) — Hom(A, I) is surjective for any injective map A — B. But
this is exactly the content of diagram (34). ]

Unlike the situation with projective modules, injective modules are much harder to come by. For example, Z is
not an injective module. One cannot find a homomorphism g such that the following diagram is commutative:

Z

, T Tog
id -

0— 72 7

Thus, the question arises whether non-zero injective modules exist at alll We will see that there are plenty
of injective modules. The development of the theory begins with the case of Z-modules:

32.2. Injective Z-modules. An abelian group I is called divisible if for every a € I,m € Z,m # 0 there is
a b € I such that mb = a.

Proposition 32.2.1. An abelian group I is an injective Z-module if and only if it is divisible.

Proof. Let I be an injective Z-module. Let a € I. Consider the diagram

I
.

. 8
f
OHZXH”[Z

where f(n) = na. Looking at the images of the element 1 € Z we see that a = g(m) = mg(1). Let
b = g(1) then mb = a and we conclude that I is divisble.

Conversely, suppose that I is divisible. Without loss of generality, we may replace an injection by inclusion
and so we need to show that following. Suppose H is a subgroup of an abelian group G and f: H— I is a
group homomorphism. Then, there is a group homomorphism g: G — I that extends f.
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To show that, consider the set
{(H,f):H<H,f"H = If'lg=f}
of all possible extensions f’ (a homomorphism) of f to all possible subgroups H' of G that contain H. There
is a natural partial order on this set and chains have an upper bound. Thus, we may apply Zorn's lemma and
deduce that there is a maximal element (Hy, fp). We claim that Hy = G and thus fp is the homomorphism
we are after.

Suppose Hy # G and let g € G\ Hy. If (¢) N Hy = {0} then (g) 4+ Hy is a direct sum and we can extend
fo (and hence f) to it by setting fop(g) = 0. That's a contradiction. Therefore, for some N > 0, we have

(g) N Hy = (Ng).
(And we may assume Ng # 0, but that doesn’t play any role in the following.) Choose an element a; € I
such that Nag = fo(Ng). Define a homomorphism of groups
h: (g) ® Hy — 1, h(ng,h) = nag + fo(h).

This homomorphism is well defined. If ng = mg then we need to show that (n —m)ag = 0. That is,
we need to show that if dg = 0 then dag = 0. But, if dg = 0 then dg € (g) N Hp and so d = kN
for some integer k. Then, on the one hand since dg = 0 we have fy(dg) = 0, but on the other hand,
fo(dg) = fo(kNg) = kfo(Ng) = kNag = dag and it follows that dag, = 0.

There is a surjection (g) & Hy — (g) + Ho C G with kernel Z - (Ng, —Ng) and h vanishes on the kernel.
Thus, h induces a well-defined homomorphism

ho: (§) +Ho — 1, ho(ng +h) = nag + f(h).
The pair ({(g) + Ho, ho) extends (Hy, fo) and we get a contradiction again. O

Remark 32.2.2. One can define the notion of being divisible for any ring R, in fact. The relation to being
injective is not easily stated. However, one can prove, by modifying the proof above, that if R is a commutative
PID then an R-module is injective if and only if it is divisible.

With this Proposition we see that there are plenty of injective Z-modules. For example:

Corollary 32.2.3. Q and Q/Z are injective Z-modules.

32.3. Injective R-modules. The following theorem shows that injective modules exist in abundance. It is a
crucial first step in homological algebra constructions as we shall see later.

Theorem 32.3.1. Let R be a ring and let M be an R-module. There is an injective R-module 1 and an
injective homomorphism M — 1.

Proof. The first step is to prove the theorem for abelian groups. The proof of the following Lemma is
straighforward.

Lemma 32.3.2. (1) A direct sum @;A; of divisible abelian groups is divisible.
(2) A quotient of a divisible abelian group is divisible.

Let A be an abelian group and write A as a quotient on the free abelian group @,c4Z - [a] (here [a] is a
formal symbol associated to a, as we do for group rings in general). We can think about its elements as
vectors Y ,ca fq - [a] with n, € Z and only finitely many of them not zero. There is a natural surjection
taking Y _zc 4 1a - [a] to Yzc 4 1aa. And we conclude that we have an isomorphism

A= (SqeaZ-[a])/S,

for some subgroup S.
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Now, the inclusion @,caZ - [a] < @ge4 Q - [a] induces an injection
(@aeAZ : [[l])/s - (@aeAQ ’ [a])/s

and by Lemma 32.3.2 the right hand side is divisible, hence an injective Z-module.

We are now consider the general statement. Let R be a ring and M € gkMod. Considering M as an abelian
group, we have an inclusion

M — D,

where D is a divisible abelian group. Consider Homyz (R, D). One check directly that this abelian group is an
R-module, where for ¥ € R, f € Homz(R, D) we define rf: R — D by

(rf)(s) = f(sr).

It is easy to verify that (rf)(s1 +s2) = (rf)(s1) + (rf)(s2) so rf € Homz(R, D) and (r(f1 + f2))(s) =
(rfi+rf2)(s), ((r1ir2)f)(s) = f(srira) = (raf)(sr1) = (r1(raf))(s), etc.; it follows that we defined a
module structure on Homgz(R, D).

We have an embedding of R-modules

M < Homgz(R,D), m— @,

where @, (r) = rm. Clearly, @um,+my = @m; + @my. and @y = 1@y, because @y (s) = srm = @p(sr) =
(r¢m)(s). Theinjectivity follows once one notes that ¢,,(1) = m. Thus, it remains to show that Homz(R, D)
is an injective R-module. To clarify the argument we state this as a separate proposition.

Proposition 32.3.3. Let D be a divisible abelian group then Homz(R, D) is an injective left R-module,
where (rf)(x) = f(xr).

Proof. (Proposition) We show that the functor Homg(—, Homgz(R, D)) is exact. It is enough to show that
for an exact sequence in gMod, 0 —+ A — B, the arrow at the top row of the following diagram is surjective.
We indicate it by putting a double question mark about the double-head.

??

Hompg (B, Homz(R, D)) Hompg(A,Homyz (R, D))
Homz (R ®g B, D) g Homyz (R ®g A, D)
Homg (B, D) Z Homy(A, D)

The diagram is easily verified to be commutative; we have used the adjoint property of ® — Hom for the
first vertical isomorphism. The surjectivity of the lowest horizontal arrow would imply that of the top arrow.
Because D is a divisible abelian group, hence an injective abelian group, the exact sequence 0 — A — B (now
viewed as a sequence of abelian groups) gives an exact sequence Homy (B, D) — Homz (A, D) — 0 so the
lower row is indeed surjective. O

O

The theorem gives us a method to constructive injective modules.

Corollary 32.3.4. For any ring R, Homz(R, Q) and Homz(R,Q/Z) are injective R-modules.

Finally, we mention without proof a very nice characterization of injective modules.
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Theorem 32.3.5 (Baer's Criterion). Let M be an R-module. Then M is injective if and only if for every ideal
I of R, every R-homomorphism I — M can be extended to R.

33. Flat modules

Let R be a ring. A module M € gMod is called flat if the functor (—) ®g M is an exact functor
Modgr — AbGps. Since we have proved that for an exact sequence in Modg

0— A = Ay > A3 =0
we get an exact sequence
A1 QrM — Ay @r M — A3Qr M — 0,
we see that M if flat if and only if
Al — Ay = A1 QrM — A, g M.

That is, M is flat if and only tensoring with M preserves injectivity of maps.

33.1. Some basic examples of flat and non-flat modules.
Proposition 33.1.1. A projective module is flat.
Proof. If F is a free R-module, F = @R, then F is flat because
Ay @R F = A1 @R (BicIR) = Bic1A1 Or R = B A1 — Bie1 Ay 2 Ay @R F.

(The last isomorphism is obtained by the same argument used for Aq.)
If P is projective, then for some R-module Q, P& Q = F, a free R-module. Then

A1 Rr (P®Q) — A ®r (P@ Q).

ButAi®R(P@Q):A,-®RP€BAZ-®RQand thuSA1®RP<—)A2®RP. O

Example 33.1.2. Z/27Z.is not a flat Z-module, because tensoring 0 — Z — Q with Z/2Z we get 0 — Z /27 — 0,
which is not exact. This example is predicted by the following theorem (that we will not prove):

Theorem 33.1.3. /f M is a finitely presented R-module*® then M is flat if and only if M is projective.

Theorem 33.1.4. Let R be a commutative ring and S a multiplicative set in R then R[S™1] is a flat R-module.

Proof. Indeed, we proved that localization is an exact functor (Proposition 3.2.3). O

So for example, if R is an integral domain with field of fractions Q then Q is a flat R-module. In particular,
Q is a flat Z-module. Note that Q is not projective because it does no embed into a free Z-module (no
non-zero free Z-module is divisible). Thus, Theorem 33.1.3 may fail for non finitely presented modules.

49That means that there is an exact sequence F; - F, & M — 0 of R-modules where F; are free R-modules of finite length.
We can think about that as M being finitely generated due to the surjection F, - M and the module of relations between the
generators, namely the image of F; — F,, being finitely generated as well.
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33.2. Relations between flat, projective and injective. \We have the following statements connecting the
notions of projective, injective and flat:

(1) Projective = Flat (Proposition 33.1.1).

(2) Flat and finitely presented = Projective (Theorem 33.1.3).
(3) Projective = Injective (Z.).

(4) Injective #= Projective (Q/Z, Q).

(5) Injective = Flat (Q/2Z).

(6) Flat % Injective (Z).

(7) Flat £ Projective (Q).

On the positive side we have the following. Let B € Modg and define its character module B* to be the
left R-module

B* = Homy(B,Q/Z).

One can prove that B — B* is an exact functor Modg — gMod and that

B € Modg is flat <= B* € gMod is injective.

A common application of flatness is given by the following proposition. It is especially useful when R is a
commutative ring because in that case both I ®g M and IM are R-modules.

Proposition 33.2.1. Let M be an R-module. If M is a flat R-module and I is a right R-ideal then the natural
map

[@r M — IM

is an isomorphism.

Proof. By IM we mean the subgroup M of element of the form Y i,m,, i, € I,m, € M. It is an R-module
if I is a two-sided ideal, but not in general.

Assume M is flat. Then, as I < R as R-modules, | g M — R ®r M = M and the image is precisely
IM. O

Remark 33.2.2. The converse is true too. If for every such ideal I the natural map I g M — IM is an
isomorphism then M is flat. The proof requires use of the character module and we omit it.

34. Complexes and homology

34.1. Complexes. Let R be a ring. An R-complex (A, d4) is a diagram of R-modules and R homomor-
phisms

A A
dn +1 dﬂ

An Anfl

An+1

indexed by Z such that for all n, djf odZ,; = 0. The maps dj are called differentials. A morphism of
complexes

foi (As,d2) = (Bo,dB)

is a collection of R-module homomorphisms f,,: A, — By, such that all the squares in the following diagram
commute:
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iy df
e A 2 Ay A e

lfn-%—l lfn lfn—l
dB B

n+1
Bn+1 By By-1

R-complexes form a category R—Comp. This category is abelian. In particular:

e Ker(fo) = ({Ker(fn)},{dA}) is a complex.

o Im(fo) = ({Im(f,)}, {dB}) is a complex.
o Coker(fs) = ({Coker(fy)},{dB}) is a complex.

Normally, there will be no need to decorate the differentials dﬁ with so many indices and we will simply write
d. The complex condition is then written as d2 = 0.

Example 34.1.1. Let R and S be two rings and F: R—Mod — S—Mod be a covariant additive functor.
(We write R—Mod so as not to commit to either left or right modules, but we are either talking about
left R-modules and left S-modules, or about right R-modules and right S modules.) Then F extends to an
additive functor

F: R—Comp — S—Comp, F(Ae,de) = ({FA,},{Fd,}).

The later is indeed a complex because F(dy,) o F(d,41) = F(d, od, 1) = F(0) =0, since F is additive.

Remark 34.1.2. This also works for a contravariant additive functor if one reindexes the objects F(Ay), say
by letting C_,, := F(Ay), so that the differentials still reduce the degrees.

34.2. The homology of a complex. Let (Ao, de) be a complex of R-modules. We define its homology
he(As)*° by

. Ker(dy: Ay — A1)
hn(A.) T Im(dn+1: An+1 — An)

Thus, h.(A.) is a collection of R-modules indexed by Z. We make this into an R-complex by decreeing all
differentials to be 0. Then we can state:

Lemma 34.2.1. h, is a covariant additive functor
he: R—Comp — R—Comp.

Proof. The content of this lemma is that given a morphism fo: Ae — Be there is a naturally induced homo-
morphism

Ker(dy: Ap — Ay_1) M Ker(d,: B, — B,_1)

Im(dn_H: An+1 — An) Im(dn_H: Bn+1 — Bn)'

This follows from the fact that fo commutes with the differentials and so f, takes Ker(d4) to Ker(d%) and

Im(d2, ;) to Im(d®_ ). The other requirements, such as he(f1 + f2) = he(f1) + he(f2), he((As @ Bo,dd @
d?)) o h.(A.,df‘) @h.(B.,d?) and T4 (0e) = 0., are clear from the definitions. O

50| order to simplify the notation, we drop the differentials from the notation /e (As).
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Remark 34.2.2. The Lemma doesn’t contain more information than saying that for every n
hp: R—Comp — R—Mod

is a covariant additive functor.

Example 34.2.3. (1) If (Ae,de) is exact, namely if for every n we have Im(d, 1) = Ker(dy), then
hy(Ae) = 0 for every n.
(2) If all the differentials d, = 0 then he(As) = A..
(3) If (A, de) is exact and F: R—Mod — S—Mod is an additive functor then F(A,) need not be exact
and, somehow, this is the whole point of homological algebra. For example, suppose that R is a
commutative ring and M is an R-module. We have an additive right-exact functor

(-) ®g M: R—Mod — R—Mod,

which in general is not exact. Given a short exact sequence 0 - E — F — G — 0 of R-modules
(thought of as a complex when we extend it in each direction by 0's) we only have the exactness of
M®®E > M®F — M®G — 0, but the first arrow need not be injective.

The machinery of homological algebra provides us with canonical modules Tory, (M, E), Tor, (M, F),
Tor, (M, G), and homomorphisms, so that the following sequence is exact:

-+ —>Torp (M, G) — Tor; (M, E) — Tory (M, F) — Tor;(M,G) - M®E—-> M®F > M®G—=0.

34.3. The Snake Lemma and exactness of /,.

Lemma 34.3.1 (The Snake Lemma). Let

A g P 0
bl
) B2
0 Az Bz C2

be a commutative diagram of R-modules with exact rows. Then the sequence

o B1
Ker(f) —— Ker(g) — Ker(h)
Q DL

!

Coker(f) R Coker(g) P Coker(h)

is exact, where § (the connecting homomorphism) is defined as follows: given an element ¢y in Ker(h) lift
it to an element by € B, note that B2(g(b1)) = h(B1(b1)) = h(c1) = 0. Thus, there is an a; € Ay such that
ay(ay) = g(b1). Define,

5(cy) = ap.
Moreover, if we start with a diagram
0 A Mg P 0
Pl
) B2
0 A2 Bz C2 0
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with exact rows, then the following is an exact sequence:

0 — Ker(f) e Ker(g) LN Ker(h) 2 Coker(f) L Coker(g) P Coker(h) — 0.

Proof. The proof is left as an exercise. It is mostly straight-forward, but requires a lot of patience. The most
delicate points are to show that ¢ is well-defined and that it is exact at its origin and its target. We show
that J is well-defined and exact at its target.

Given c; € Ker(h) suppose we choose another element b} such that 81 (b]) = c1. We get the element g(b})
which is of the form ay(a5). We have ay(ay —ab) = g(by — b}). Now B1(b1 — b)) =0 so by —b] = aq(aq)
for some a1 € Aj. Therefore, g(by — b}) = aa(f(a1)), and it follows that ap(ay —a) — f(a1)) =0. As ay is
injective, a, = a} + f(a1), which means that a, = a}, in Coker(f).

It is easy to check that § is a homomorphism of R-modules (as all choices can be “coordinated" with
addition and multiplication by a scalar). We next check that ap: Coker(f) — Coker(g) vanishes on the
image of J. Indeed, in the notation above ay(ap + f(A1)) = g(b1) + g(B1) = g(B1) which means it's the
zero element of Coker(g).

Conversely, suppose that for some element a; + f(A;) € Coker(f) we have az(a; + f(A1)) = az(az) +
¢(By) is zero in Coker(g). This means that ay(ay) = g(by) for some by € By. Let ¢; = By(by). Note
that h(c1) = h(B1(b1)) = Ba(g(b1)) = Ba(az(az)) = 0. So ¢; € Ker(h) and we can calculate §(cq).
We can choose the same by for the calculation. Then the element a; = &(cq) has the property that
ap(a1) = g(b1) = ap(ay) and so a; = ap € Im(9). O

Theorem 34.3.2 (Long exact homology sequence). An exact sequence of complexes

0 A, P, 0

induces a long exact sequence in homology:

Proof. This is an application of the Snake Lemma. For every n we have

Kpn ﬁn

By Cn 0

i d}l i d'l
B

n—1

0 A1 B, Cir1—>0
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The Snake Lemma gives the pair of the two upper rows and also the pair of the two lower rows in the following
diagram, while the red arrows are naturally induced.

0 — Ker(d4) —

Q

!
Coker(d2) S Coker(d2) RN Coker(d$) —=0

e e

0—— Ker&‘lﬁd) 2 Ker(dB ,) P2 Ker(dS ) Y5

Ker(d?) IS Ker(d$) >
)

Coker(d,f_z) il Coker(d5_2) ﬁ:i COker(‘ZS—z) —0

Applying the snake lemma to the two middle rows, we now get the theorem for the n — 1 and n — 2 rows,
but this hold for every n and the theorem follows. O

Remark 34.3.3. One can also phrase the theorem by saying that there is an exact triangle of complexes,
where J, lowers degrees by —1:

Lemma 34.3.4 (Naturality of the triangle). A commutative diagram of complexes with exact rows

0 Ao B P e, 0
v
0 AL g P 0

induces a commutative diagram on the homology long sequences:

o 1y (Ad) — s y(Ba) — e 1y(Ca) — By 1(Ad) ——> -

A A A
e (AL o (BL) o (L) o g (AL) ——
Proof. We already know that the rows are exact and that there are natural maps fo, ge, fe. Thus, the new

content is that the connecting homomorphisms J,5" are also natural. The proof boils down to the statement
that the following diagram commutes for every n:

Ker(dy:Cp — C,_1) o Ker(d, 1:A,1 = Ay_2)
T (dy1:Crrt — Co) Im(dn:An — Ap_1)

\Lhn if;m

Ker(d):C;, » Cl,_;) &  Ker(d, :Al,_; — Al _,)

Im(d),_:Cl, 1 — Cp) Im(dy: Al — Al_;)
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This is actually rather easy to check. Given ¢, € Ker(d,: C;, — C,,—1) we have ¢}, := hy(c,) € Ker(d),: C, = C)_;)
and choosing a b, € By to calculate 8(cy) (so Bn(bn) = cu), we can take b), := gu(by) € B, to calcu-
late &'(c},) because B, (b)) = Bi(gn(bn)) = hn(Bn(bn)) = hu(cn) = cj,. The next step, which is that
dn(by) = ay_1(a,_1) for some a,_1 € Ker(d,_1: Ay,—1 = An_2) gives, for al, | = f,_1(a,—1), which is in
the kernel of d],_,, that

a1 (ay_q) = a1 (fu-1(an-1)) = gn-1(an-1(a5-1)) = gu-1(dn(n)) = d},(8n(bn)) = d},(b},),
and so &'(c),) = al,_;. As 8(cn) = ap_1, this shows that &' (h,(cn)) = fu—1(6(cn)). O

35. Derived functors — |

35.1. Enough injectives and enough projectives. Let A be an abelian category. We say that A has:

e enough injectives if for every object M of A there is an exact sequence

0 M I I I .

where I]- is injective for all j > 0. This is called an injective resolution of A and is sometimes
denoted
0—+A— L.

e enough projectives if for every object M of A there is an exact sequence

P P Py M 0,

where P; is projective for all j > 0. This is called a projective resolution of A and is sometimes
denoted
Pe - A—0.

Proposition 35.1.1. The category of R-modules has enough injectives and enough projectives.

Proof. We construct an injective resolution for M by induction. By Theorem 32.3.1, there is an injective
module Iy and an exact sequence 0 — M — Iy. Suppose we have already shown for some n # 0 that there
is an injective resolution

0Ty —=1I — ... =1, 128,
There is an injection I,,/a,_1(I,_1) < I,41 for some injective module I, 1. Letting &, be the composition
Iy — Ly/ay_1(I,—1) < I,41, we find an exact sequence

05 Ilp—h— ... =L 231, 21,

Similarly, we construct a projective resolution (in fact, a free resolution) inductively. We can find a free
R-module Fy and a surjection Fy — M. Arguing inductively, suppose that we already found a resolution by
free modules

F, - F, 11— ...>3F—F—M-=0.
There is a surjection a,,1: F,+1 — Ker(a;,) from some free module F,, 1, which we view as a homomorphism
ay41: Fi41 — Fu. We then have an exact sequence

Fo1 23 F, Y F, 1 — ... >F —F—M-=0.

As free modules are projective (Lemma 31.1.2), we found a projective resolution. O
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Remark 35.1.2. If (X,Ox) is a locally ringed space then the category of sheaves of Ox-modules has enough
injectives. This is absolutely crucial to geometry (algebraic, complex, differential and so-on). Apparently, it
does not have enough projectives.

35.2. The derived functors of a covariant right-exact functor. The following definition is one of the
key constructions of homological algebra. Although it can be made for any abelian category with enough
projectives, we state it for categories of modules as this is our main interest in this course.

Let F: R—Mod — S—Mod be a covariant right-exact functor, meaning

0—+>A—B—-C—0 exact — FA — FB — FC — 0 exact.

We define its left derived functors
L,F, n>0.

Key Example: The functor (-) ®g M from the category of right R-modules to the category of abelian groups
(or even R-modules if R is commutative) is covariant right-exact. The same for M ®g (+).

We define L,F as follows. Choose a projective resolution Py — A — 0. Then F(P,) is a complex and we
take its homology: L,F(A) = h,(FP,). More precisely, we move from the exact complex

ds dp dq €

P, P, P A 0

to the complex

d d d
‘. p—2sP —- D 0

(that usually will not be exact at Py). We apply F to get a complex

Fd Fd Fd
>~ FP, — 2~ FP, — > FP, 0,

and we let

_ Ker(FP, = FP,_1) _ Ker(Fdy) _
LF(A) = oo i) _ Kellh) > 1, (LoF)(A) = FRy/Im(Fdy).

Remark 35.2.1. As F is right-exact, the sequence

Fd
FP, —2 Fp, €

FA 0,

is exact. Thus, LoF(A) = FPy/Im(Fd,) = FA. Thus, as functors,

e 22

Notation: If F = (-) ®g M, one denotes

Tor, (-, M) := L,F(-).

Our goal is to show that L, F are independent of the choice of resolution and are additive functors. We start
with independence on resolutions. We will require the following lemma, which is key to much that follows.
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Lemma 35.2.2 (Comparison Lemma). Consider a commutative diagram

d d d
3 P 2 P, 1 P €

lf
d; d d! ¢
- Q> Q1 — Qo B

where both rows are complexes, the P; are projective modules and the bottom row is exact. Then f extends
to a morphism of complexes

d d d
(35) 2 P2 p PS5 A 0

ifz ifl J{fa lf
dé dé d’ /

Q Q1 —=Qy———B 0

and any two such extensions are homotopic after deleting A and B.

Remark 35.2.3. The meaning of homotopic is the following. Suppose we have two extensions fo and he

of f,

d d d
PP — 5P —>A——>0

fzuhz fl\uhl fo\uho lf
d/3 dé d’l /

Q2 Q1 Qo ——B 0

Let g» = hy — fu. Then we require the existence of homomorphisms s; as in the diagram

d d d
3 P, 2 P, 1 P €

dé 2 dlz 1 dll 0 , -1

Q> Q1 Qo ——=0

0

such that we have the relations
gn = Sp_1dn +d;, 150, n>0.
The point of this is that g, induces the zero map
he(Pe) — he(Qo).
Indeed, if x € Ker(d,: Py — P,_1) then

&§n(x) = su—1(dn(x)) + 1 (sn(x)) = djy 1 (sn(x)) € Im(d} 111 Qi — Qu),
which means it is 0 in h,(Q.). Thus, homotopic maps induce the same map on homology. We will write

fe ~ he to indicate that they are homotopic; letting go = he — fo One has go ~ 0.

Proof of the Comparison Lemma. We have the commutative diagram where the doted arrow, which we de-
note fp, is coming from the projectivity of Py.

Py

fO J/fe
r

Q—>B—>0
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(Here and below we write hg for the composition h o g to simplify the diagrams.) This constructs the first
square in (35) and shows it is commutative. Suppose we have already constructed fy,..., fu so that the
corresponding squares in (35) are commutative. We have then the following information

d
Py ——Dy

nd
f J/ fn
Qn+1 > Qn

The commutativity of the squares already constructed implies that Im(f,d) C Ker(Q, — Qy—1) = Im(Qpu4+1 — Qn),
where we used the exactness of the lower row for the last equality. Thus, we can improve the last diagram,
define the dotted arrow (using the projectivity of P,y1) and call it f;41:

d
Pyyi ——— P,

fov1
/_ fn

Qui1 —=Im(Qu1 = Qu) ——0
Focusing on the parallelogram, we see that we have constructed f, 1 so that the corresponding square in
(35) commutes.
Suppose now that we have two such commuting ladders:

d d d
PP — 5P —>A—>0

fzuhz fl\uhl fo\uho lf
d/3 dé dﬁ /

Q Q1 Qy——=B 0

We want to show that f, is homotopic to ke, after deleting A and B, € and ¢/, from the diagram. Let
Sn = Ny — fn. Then we need to construct the following diagram in which

8n = d:’l+1sn +sp_1dy

(where dy = €):

d d d
3P22P11P0€

dy ) d ¢

Q2 Q1 Qo 0

0

We define:

e s_1 =0 (no choice);

e 5p to be a lift of gg, which exists — we claim — because Py is projective. Why is that? go = hy — fo
and both hgy and fy lift f in the sense that €’hy = €' fy = fe and so €'gp = 0. This means that the
image of go is contained the kernel of €/, which is the image of Q1 — Qp. So we can look instead
at the diagram

P
lgo
Q1 ——=Im(Q; = Qo) —=0

and use the projectivity of Py. Once defined, it is a formal consequence that

g0 = diso + s_1do;
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e 51 to be a lift of g1 —spdy, which exists — we claim — because P; is projective. The argument for
that is similar. We have

d1 (g1 — sod1) = god1 — dysodr = god1 — (8o — s—1do)d1 = s_1dodqy = 0.

We have avoided using that s_; = 0 to prove vanishing, relying instead on d2 = 0. This is the
way that generalizes for higher indices. The conclusion is that Im(g; — sod1) C Ker(Q1 — Qo) =
Im(Qy — Q1) and so we have the diagram

Py
\Lglsodl
Q2 ——=Im(Q2 = Q1) —=0
and now we can use the projectivity of P;. Once more, it is a formal consequence that
g1 = dhsy + sody.

o Continue to lift inductively go — s1d> to sp, g3 — sad3 to s3, etc.
O

Theorem 35.2.4. The left derived functor L, F is an additive functor,”* independent of the choice of resolution
used in its definition.

Proof. Let f: A — B be a morphism of R-modules and choose projective resolutions
Py - A—0, Qe & B — 0.
Using the comparison lemma, we get a morphism of complexes
fo:Pe — Qo
extending f, and we apply the functor F to get a morphism of complexes
Ffe: FPy — FQ,.
This morphism induces homomorphisms on homology

h,(FP,) BN hn(FQo) n>0
(def)

(LF) (4) 2L (1, F) (B)

(def)

The arrow (L,F)(f) is defined using this diagram. Moreover, this homomorphism (L,F)(f) is independent
on the choice of the morphism f. extending f. Indeed, if fo is another extension of f the fo ~ fo and so,
because F is additive, Ffs ~ Ffo, hence they define the same map on homology.

It is easy to verify that L,F is an additive functor, meaning (L,F)(f +g) = (L.F)(f) + (L.F)(g), etc.
Indeed, if f, lifts f and g lifts g then fo 4+ go (Whose n-th component is f, + g,) lifts f + g. At this point,
simply running through the definitions yields the identity (L,F)(f +¢) = (L.F)(f) + (L,F)(g). Similar
arguments work for (L,F)(f og) = (L,F)(f) o (LyF)(g) and for showing that L,F commutes with direct
sums.

However, everything we said thus far depends on the chosen resolutions. We want to show that if we take
two different projective resolutions of A, say

Pe — A—0, Qe > A—0,

51The functor L,F takes values in S-modules and not just in abelian groups. See Remark 36.0.1.
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then we have a canonical isomorphism
hy(FPs) = hy (FQ.),
which is as close as one can get to showing that (L,F)(A) is independent of the chosen resolution.
Since we have two projective resolutions of A, the Comparison Lemma gives us the following commutative
diagram

d d d
3 P, 2 P, 1 Py €

ifz ifl lfo
A d! d /

.

Q—>Q —=Q—=4A 0
)

0

A 0

igz iéﬁ J{go
d3 do dq

P, P PDy—= A

Those produce for us, by our formalism, homomorphisms

¢n = (LnF)(id) : hy(FPs) — hy(FQ.), defined using fo
Yn = (Lo F)(id) : hy(FQs) — hy(FP,), defined using g

Then, the composition 7y, o ¢, is the map hy, (FPs) — hy(FP,) induced from ge o fo. Note that ge o f, fits
into

Lo ep g —fa 0
ngsz iglofl lgOOfo lid
Sopop g A 0
But we also have the diagram
b opop g a 0
lm im lm lm
Lo p g a 0

Thus, ge © fe is homotopic to ide and so induces the identity map hy, (FPs) — hy(FP,), meaning 7y, o ¢, = id.
Similarly, ¢, 0y, = id and so ¢, is an isomorphism. That is, L,F(A) defined using Po — A — 0 is canonically
isomorphic to L,F(A) defined using Qe — A — 0. O

Example 35.2.5. If A is projective, L,F(A) = 0 for all n > 1. Indeed, as we are allowed to choose any
projective resolution, we take the resolution ... - 0—0— A — A — 0. We then delete A and apply F to
get the complex

.2 0—>0—=>0—F(A)—0.

Its zero homology is F(A) and all its higher homology is 0. Thus, L,F(A) =0 for all n > 1.

35.3. Long exact sequence of the derived functors. The following theorem is the key theorem. It is the
reason for everything we have done so far.

Theorem 35.3.1 (Long exact sequence of the derived functors). Let F be a right-exact covariant functor,
F: R—Mod — S—Mod, and let

0 A B C 0
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be an exact sequence of R-modules. There is a long exact sequence of S-modules

...—> (LpF)(C) — (L1F)(A) — (L1 F)(B) — (L1F)(C) — F(A) — F(B) — F(C) —=0.

Proof. We will need the following lemma.

Lemma 35.3.2 (Horseshoe Lemma). Given a partial projective resolution of an exact row

=

;
|

C
s idf
Ap Co
et e
0 A—.pP.c 0
0 0 0
there is a projective resolution of B so that we get exact rows.
0 Aq Bq C1 0
di dy di
0 Ay By Co 0
EA €B GC
0 A—r.p_ P ¢ 0
0 0 0

Proof. (Horseshoe Lemma) The construction is inductive. We first define
By = Ay ® Cy

with the obvious inclusion Ay < By and surjection By — Cy. Note that By is projective. Since Cy is projective,
there is a morphism

f:Co—B, Bof=c¢".

Let

€B: By — B, such that €®(ag,c) = ae? (ag) + f(c).
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It is straightforward to verify that we get now a commutative diagram with exact rows (the bottom two rows
are exact and one can conclude the exactness of the top row from the Snake Lemma):

O
B =)

j

0——Ke

m
A
&
o
=
A
e
o
)
o

R
O~

0 0 0
EA EB €C
NS I
0 A B C 0
0 0 0
From this diagram we conclude the following diagram
Ay G

ot I

0 — Ker(e?) —— Ker(e?) —— Ker(e“*) —=0
i i l
0 0 0

We can repeat the first step arguments and get a diagram with exact rows such that B is projective,

Now repeat the second step arguments, and so on. O

Using the lemma we now prove the theorem. Given an exact sequence 0 — A —- B —-C —0,
we first find projective resolutions P, — A — 0 and P) — C — 0. Using the Horseshoe Lemma we find a
projective resolution P, — B — 0 so that we get an exact sequence of complexes

0— Py — P, — P, — 0.
That means that for every n,
0—P,—P,—P'—0
is exact. Applying F we get a complex of sequences
0 — FP, — FP, — FP] — 0.
Meaning, that for every n, we have a complex
0 — FP, — FP,, — FP;/ — 0.

However, since F is right-exact, in fact this is almost a short exact sequence; the only point missing is that
we don’t know yet that FP, — FP} is injective. We use projectivity to prove that.
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Firstly, since P!/ is projective, the diagram

/!
P)’l

= \Lid
L

Pl— =Pl 0

shows that the sequence 0 — P, — P, — P/ — 0 splits and P}, = P, & P}/ (cf. proof of Theorem 31.1.3).
Since F is additive, we find that
FP, = FP, & FP!
and thus 0 — FP, — FP), — FP// — 0 is exact. We therefore have a SES of complexes
0— Py — P, — P/ —0.

Applying Theorem 34.3.2 we find a long exact sequence in homology, as claimed.

36. Tor

Given two R-modules, A € Modgr and B € gMod, there are two things we can do. We can think about the
functor A ®g (—) from gMod to abelian groups (and even to R-modules if R is commutative). As such it
has left derived functors L,A ®g (—) (thatis, L,F, where F(—) = A ®g (—)) that we can evaluate on any
module in gkMod, and in particular on B. We get

(LA @& (—))(B) = hu(A® PY),

where P2 — B — 0 is a projective resolution of B.

On the other hand, we can think about the functor (—) ®g B from Modpg to abelian groups (and even
to R-modules if R is commutative). As such it has left derived functors L, (—) ®g B (that is, L,G, where
G(—) = (—) ®g B) that we can evaluate on any module in Modg, and in particular on A. We get

(Lu(=) ®r B)(A) = ha(P{ @ B),

where PA — A — 0 is a projective resolution of A.
It is a theorem that we get the same result; there is a natural isomorphism

hn(A® PB) = h,(PA © B).

We will not prove this theorem. It can be found in Rotman's book. One denotes this common value as
Tor,(A,B) = (LnA®g (—))(B) = (Ln(—) ®r B)(A)

Note that it follows that Tor, (A, B) is a bifunctor: for A fixed it is a covariant additive functor in B, and for
B fixed it is a covariant additive functor in A.

The main results we have so far concerning this construction are:
(1) Torg(A,B) = A® B.
(2) If A, or B, are projective then Tor, (A, B) = {0} for n > 1.
(3) Given a short exact sequence 0 — B’ — B — B” — 0 we have a long exact sequence

..——Tory(A,B")——=A® B A®B A®B'"——0.

And, given a short exact sequence 0 — A" — A — A” — 0 we have a long exact sequence

..—Tor(A”,B) —= A" ®B A®B A" ® B ——0.
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Remark 36.0.1. Suppose that M € gModg is a bimodule. We can think about every element s € S as
defining an R-module endomorphism M — M, m — ms. Let A € Modg. Since the left derived functors of
A ®pg (—) are functors, this homomorphism induces an endomorphism of Tor, (A, M) and we conclude that
Tor, (A, M) takes value in Modg if M € gModsg. In a similar way, if A € sModg, Tor,(A, M) € sMod.
(The fact that the derived functors are additive guarantees in both cases that the module axioms hold for
Tor, (A, M).

36.1. Tor and flatness. We can use the functor Tor; to characterize flat modules. We state the result of
right R-modules but, with the obvious adjustments, it holds of left R-modules too.

Theorem 36.1.1. /f A is a flat R-module, Tor,(A,B) = {0} for all n > 1 and all left R-modules B.
Conversely, if Tor; (A, B) = 0 for all B, then A is flat.

Proof. Suppose that A is flat and P2 — B — 0 is a projective resolution of B. Then A ® P2 is still exact in
all positive degrees (since we have deleted A ® B there is no reason for the sequence A ® PlB - A® Pg —0
to be exact). Therefore,

(LnA® (=))(B) =h,(A®PE)=0, Vvn>1.
Conversely, given that Tor;(A, B) = 0 for all B, we need to show that A ® (—) is an exact functor. But, if
0 — B’ = B— B” = 0is exact, so is

0=Tor(A,B") - A®B - A®B - A®B" — 0.

36.2. Tor and torsion. The choice of notation Tor comes from the word torsion and in this section we prove
a theorem that explains this connection.

Let R be a commutative integral domain, Q = Frac(R) the fraction field of R and K = Q/R. Good examples
to keep in mind are R = Z,Q = Q, or R = C[x],Q = C(x), but these examples are special by virtue of
being PID’s.
For an R-module A denote by A; the torsion submodule of A:
Ar={a€ A:ra=0,forsomer € R,r#0}.

It is easy to see that A — A; is a covariant additive functor on R-modules. We say that A is torsion if
A = A;. We say that A is torsion-free if A; = 0.

Note that Q is a flat R-module because the functor (—) ®g Q is the same as localizing at the multiplicative
set S = R — {0}, which we proved is an exact functor. Thus,

(1) Since R is free it is projective and so Tor, (R, A) =0 for all n > 1.
(2) Since Q is flat, Tor,(Q, A) =0 for all n > 1 by Theorem 36.1.1.

By taking the long exact sequence associated to (36) for the operation of ®@gA we get
Tor, (Q, A) —— Tor, (K, A) —— Tor,, 1(R,A), n>2.
0 0
Thus,
(3) For any R-module A, Tor, (K, A) =0, for n > 2.
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Theorem 36.2.1. For R an integral domain, the functors Tory (K, —) and (—); are naturally equivalent.

Proof. The exact sequence

(36) 0 R Q K 0,

gives an exact sequence

TOI‘1<Q,A) - Torl(K/ A) —> RQrA—>0Q®rA

H
0 Torq (K, A) A A[S7Y

This implies that Tor; (K, A) = Ker(A — A[S™1]) = A; (see Page 23 and Lemma 3.2.2). O

36.3. Tor calculations for a PID. Let R be a PID and M, N finitely generated R-modules. As, in general,
(L,F)(A® B) = (L,F)(A) @ (L,F)(B),

the structure theorems for finitely generated modules over a PID, reduces the computation of Tor, (M, N)
to the case where M = R/I,N = R/] for some ideals I, ] of R. If I or | are the zero ideals, M or N are R
and the situation is easy because R is a flat R-module and so all Tor, (M, N) vanish for n > 1. In general,
we have the following result.

Theorem 36.3.1. Let R be a PID and I, ] ideals of R.

(1) Torg(R/I,R/]) = R/(I+]).
(2) Tory(R/I,R/]) = (IN])/I].
(3) Tor,(R/I,R/]) =0, n>2.

Proof. If either of the ideals is 0, the statements hold true as explained above. Thus, the interesting case is
when neither of the ideals is the zero ideal and this is what we compute next.

Assume that I and J are non-zero ideals. Let ] = (j) and let [j] denote the multiplication-by-j map. Then,
the sequence

0 R i R R/] 0

is exact and, in fact, forms a projective resolution of R/J. Tensor it with R/I and delete the first term, as
usual. By definition, Tor,(R/I,R/]) is the n-th homology of

0 0 R/T- T Ry1 0

So:
e Torg(R/I,R/])=R/I®@R/]=(R/I)/([jI(R/I)) = (R/D)/((I+])/I) = R/(I+]).
e Tor;(R/I,R/J) =Ker([j] : R/I — R/I) = %(Iﬁ])/l =Inj/Ij.
e Tor,(R/I,R/]J) =0 forn > 0.
O

Remark 36.3.2. One can prove a more general result. For a general ring R, a right ideal I and a left ideal ],
the following holds:

(1) Tory(R/LR/])=(IN])/1].

(2) Torp(R/I,R/]) = Ker(I® ] — IJ).

(3) Tory4+2(R/I,R/]) = Tory(I,J),n > 0.
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36.4. Serre’s intersection multiplicity. The discussion in this section assumes familiarity with algebraic
geometry. But, it will be valuable if you simply think about the indicated special cases.

Let X be a regular scheme,®? and let Y, Z be two closed subschemes of X defined by ideal sheaves I,] and
intersecting properly53. The intersection multiplicity m(x,Y,Z) of Y and Z at a point x € Y N Z is defined
as

Serre's formula:  m(x,Y,Z) = Liso(—1) - Iength@X'xToriOX'x(OXIX/IX, Oxx/]x)

Here Ox x is the local ring of X at x, Iy, Jx the stalks at x, and the Tor's and lengths are calculated in the
category of OXIX—moduIes.54

As the name suggests, this quantity should be a measure of the “order of contact" between Y and Z at
the point x. Note that the first term (cf. p. 17) is

|ength(9x,x (Oxx/ (It + Jx)),

which is what one comfortable enough with algebraic geometry would expect. The additional terms serve as
correction terms, which are necessary once one examines slightly complicated examples.

Consider the case of two curves Y, Z on a regular surface X that do not have a common component. The
curves are defined by the ideals I and J. Locally at every point x on the surface we have

L=(f), Jx=(g),
where we use Iy, |, to denote the localizations of the ideals at the prime ideal corresponding to x. Note that
it is not possible for f or ¢ to be equal to 0. The same technique used to calculate Tor for a PID can be
employed here. We have an exact sequence

0 Oy / Oy Oy /I« 0

which is a projective resolution of O,/ I, in the category of Oy-modules. We see that
Tor{+(Oy /1, —) = 0,¥n > 2,

while

Tory *(Ox/Ix, Ox/Jx) = (It O Jx) / LtJx-
Although the local ring at x, Oy, is typically not be a PID, it is a regular local ring and hence a UFD, by a
classical theorem in commutative algebra. Thus, it is meaningful to say that f and g have no common factor

and one finds that I, N ]y = (fg) = I+Jx. Consequently, Tor; *(Ox /Iy, Ox/]x) = 0 and Serre’s multiplicity
formula is simply

m(x,Y,Z) = Iengthoxlx((’)x,x/(lx +Jx))-
No higher Tor terms are needed for curves on a regular surface.

52Such as Spec(C[x,y]), the complex affine plane.
53say v = Spec(C[x,y]/I),Z = Spec(C[x,y]/]), but consider even the simpler setting where I = (f(x,y)),] = (g(x,y)) where
f(x,y),8(x,y) are irreducible polynomials and I # J. Then Y and Z are the curves in the affine plane defined by f(x,y) =0 and
g(x,y) =0, respectively.
54say x = 0 then this ring R = Ox x is the localization of C[x,y] at the maximal ideal (x,y) and itis a UFD. If I = (f(x,y)),] =
(g(x,y)) then I, = Rf, ], = Rg. Ris a local ring but not a PID, so the calculation of the Tor, is a bit more complicated, but see
the remark above. Using that R is a UFD, one can show in this case that if f and g are irreducible and do not differ by a scalar,
all the higher Tor's vanish and we find

m(x,Y,Z) = lengthg(R/(f,8))-
This vanishes if either f or g do not pass through 0.



COURSE NOTES - HIGHER ALGEBRA 201

To illustrate Serre's formula, take the curves Y = (y), Z = (x) in the plane A2. Their intersection multiplicity
at the origin P = (0,0), corresponding to the ideal (x,y), is

m(P,Y, Z) = lengtho, (Op/ (Ip + Jp)) = length(k[x, ¥}y / (x,y)) = lenath(k) = 1.
On the other hand, if we take the curves Y = (x),Z = (y> — x®), we find that
m(P,Y,Z) = length(k[x,y] () / (x, y? — x%)) = length(k[x, y] )/ (% y2)) = 2.

(For the last equality we used the filtration Op D (x,y) D (x,y2> that has simple quotients.) Thus, the
curves have order of contact 2 at the origin.

To see why the Tor terms are necessary, one needs to go to slightly more complicated examples. Let Y be
the union of the planes (x,y) and (z,w) in A* Thus, Y is defined by the ideal
(x,y) N {(z,w) = (xz,yz, xw, yw).
Let Z be the diagonal plane defined by (x —z,y — w). As Z meets each of the planes forming Y at one point
P =(0,0,0,0) (intuitively, or using the multiplicity formula) we should expect
m(P,Y,Z)=1+1=2.
However, if we let A be the local ring of A% at P and we calculate the length of
A/ ((xz,yz, xw, yw) + (x — z,y — w)) = A/ (xz,yz, xw,yw, x — 2,y — w) = k[x,y]/ (x%, xy,y?),

we find that its length is 3. The higher Tor terms are then providing the needed correction. Only Tor; is not
trivial, being of length 1; the rest are 0. We do not compute them here — the computation is rather subtle —
but we do remark that Remark 36.3.2 is very useful in the calculations.

Remark 36.4.1. In spite of the elegance of Serre's formula, there were (and still are) formidable difficulties
associated with it, especially when one relaxes the hypotheses. To make sense of the formula one would like
to know that if R is a regular local ring (such as Ox ) and I, ] are prime ideals of it then

dim(R/I) +dim(R/]J) < dimR.

This was proved by Serre. One would also like to know that:

(1) m(x,Y,Z) > 0, which was proved by Serre in the case we are considering, and by Ofer Gabber in
general.

(2) m(x,Y,Z) =0 if dim(R/I) + dim(R/]J) < dim R. This was proven by Paul Roberts and, indepen-
dently, by Gillet and Soulé.

(3) m(x,Y,Z) > 0if dim(R/I)+ dim(R/J) = dim R. This remains open in general, although in many
cases of interest it is known.

37. Derived functors — |l
In this section we will define the right derived functors
R"F, n>0,

of a left-exact covariant functor F. The theory works for a functor F: A — B, where A,B are abelian
categories and A has enough injectives. But to make things more concrete we will assume that both
categories are categories of modules over a ring.
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37.1. Three key examples. Here are three examples everyone should care about.

(1)

(3)

F is the functor Homg(M, —) from the category of R-modules to abelian groups (resp., to R-
modules if R is commutative). We have seen that this is a left-exact covariant functor. Recall that
the module M is called projective if this functor is exact and, in general, this isn't the case. To define
its right-derived functors, to be denoted Ext" (M, —), we will use that the category of R-modules has
enough injectives.

Let (X, Ox) be a locally ringed space, such as the spectrum of a commutative ring R, or a complex
manifold. The category of sheaves .% on X has enough injectives. The global sections functor,
usually denoted by
(X, #):=%(X),
is a left-exact covariant functor. Meaning, if
0> >HB —>C —0,
is an exact sequence of sheaves, then the sequence of abelian groups
0-T(X, o) —>T(X,8) —>T(X,%)

is exact but the last arrow is not always surjective. For example, if X is a complex manifold, we have
the exact sequence

o2mi(—

)
0 z Ox 05 0,

where Z is the sheaf of locally-constant functions with integer values, Oy is the sheaf of holomorphic
functions and (9; is the sheaf of invertible (equivalently, non-vanishing) holomorphic functions. The
fact that
Ox(X) = 0g(X)

is usually not surjective has to do with the fact that usually there is no well-defined logarithm of
a function. This problem already arises for X = C — {0} and the function f(x) = x on C — {0}.
There isn't a well-defined function log(x) on the whole of C — {0}; one could say that this is the
origin of the theory of Riemann surfaces.

The category of sheaves on X has enough injective (but apparently doesn't have enough projec-
tives). This is a lucky break; without it, geometry would still be in the stone-age.

Let G be a finite group, typically non-abelian, and let A, B, C be Z[G]-modules. That is, A, B,C are
abelian groups equipped with an action of G that respects addition. For example, A, B, C could be
complex representations of G. Or, A, B, C could be finite abelian groups and G a group that maps
to Aut(A), Aut(B), Aut(C), and so-on.

Assume that we have an exact sequence of Z[G]-modules,

0 A B C 0.

We then pass to invariants: A® := {a € A: ga=a,Vg € G} and we get an exact sequence

0 AG BCG CS,

where the last arrow need not be surjective. A very simple example is provided by G = {£1} acting
on any abelian group (written additively) by a — —a. Then, the sequence of invariants is

0 Al2] B[2] 2],

where A[2] means the elements a of A such that 2a = 0. Take the case

x—2x x—x mod 2

0 7/27Z 7./47Z 7/27Z
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Taking invariants we find

0 Z)27 — 2% L oz jag 22X md2 oy

where the last arrow is the zero map, and so is not surjective.

37.2. The right derived functors of a covariant left-exact functor. Roughly speaking, the theory is con-
structed the same way we have constructed it for right-exact functors, only that arrows get reversed and one
uses injective resolutions now. Here is a more detailed sketch:

Let F: R—Mod — S—Mod be a left-exact covariant additive functor.

e Given an R-module A, choose an injective resolution I, of A,

d d d
0 A—Ssp—2s—s 2

Meaning, this is an exact sequence of R-modules and each ; is an injective R-module. 55
e Apply F to I, to obtain a complex

Fd, Fd Fd
0 Fly — FI; — > FI, —

e Take the homology to get the right derived functors of F,

Ker(Fl, — FI,
(RF)(A) := hy(FL) = foft= 2t 0 > 0
Then the following holds:
(1) ROF(A) = FA (because this is Ker(FIy — FI), which, by virtue F being left-exact, is the image

of FA L& FIy , which is isomorphic to FA).

(2) There is a Comparison Lemma for injective resolutions that proves, using a argument similar to the
one we gave for right-exact functors, that:
(a) (R"F)(A) is independent of the resolution up to canonical isomorphisms;
(b) A homomorphism f: A — B induces a homomorphism (R"F)(f): (R"F)(A) — (R"F)(B), thus
making each R"F into a covariant additive functor R—Mod — S—Mod.

(3) Given a long exact sequence of R-modules 0 — A — B — C — 0 there is a long exact sequence of
S-modules:

0 — F(A) — F(B) — F(C) — R'F(A) — R'F(B) —= R'F(C) — R?*F(A) — - -

The last statement is proven by first proving a Horseshoe Lemma for injective resolutions and then using the
long exact sequence in homology (that we already proved in the generality needed). All that is not hard; it is
a rather straightforward adaptation of what we did.

For the case R"Hompg (M, —) we introduce special notation:

Ext"(M, —) := R"Homg (M, —)

55|t seems to me more transparent to index the objects with increasing indices than to insist on decreasing indices as in our
original definition of a complex.
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and its worth remembering how it's defined: Given A choose an injective resolution 0 — A — I, and let

Ext"(M, —) = hy,(Hom(M, L,)).

There is also special notation for the functors T'(X, —) and (—)°:

Hn(X/ _) = Rnr(X/ _)' Hn(G’ _) = Rn(_)G‘
The first is referred to as sheaf cohomology and the second as group cohomology.
37.3. Yet another variant (that cannot be ignored). We can consider a contravariant additive left-exact

functor F and we can define its right derived functor. It's the usual story: Given a module A choose a
projective resolution for A,

rs p{ rg A 0

Remove A and apply F (it's contravariant!) to get a complex

0 Fp§ Fp Fp§
and take its homology to get the right derived functors of F,
R"F(A), n>0.
In particular, this applies to the functor Homg(—, N).

As in the case of Tor, one can play the following game. Let A and B be R-modules then we can look at
the two abelian groups

(R"Homg(A, —))(B) = hy(Homg(A, 1)),  (R"Homg(—,B))(A) = h,(Hom(P{,B)).
It is a non-trivial theorem that those two abelian groups are canonically isomorphic (see Rotman, Theorem
7.8); one denotes their common value Ext"(A, B). Thus,

Ext"(A, B) = h,(Hom(PZ, B)) = h,(Homg (A, I?))

The following properties are easy to prove from the definitions (and same ideas used for Tor):

(1) Ext"(A, B) is a bifunctor — covariant in B, contravariant in A.

2) Ext’(A, B) = Homg(A, B).
Ext”(A,B) =0 forn >1 and any A, if B is injective.
4) Ext"(A,B) =0 for n > 1 and any B, if A is projective.

Remark 37.3.1. Here is a summary of which resolutions and which derived functors are defined in each case.

Type of functor 1/2 exactness Resolution used Derived functors ~ Main examples

Covariant right exact projective left derived L,F RrM
left exact injective right derived R,F Homg (M, —), T(X,—), A®
Contravariant right exact injective left derived L, F do not arise often

left exact projective right derived R,F Homg(, —, M)
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37.4. Examples. The calculation of Ext" (A, B), where A and B are finitely generated abelian groups, reduces
to the case of cyclic groups and Ext" (A, B) is an additive functor in both A and B. The same discussion,
with obvious modifications, would be valid for finitely generated modules over a PID.

Lemma 37.4.1. Let a,b be positive integers. Then

" )z n=0,

(1) Ext"(Z,Z) = {{O} n> 1
, [z/vz n=0o,
(2) Ext"(Z,Z/VvZ) = {{0} "1,
{0} n=>0
(3) Ext"(Z/aZ,Z) = Z/aZ n—=1,
{0} n>1

Z/(a,b)Z n=0
(4) Ext"(Z/aZ,Z/bZ) =< Z/(a,b)Z n =1,
{0} n>1.

Proof. As Z is projective, we get the vanishing of Ext"(Z,B) for n > 1 for any abelian group B and,
in particular, Ext"(Z,Z) = 0 for n > 1. Ext’(Z,Z) = Ext’(Z,Z2/bZ) = Hom(Z,Z) = Z, and
Ext’(Z,7/bZ) = Hom(Z,Z/bZ) = Z./bZ. Thus, we have proven (1) and (2).

Consider the statements in (3). First, Ext’(Z/aZ,Z) = Hom(Z/aZ,Z) = 0. To calculate the other
Ext we consider the short exact sequence for multiplication by a,

(37) 0 z " 7 Z/aZ —0,

and the functor Hom(—,Z). There are two ways to proceed: we can view the sequence as a projective
resolution Py of Z/aZ and by definition then Ext"(Z/aZ,Z) = h,(Hom(P,,Z)). That is, the homology
of

0—>HomZZ —>HomZZ —>HomOZ —>

0

Under the identifications the map Z — Z is multiplication by a. We thus find
Ext(Z/a2,7) =0, Ext\(Z/aZ,Z)=17/aZ, Ext"(Z/aZ,Z)=0,Yn>2.

Another option, is to take the long exact sequence in homology associated to (37) and the functor Hom(—, Z),
and get

0 — Hom(Z/aZ,Z) — Hom(Z,Z) — Hom(Z,Z) — Ext'(Z/aZ,Z) — Ext\(Z,Z)

0 ?

and use the computations of Ext"(Z,Z) to find the value of the question marks.

Finally, consider the last statement. Once more we use the exact sequence

(38) 0 z " 7 Z/aZ —>0,
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which we view as projective resolution of Z/aZ. Applying the functor Hom(—,Z/bZ) and omitting the
first term we get the complex

0— > Hom(Z, Z/bZ) — "~ Hom(Z, Z/bZ) 0 0

Z/vZ la Z/bZ

Let d = gcd(a,b). Then, from the sequence, Ext"(Z/aZ,Z/bZ) = 0 for n > 2. We also have
Ext’(Z/aZ,Z/bZ) = Hom(Z/aZ,Z/bZ) = {x € Z/bZ : ord(x)|a} = (b/d)-Z/bZ = Z/dZ.
And, again from the sequence,

Ext'(Z/aZ,7./bZ) = (Z/bZ)/((aZ + bZ)/bZ) = Z./dZ.

What about Ext's involving Q7 As Q is injective, for any abelian group A,
Ext'(A,Q) =0, n>1

Determining Ext’(A,Q) = Hom(A, Q) is interesting; it is easy for a finitely generated abelian group, but
complicated in general, and we will not discuss it further here.
What about Ext"(Q, B) then? Or even just Ext"(Q,Z)? Recall the injective resolution of Z:

0-Z—-Q—-Q/Z—0,
that provides us (using the functor Hom(Q, —)) with
0 — Hom(Q,Z) — Hom(Q,Q) — Hom(Q,Q/Z) — Ext}(Q,Z) — Ext'(Q,Q) = 0.

Because Q is divisible, Hom(Q, Z) = {0} and because Q is uniquely divisible, you can show that Hom(Q, Q) &
Q by f +— f(1) (the subtle point is that we are talking about maps of Q to Q as abelian groups, so something
needs to be proven). Thus, we have an exact sequence

0 - Q — Hom(Q,Q/Z) — Ext'(Q,Z) — 0.

The first arrow takes an element t € Q to the map x — xt (mod Z). It turns out that Hom(Q,Q/Z)
is much more complicated. A rather surprising theorem of J. Wiegold, Bull. Austral. Math. Soc., vol. 1
(1969), 341-343, states that

Ext'(Q,Z) = R.

(Although the isomorphism is “abstract"; it is not a natural isomorphism.)

38. Remarks about the geometric situation

Let (X, Ox) be a connected compact complex manifold and consider the exact sequence of sheaves on X:

p2mi(—

0 Z Ox

)
05 0.
Applying the global sections functor, and using the maximum principle, we get,

0 z C Cc* HY(X,Z) — HY(X,0x) —= HY(X,0%) — H*(X,Z) — ...

From which we extract
0 —— HY(X,Z) —— HY(X,0x) —= HY(X,0%) —= H*(X,Z) — ...

We have the following interesting facts:
(1) H(X,Z) > HL,.,(X, Z).
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(2) HY(X, O0%) = Pic(X) classifies isomorphism classes of line bundles on X.
(3) If X is n-dimensional, H1(X, Ox) = 0 for g > n.

So, for example, if X is a Riemann surface of genus g we find

0 —> HY(X,Z) —> H'(X,0x) —= H'(X,0}) —*> H3(X,Z) — =0

728 Z

It is a fact that H!(X, Ox) is a complex vector space of dimension g, and that H!(X,Z) embeds as a discrete
subgroup in it. One deduces that

Pic’(X) := Ker(d) = H' (X, Ox)/H (X, Z)

is a complex torus of dimension g (topologically, a product of 2g circles). This is called the Jacobian of X.
The map HY(X, 05) — H*(X,Z) = Z, is the map associating to a line bundle its degree.

39. Ext! and extensions

39.1. Extensions of R-modules. An extension ¢ of R-modules is an exact sequence of R-modules

g0 At g S 0.

It is called an extension of A by C; it will be related to Extl(C,A). The extension is called split if exists a
homomorphism h: C — E such that gh = Id¢. It implies that E= A® C. In fact, E = f(A) @ h(C). Such
a homomorphism h is called a section of the homomorphism g.

Conversely, if we can find a decomposition E & A @ C’ such that f corresponds to the inclusion of A in
the first coordinate and g induces an isomorphism {0} & C" — C, then the extension splits.

Two extensions &, ¢&" of A by C are called equivalent if there is a commutative diagram

0 A E C 0
X
& 0 A E C 0.

Note that ¢ is automatically an isomorphism. It is possible that there is an isomorphism E = E’, but there is
no such isomorphism that is the identity on A and induced the identity on C. The goal is to classify extensions
of A by C up to equivalence. As an example, the following extensions are not equivalent:

0—=2/27 —=27/2Z02/27Z — Z/27Z —0, 0—2/22 —2/47 — Z./27Z — 0.

They are not equivalent simply because Z/2Z. @ Z./27. % Z./47Z, but in general there exist more subtle
examples, examples where E =2 E’ as R-modules, but there is no such isomorphism E =2 E’ inducing the
identity of A and C.

As another example, we prove the following.

Lemma 39.1.1. The equivalence class of the extension 0 - A — A ® C — C — 0 is precisely the split
extensions.
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Proof. In the notation above, if the extension ¢ is equivalent to 0 > A - A@® C — C — 0, we have a
commutative diagram:

0 A A®C C 0
K
& 0 AL E_ 8 . ¢ 0

To simplify notation we view C as a submodule of A@® C via ¢ — (0,¢). The diagram implies that
g: @(C) — Cis an isomorphism. That is, ¢: C — E is a section of g.

Conversely, suppose that the extension ¢ splits; there is a homomorphism ¢’: C — E splitting the projection
¢: E— C. Meaning E = f(A) @ ¢'(C). Define then ¢: A®C — E by

¢(a,c) = f(a) + ¢'(c).

One easily verifies that this provides an isomorphism A @& C — E that is an isomorphism of extensions. [

39.2. Ext!(C,A) = e(C,A).  Our final result would be that equivalence classes of extensions of A by C
are in bijection with Extl(C,A). Let e(C, A) denote the equivalence classes of extensions of A by C. We
construct an isomorphism

¥ :e(C,A) — Ext!(C, A).

To define the map ¥ take a projective resolution P, — C — 0 of C and, using the Comparison Lemma,
extend the identity morphism 1¢:

(39) e P, P, Py C 0
43 llc
v \ Y
& 0 A E C 0

Recall that
Ker(d; : Hom(P;, A) — Hom(P,, A))

1 _
Ext' (C,A) = Im(d; : Hom(Py, A) — Hom(Py, A))

Now, a € Ker d} because dj(x) =axody =000 = 0. Thus, a provides us with a class ¥(¢) in Ext!(C, A).

Lemma 39.2.1. The following holds:

(1) ¥(&) is independent of the choice of .
(2) ¥(&) is independent of the choice of resolution.

(3) IfE ~ & then ¥ (&) =Y¥(&).

Proof. We start with (1). If we have another extension of 1¢c as in (39) giving a map a’: P — A then,
by the Comparison Lemma the two extensions of 1- are homotopic; meaning, there are homomorphisms
so: Pp — A,s1: P — 0 etc., such that

a—a' =008 +sgod; =d;(s0)-

That proves that a and &’ are the same element in Extl(C,A).
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If we have another resolution, say P, — C — 0, then, using the Comparison Lemma again, we can form a
comuttative diagram

d’ d
Py —>>P| — =P} C 0
f f fo llc
Voo v g Y
P, —2sP —= P, C 0
14 llc
Y \ \
z 0 A E C 0

We can take a o fq as providing us with the element in Extl(C,A) computed using the resolution P, — C — 0.
However, it is precisely the map f;* that provides the isomorphism between Extl(C,A) calculated using the
resolution P, — C — 0 and calculated using the resolution P, — C — 0. That is, under that isomorphism
we get the same element in Ext'(C, A).

To get the last statement, suppose that & ~ & and so we have a commutative diagram

d d
p,—2sPp —5P, C 0
14 llc
\ \ \
0 A E C 0
k
i 0 A E' C 0.

But then, directly from the definition, we get the same element in Extl(C,A).

Remark 39.2.2. There is another way to get the element ¥(¢). Apply Hom(—, A) to the exact sequence
0—+A—E—C—0toget

0 — Hom(C, A) — Hom(E, A) — Hom(A, A) — Ext'(C, A).

The image of the identity map 1,4 under the map Hom(A, A) — Ext!(C, A) provides us with an element of
the latter. It is true, but exhausting to prove, that this element is precisely ¥(&). The advantage, though,
once you proved this comparison, that it is clearly independent of all choices!

We now construct an inverse © to ¥:
@: Ext!(C, A) — e(C, A).
Start with a projective resolution of C,

d d
P, —2s P —= P, C 0

An element of Ext!(C, A) is an element & € Hom(Py, A) such that dj(a) = xody = 0, and & is taken
modulo Im(d}). As a odp = 0, a induces a diagram as follows

d d
0 —> P, /Im(dp) ——= Py ——C 0
0 A C——>0
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We then construct E as the push-out:

d
0 —> Py /Im(dp) ——> Py ——C 0
O
0 A E C——>0

and we claim that there is a natural arrow E — C making the whole diagram commutative and the bottom
row exact:

dq do

0——DP; /Im(d2) Py C 0
bk
0 A E C 0

The arrow E — C comes from the push-out property with regard to the morphisms dy: Py — C and the zero
map A — C. Note that these morphisms agree when composed with the morphisms Py /Im(d;) — Py and
Py /Im(dy) — A (both compositions being 0) and so the push-out property provides the map E — C.

Lemma 39.2.3. The lower row in exact.
Proof. Recall that we have an explicit description of the push out:
E=A®Py/{(a&(x),—di(x)) : x € P;/Im(d2)}.

Then, the map A — E is just a — (a,0), which is injective because if (a,0) = («(x),0) then dy(x) =0, but
the map P;/Im(dy) — Py is injective so x = 0 thus a = 0. The map E — C is just (a,p) — do(p), which is
well-defined and surjective because Py — C is surjective. Clearly the composition of the maps A — E — C
is zero and so the only thing left to check is that any element (a, p) such that do(p) = 0 is equal in E to an
element of the form (4,0). Indeed, as do(p) = 0, there is some x € P;/Im(d,) such that p = dq(x) and
then, in E, (a,p) = (a,p) + (a(x), —d1(x)) = (a+ a(x),0) and it belongs to the image of A in E. O

Thus, we got an extension @(a) associated to an element a € Ext!(C, A). Is it well-defined? The point
is that « is really a coset and not a single homomorphism. That is, we need to show the following lemma:

Lemma 39.2.4. Let o’ € a4 Im(d;: Hom(Py, A) — Hom(Py, A)) be another element in the coset of «,
then o' defines an equivalent extension.

Proof. Such an element &’ has the form
o =a+sod;

for some homomorphism s: Py — A. The first push-out construction gave us

P1/Im(d2) L P, I = ,Bd_l

Then,

(& +sdy) = i +1sdy = (B + 15)dy.



COURSE NOTES - HIGHER ALGEBRA 211

This means that if we let E’ the pushout for (&/,d;) then, using the push-out property of E’, we get a
commutative diagram

d;
Py /Im(dy) — Py

Recalling how the maps E — C and E’ — C were constructed, we see that the morphism E/ — E is a
morphism of extensions of A by C and is thus, automatically an isomorphism. [l

Theorem 39.2.5. There is an isomorphism
Ext!(C, A) = e(C, A).

Proof. Having constructed ¥ and ® what remains is to show @ o ¥ and ¥ o O are the identity.

YO =1d| O starts with a projective resolution P, — C — 0 and an «: P; — A. We refer to the diagram

Py
-
0 P1 /Im(dz) P() C 0
N
0 A E C 0

It induces then the diagram (39) and that shows that ¥@®u is just the class of a in Ext!(C, A).

OY =1d| Here we start with the diagram (39)

d d d,
(40) . Py—2sP —spP—2~C 0
a B llc
\ Y . \ .
z 0 A E C 0

Then we have argued that « € Ker(ds) and that gave us a class in Ext'(C,A). But a also induces
a: P /Im(dp) — A and then the procedure for calculation © is to form the commutative diagram where
E’ is defined as a push-out

d d
0 —> P, /Im(dp) ——= Py ——=C 0
0 A E C 0

We need to show that E = E’ as extensions. We claim that E is a push-out. The Snake Lemma given that
Coker (&) == Coker(B) and that implies that the map

A® Py~ E, (ap)—ua)+p(p)
is surjective. Suppose that (a,p) is in kernel, meaning —t(a) = B(p). Then do(p) = np(p) = mi(a) =0
and so p = dq(x) for some unique x € P;/Im(dy). Now, i(&(x)) = Bdi(x) = B(p) = —i(a) and, since ¢
is injective, we must have &(—x) = a and the element in the kernel has the form (a(—x), —d;(—x)). Our
explicit expression for the push-out implies that E is the push-out. O
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Example 39.2.6. As Extl(C,A) is an abelian group one can ask how the group law is phrased in terms of
extensions. We discuss it in § 39.3 below. An easier question is how to describe the inverse of an extension
¢ under the group law. Consider an extension

& 0 At 2. ¢ 0
We claim that —¢ is given by the extension
g 0 AL p 2 ¢ 0.

To see that recall the definition of the isomorphism ¥: e(C, A) — Ext'(C, A). To the extension & we
associated the element a« € Ext'(C, A), where a came through the Comparison Lemma:

P, p & 2 C 0
g 0 A E 8. ¢ 0
But then we have
p,—".p M. p C 0
—¢ 0 AL p 8. ¢ 0

and that proves our assertion, as —a is clearly the inverse of a in Ext!(C, A).

Note that multiplication by [—1] induces a commutative diagram

0 AL E c—2-0
i
0 At p 5 C 0.
Thus, we could have equally claimed that —¢ is given by
0 At 5 ¢ 0.

39.3. Baer sum. Since Extl(C,A) is an abelian group, this implies that there should be a way to add two
extensions of A by C. The Baer sum is this addition operation. We describe it, but omit the proofs. They
can be found in Rotman’s book and are best done as an exercise.

Pushout and pullback of extensions. Given an extension ¢: 0 —+ A — E — C — 0 and a homomorphism
h: A — A’ show that there is a diagram

0 A E C 0

o

hi () 0——=A' > E’ >C——=0,
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where one first constructs E’ as a push-out and argues that there is a natural map E' — C making the
diagram commutative, and E’ an extension of A’ by C. This is in fact the functorial map

h.: Ext'(C, A) — Ext!(C,A"),

coming from the formalism of derived functors (Ext!(C, A) is an additive covariant functor in A), but the
proof is laborious and one might want to look up the proof.

Similarly, given an extension ¢: 0 — A — E — C — 0 and a homomorphism k: C' — C show that there is
a diagram

k* (&) 0——A > E’ >C'——0
]
Y
¢ 0 A E C 0,

where one first constructs E’ as a pull-back and argues that there is a natural map A — E’ making the
diagram commutative and E’ an extension of A by C’. This is the functorial map

k*: Ext'(C, A) — Ext'(C/, A),

coming from the formalism of derived functors (Extl(C,A) is an additive contravariant functor in C); again,
the proof is laborious and one might want to look it up.

The Baer sum of two extensions. Let¢;: 0+ A — E; - C — 0, i = 1,2 be extensions of A by C. Then,
we have an extension

H0H: 05APA—SE®E—-CaC—0, HOHLEE(CHCADA).
Let Ac be the diagonal homomorphism,
Ac:C—CaC, Alc)=(c0).
We then have the class A% (& @ &) € Ext'(C,A@ A). We also have the sum homomorphism
Va:ADA— A, Vau(ad)=a+d.

Using it we get a class V4 A5 (81 @ C2) € Ext'(C, A). This the Baer sum:

81+ 62 = VaA:(G1DE2)

40. Group cohomology

Let G be a group and consider Z[G]-modules; equivalently, abelian groups on which G acts by group auto-
morphisms from the left. That is, we consider the category Z[G}Mod. The group G itself need not be abelian
(or finite). So this is at the outset quite a general situation. However, we will quickly restrict our discussion
to finite groups G.

For a Z[G]-module A, let

A ={acA:ga=aVgeG}= Homy(Z, A)
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where Z is given the trivial G-action. Thus, the left-exact covariant additive functor A — AC can be
identified with Homz ) (Z, —) and we denote its right derived-functors

We added the subscript Z[G] to stress that the derived functors are calculated in the category of Z[G]-
modules and not in the category of Z-modules. Thus, we can rephrase a result, which we proved in general,
as follows: given a short exact sequence of Z[G]-modules

0>A—B—>C—0,

there is a long exact sequence of abelian groups
0— A® - B¢ - C% - H'(G,A) — HY(G,B) = H'(G,C) — H*(G,A) — ---

It should be remarked that although the cohomology groups H"(G, A) were introduced to study the failure
of the fixed points functor to be exact, they are interesting invariants of the group in themselves, and have
other uses, some of which will be mentioned below.

Here are some examples that we will return to later.

(1) Let L/K be a finite Galois extension with Galois group G = Gal(L/K). Then both L* with multipli-
cation, and L with addition, are abelian groups with G-action. The invariants are of course just K*
and K, respectively, but the group cohomology of G with values in L™, for example, is important.

(2) Let X be a complex manifold and G C Aut(X) a group of automorphisms of X. Let M be the field
of meromorphic functions on X (globally defined). Then g acts on M* = M — {0} by

(Ef)(x) = f(g™ ).

If G is finite and acts freely, orbit space Y := X/G can be given a structure of a complex manifold
such that X — Y is a holomorphic covering map with deck transformations G. The invariants MS
are precisely the meromorphic functions on Y. The norm map and trace maps

M—M®, [ Nm(f):=[]8f, feT(f) =} 5f

geG g€G

are interesting from a geometric point of view. For example, the kernel of the trace map are the
functions that average over every orbit to 0. How can we find such functions? Once again, group
cohomology enters the picture.

(3) Fix a group G and suppose that an abelian group A arises in an exact sequence of groups
1-A—-H—-G—1.

Then G acts on A as follows: given an element g of G, lift it to an element § € H and define for
acA

8a:=gag .

The element &a doesn’t depend on the choice of lift § because any two choices differ by an element
of A and A is abelian. Galois cohomology then applies to the classification of such extensions.
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40.1. The standard resolution Q. of Z by Z[G]-modules. Recall that to calculate H"(G, A), that is, to
calculate Ext%[c] (Z,A), we may either use an injective resolution of A in Z[G]-modules, or a projective

resolution of Z in Z[G]-modules. Projective modules are easier to handle than injective ones and so we use
the latter option.

We will assume henceforth that G is a finite group. For n > 0, let Q, be the free Z[G]-module on the
basis

{[x1,---,%n] : x; € G}.
We also define
Qo =Z[G]-[],

where [ | is a formal symbol introduced in order to streamline notation. Thus, Qo is a free Z[G]-module of
rank 1; more generally, Q, is a free Z[G]-module of rank $G".

Let
e: Q2 e(} a8 ()=} as
g€G g€G
Define for n > 1,
dn: Qn — Qp-1,

by defining dj, on the basis elements and extending the definition Z[G]-linearly:

n—1 .
du([x1, .. xn]) = xax2, o xn) + Y (=) [, - XX, - ] 4 (1) g, )
i=1

For example,

o difxi] =x1-[] =[]
° dy [xl,xz] = X1 [xﬂ — [X1X2] + [xl].
o ds[xq,xp, x3] = x1[x2, x3] — [x1X2, X3] + [x1, X2x3] — [x1, X2].

Lemma 40.1.1. The construction above provides a projective resolution of Z as a Z.|G]-module:

do dq €

Q2 Q1 Qo

The elements in the kernel of Q, — Qy—_1 are called n-cochains and those in the image of Q,+1 — Qu are
called n-coboundaries.

Z 0.

Proof. We show exactness at Qg and a bit more. The complete proof is actually somewhat complicated (you
can try to prove exactness at Q1 to get some appreciation for it). It can be found in Rotman's book, §10.

It is clear that € is surjective. lIts kernel is {},a,¢-[] : ag € Z,}oa; = 0}. The kernel of € is a
Z[G]-module, thus, to show that Im(d;) C Ker(e) it is enough to examine the generators, namely, to show
that e(d1[x1]) = 0. But, di[x1] =x1-[] —[]. To be more pedanticitis1-x;[] —1-1¢[] and it maps to O
under €.

Now, suppose that Y g agg[ ] € Ker(e) then (Lo ag)[ | = 0 and therefore
Yoaggl] =Y ag(g[]1—1[]) = dr (Y aglg])
g 4 8

is in the image of dy. It follows that the sequence is exact at Qp.
The computation that we get a complex is a computation similar to one sees in many contexts, for example
in the context of homology in topology. It suffices to prove that dj,_1du[x1,...,x4] = 0.
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dn,ldn([xl, e ,xn])
n—1

=x1dy_1[x2, ..., X0 + Z(—l)idn_l[xl,...,xixiH,...,xn] + (=1)"dy_1[x1, ..., xp—1].
i=1

This is complicated to prove in one shot, so we look at this expression according to the type of elements one
finds when writing it down explicitly. When expanding this expression, there are terms of the form

xixa[- ).
They can only come from the first summand, or from the first summand in the £ and we get
x1%2[x3, ..., xn] + (=1) xyxa[x3, ..., x0] = 0.

There are also terms of the form

X1 [ .. }
The ones arising from the first summand are (—1)""1x;[xp,..., XiXi41,...,%,] and they cancel with the first
term of (—1)id,_q[x1,..., XiXix1,..., x|, except for the term (—1)""1xq[xs,...,x,_1] that cancels with the
first term in (—=1)"d,,_1[x1, ..., x4_1].

Then there are terms of the form

(=D)"(=1)[x1, - XiXig1, ooy X1

coming from the last summand. Those are cancelled by the last term of (the i-the term of the X)
(—1)’dn,1[x1, ey XiXig 1, .,Xn].

There are also the terms

[xl, ey XiXig 1, .,x]-x]-+1, e ,xn].

These arise from either (the i-th term of the X) (—1)idn,1[x1,...,xixi+1,...,xn} appearing with sign
(=1){(=1)/71, or from (the j-th term of the X) (—1)jdn_1[x1,...,xjxjﬂ,...,xn] appearing with sign
(—1)/(=1), hence cancel.

Finally, there are terms of the form [x1,...,Xx;_1XjXj\1,...,Xy] that arise from the i — 1-st and i-th terms of

the X. That s, from expanding (—1)""1d,_1[x1,...,%i_1%;,...,x,] and from expanding (—1)id,_1[x1, ..., XiXi 41, ..

and they have opposite signs hence cancel.
We have dealt this way with all the possible types of terms, thus d,,_1d, = 0. It is perhaps a good idea to
write this out explicitly for dpds to understand what’s going on. O

Using this resolution we can find a concrete description of H"(G, A). Note that
HomZ[G](Qn/A) = {functions f: G" — A},

because a Z[G]-homomorphism from Q, to A is uniquely determined by its value on the basis elements
{[x1,...,xn]} and, conversely, assigning any values in A for the basis elements provide a function that
extends to a Z[G]-homomorphism Q, — A. Recall also that

H"(G, A) = Ker(d ;) /Im(d}).

Analyzing Ker(d*

»41) and Im(dy;), we find, for example:

e HYGA)={acA:ga—a=0VgeG}=AC.

'/x}’l]x
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. {f:G — Alx1f(x2)—f(x12x0)+f(x1)=0}
o H (G’ A) — {f:G— Af|f(x)=xu—11{fo$ soaeluezA, ﬁdelpendent of x}-

2 _ _ {f:GXG = Alx1f(xp,x3)—f(x1%,%3) + (x1,%2%3) — f (x1,%2) =0}
® H (G’ A) — {f:GxG — A|f(x1%x2):xlg(xz)—lg(xlxz)—&-g(iq), for somé G — A}

Very rarely one uses the explicit description of H"(G, A) for n > 2. So these formulas are by far the most
important cases.

Remark 40.1.2. Note that if G acts trivially on A,
H'(G,A) = Hom(G, A),

where Hom(G, A) means the group homomorphisms G — A. This is very useful, and often occurs, in
applications.

40.2. Hilbert’s Theorem 90 and Kummer’s theory.

Theorem 40.2.1 (Hilbert's 90). Let L/K be a finite Galois extension with Galois group G. Then
HY(G,L*) =0.

Proof. Any class in H'(G,L*) is represented by a function ¢: G — L, such that

p(10) ="9(0) - 9(7).
(This is the cocycle condition when the group law on the abelian group is written multiplicatively.) To show
that ¢ is the trivial element of H!(G, L*) is to show that there is an element ¢ € L* such that
p(t)=1(c)/c, VTEG.

The functions o: L™ — L* are characters. By Independence of Characters any non-trivial linear combination
of them is not identically zero. In particular, taking as coefficients ¢(c) we find that the function from L*
to L™ given by

Y, ¢(0)o(:) #0.

ceG
That is, there is an element a € L* such that
b:=)_ ¢(o)o(a) #0.
ceG

Now,
=) Te(o)to(a) = ¢(t) Y ¢(to)to(a) = ¢(t) b

ceG ceG
Let ¢ = b~ 1. It follows that
¢o(t)=b/t(b) =1(c)/c, VT € G.

Lemma 40.2.2. In the setting of Hilbert's 90, assume that p, C K°° then

(K*N(L*)")/(K*)" = Hom(G, ptn).

56By that we mean that K contains n distinct n-th roots of unity; they are denoted ;.
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Proof. We have the exact sequence

0 U Lx 2% o 0,

where L*™ is the subgroup of L™ comprised elements of L* that are an n-th power of another element in L*.
Taking G-invariants we find

0 hn KX X2 gx AL 9 o HY(G, ptn) —— HY(G,L*)
trivial action Hilbert's 90
Hom(G, uy) 0

Remark 40.2.3. The isomorphism

K*nLxn

J: o Hom(G, un)

has a simple explicit direction that one can find by recalling how the long exact sequence comes about. We
have

S(A) = {o—t/t}), =2

The following corollary is the beginning of Kummer theory in its modern formulation.

Corollary 40.2.4. Let L/K be a cyclic Galois extension of order n, such that u, C K. Then, (K* N
(L*)™)/(K*)™ is a cyclic group of order n, generated by o™ for some element & € L* such that a” € K*.
Moreover, L = K(«) and the homomorphism corresponding to a" is

9:G—=pup, (o) =0c(a)/a.

Proof. Note that in this case Hom(G, jy,) is a cyclic group of order n. Under the assumptions, there is an
isomorphism h: G — py,. Thus, there is an element A € K* NL*", A = a™, such that §(A) = h. But then

(A (o) =""a/a=h(c) #1, Vo #1g.

This proves that L = K(a). O

Further analysis yields one of the main results of Kummer's theory. It is a good examples of what one is after
in many classification problems; it solves the particular classification problem related to K, namely “classify
the cyclic Galois extensions of K", in terms of data dependent on K alone (the group K* /(K*)"):

Theorem 40.2.5. Assume that K contains n-distinct roots of unity. There exists a bijective correspondence
between cyclic subgroups of order n of K* /(K*)" and cyclic Galois extensions L/K of order n. Under this
correspondence, a cyclic subgroup (&) is mapped to the cyclic extension K({/«), and a cyclic extension L/K
to the subgroup K> N L*™ /K*™",
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40.3. The cohomology of a cyclic group. The proofs in this section are left as an exercise. Let G =
{1,g,...,¢" '} be a cyclic group.

There is a canonical projective resolution of Z by Z[G]-modules, much simpler than the one we constructed
in the general case, that takes advantage of the assumption that G is cyclic. Let

€:Z[G) = 2Z, e() agg) =) ag.
8 8

Lety=1+g+---+g" ! € Z[G] and define a homomorphism of Z[G]-modules
N:Z[G] — Z[G], N(x)=xy
(multiplying by the element #). Let 6 = g —1 and let
D:Z[G] — Z[G], D(x)=xé
(multiplying by the element §). Then one can prove that

N D N

Z|G] Z|G] —— ZIG]

Z[d] Z[d]

is a projective resolution of Z, viewed as G-module with trivial action.
Let A be a Z[G]-module. Using this resolution, one may deduce the following:

H°(G,A) = A, H*1(G,A) = Aly]/sA, H?(G,A) = A®/yA,
where A[y] ={a € A:na=0}.

An example of particular interest is the following. Let L/K be a cyclic Galois extension of fields with Galois
group G. Let A € L* be an element whose norm to K* is equal to 1:

Then, one can prove (making use also of Hilbert's 90) that there is an element u € L* such that

A=g(u)/p.

40.4. Extensions of groups. Let A be an abelian group and G an arbitrary group. An extension E of A
by G is an exact sequence
0-A—-E—-G—1

Note that these are very different extensions than those we considered previously in §39: (i) First, G need
not be a commutative group (and to remind ourselves of this fact, we write 1 in G — 1); (2) Second, even
if G is commutative, E need not be commutative.

Thus, the situation we consider here is very different from the previously studied notion of extensions in a
category of modules.

We consider extensions up to equivalence. Two extensions E,E’ of A by G are equivalent if there is a
homomorphism ¢: E — E’ making the diagram commutative (and it implies that ¢ must be an isomorphism):

0 A E G 1
X
0 A E' G 1

If E is such an extension then it defines an action of G on A: given ¢ € G and a € A define

8a:=gxa:=yay 1,
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where 7 is an element of E lifting g. One checks that since A is commutative, the action is independent of
the choice of lift 7. Thus, an extension makes A into a Z[G]-module. Alternately, we can say that we have
a homomorphism

0: G — Aut(A).

The proof of the following theorem can be found in Rotman, using results from loc. cit. §5 (5.8, 5.9, 5.13)
and §10 (10.26, 10.27).

Theorem 40.4.1. The group cohomology HZ(G,A) classifies equivalence classes of extensions of A by G,
with a given action 8: G — Aut(A) of G on A. The trivial class corresponds to the extension which is the
semi-direct product A Xy G.

In particular, if HZ(G,A) = {0} then any extension of A by G is a semi-direct product. Furthermore, if
E is a semi-direct product of A by G then the complements of A in E (considered up to conjugation) are
classified by H'(G, A).

To get an idea of what is behind this theorem, given an extension E, choose a set-theoretic section A (that
is, foA =1Idg, but A need not be a group homomorphism)

0 A EfG 1.

~—
A

Use + for the group law on E (even though it need not be commutative!) and multiplication for the group
operation of G and define a function ¢: G x G — A by

A(x) +Ay) = o(x,y) + AMxy);
one finds that
“o(y,2) — o(xy,2) + ¢(x,y2) — ¢(x,y) =0,
where *a denotes the action of x € G on a € A (note that some rearrangement of the terms was needed,
but this is permissible since A is abelian). This way, we have produced from the extension E an element in
H?(G, A) and that gives some idea how the proof goes.

Lemma 40.4.2. o IftA =mn, thenn-H(G,A) =0 foralli > 0.
o IfiG =m, then m - H'(G,A) =0 for all i > 1.

Proof. The first assertion of lemma follows once one checks that a homomorphism ¢: A — B induces a
homomorphism
H'(G,A) — H'(G,B),

which on the level of co-chains is nothing else then taking a co-chain f to ¢ o f. In particular, [n]: A — A
induces multiplication by 7 on H'(G, A). On the other hand, since A is killed by [1] we see that [n] o f =0,
meaning H'(G, A) is killed by [n].

The second assertion looks similar but is in fact more subtle. One might argue that a homomorphism of
groups ¢: G — H induces a homomorphism

H!(H,A) — H(G, A)

which on the level of co-chains is nothing else then taking a co-chain f to f o ¢. This s correct. And it is also
correct that if @ is the trivial homomorphism that the map H!(H, A) — H!(G, A) is the zero homomorphism.
But when one now applies it to the homomorphism G — G, g + ¢ this doesn't provide a proof of the second
assertion, because it is not clear that this pullback map on cohomology is multiplication by m. (Note that
for every integer r we have multiplication by ¥ map on the cohomology — on any abelian group actually, but
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only for ¥ = m (or a multiple of m) we can guarantee that the map g — ¢™ is a homomorphism of G. This
suggest that there is a genuine difficulty here.) Here is the proof:
Let n > 1 and let f: G" — A be any function. Define a function u: G"1 — A by the forumla
ulg . gnoal =Y flgr -, 8&n-1,8]
8€G

Then we have the following calculation:

n—1 )
Y (i f)gr 88l =81) flg2.83, -, 8n 8l + Y (=1 Y flg1, -, &igiv1s- -/ 8ns 8]

g€G 8€G i=1 8€G
)Y flgr - gngl+ (D)"Y flgr - gal-
g€G g€G

That is,

n—1 )
Y (i f)lgr, - 8n 8l = 11[82,83, -, gn) + Y (—1)'ulg1, .., Qi&i41,- -+ &n)
g€G i=1

+(=D)"ulgr, - g1l + (~1)"HG - flg1, -, 8u]

= (dyu)(g1, - gn] + (=1)"HG - fg1,.. ., gnl-
Thus, if f defines an element in cohomology, namely if dy  ; f = 0 then we find that

1G - flgu, - gl = (=1)"(dru)[g1, - - gul.
Namely, G - f[g1,-..,8n] is a coboundary, hence 0 in cohomology. g

Corollary 40.4.3 (The Schur-Zassenhaus Theorem). °7 Let E be a finite group with a normal abelian subgroup
A such that (§A,8E/A) = 1. Then E is a semi-direct product of A by E/A and any two complements of A
in E are conjugate.

Proof. Using the Lemma, HZ(E/A,A) = 0. Using Theorem 40.4.1, it follows that E is a semi-direct product,
as stated. Moreover, the conjugacy classes of the complements are classified by Hl(E/A,A) that, by the
same lemma, is trivial too. |

Example 40.4.4. Consider the Corollary for the case of the alternating group A4 and its Kline subgroup
K ={1,(12)(34), (13)(24), (14)(23) }, which is a normal abelian subgroup. The corollary implies that A4 is
a semi-direct product of the form K x H. This is true, we can take as H the subgroup generated by any
3-cycle. Concretely, we can take H = ((123)). Moreover, any two such choices of H are conjugate in A4 as
subgroups. This is also easy to check even though not every two 3-cycles are conjugate in Ag.

Example 40.4.5. Groups of order 112-3-5 = 1815. Let E be a group of order 1815. By Sylow's theorem,
the 11-Sylow subgroup is normal in G. Call it A. Since the order of A is the square of a prime, A is abelian.
The quotient group E/ A is a group of order 15, which is of the type pgq, p{ (4 — 1), thus is cyclic of order
15. Thus, every group of order 1815 is an extension

0—>A—E—2Z/15Z — 0.
Using the Schur-Zassenhaus Theorem, we conclude that E is necessarily a semi-direct product

E~AxgZ/15Z,  6:Z/15Z — Aut(A).

57The Theorem is true even if A is not abelian, but is harder.
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Moreover, any two complements to A in E are conjugate. Depending on the structure of A, one can say
more. We leave the details as an exercise.

(1) If Ais a cyclic, thus isomorphic to Z /121 - Z, the group Aut(A) has cardinality ¢(121) = 110. This
number is not divisible by 3 and that implies that the action of the subgroup of order in 3 in Z /157
on A is trivial. In this case one can conclude that the 3-Sylow subgroup P3 of E is normal, and taking
any 5-Sylow subgroup Ps, we get a subgroup P3Ps of order 15 of E that is a complement to A.

(2) If A'is not cyclic, thus isomorphic to (Z/11Z)?, the group Aut(A) is isomorphic to GL,(Z/11Z)
and has order 120 x 110, a number divisible by 15. In fact, one can prove that GL,(Z/11Z) has
an element of order 15 (]F1X21, which has an element of order 15, acts faithfully on IFip1 which is
isomorphic as a Z/11Z-vector space to (Z/llZ)z. Thus, ]lez1 C GLp(Z/11Z)). In this case, it is
possible to have semi-direct product relative to 8: Z/15Z — Aut(A), such that A has a complement
(thus E will have a subgroup of order 15, necessarily cyclic), even though neither a 3-Sylow, nor a
5-Sylow is normal.

41. Calculating group cohomology

In this section we present, without proofs, some general techniques to calculate group cohomology. The proofs
use further techniques in homological algebra (such as spectral sequence) and substantial new additions to
the theory (restriction-inflation morphisms), use of topological methods, and so on. Nonetheless, there is
much value in being aware of such results and understanding how to apply them.

41.1. 5 term exact sequence. Let G be a finite group and N<IG a normal subgroup. Let A be a G-module.
The group G acts on AN .= {a€ A:nxa=a,n e N}, but N acts trivially. Thus, AN is a G/N module.
As well, every element in G acts as an automorphism of N; g € G takes n € N to gng~!. This induces a
map

H'(N,A) — H'(N, A),

which on the level of cocycles takes f to & f, where
Sf(x, e ;) =gf(g g, .., 8 xig).
Thus, all H(N, A) are G-modules.
Theorem 41.1.1. In the notation above:
(1) There is a 5 term exact sequence
0 — HY(G/N,AN) — HY(G,A) — HY(N,A)® — H?(G/N, AN) = H?(G, A).
(2) Assume that Hi(N,A) =0 foralll <i<mn-—1. Then, there is an exact sequence

0 — H"(G/N,AN) — H"(G,A) — H"(N,A)® — H""'}(G/N, AN) — H""1(G, A).

For examples, see §42.5. The proof can be found either in Rotman: Introduction to homological algebra, or
in Cartan-Eilienberg: Homological algebra.

41.2. Sylow subgroups and group cohomology. Let G be a finite group and for each prime p divid-
ing the order of G choose some p-Sylow subgroup G, of G. For any G-module A there is a restriction
map H"(G,A) — H"(Gp, A) and it turns out that its image is contained in a particular subgroup denoted
H”(Gp,A)G. We will not describe this subgroup here, but note that typically G, is not normal in G and so
in spite of the notation these are not the G invariant elements; they are called the G-stable elements.
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Theorem 41.2.1. There is an isomorphism
H"(G,A) = @,,cH"(G,, A)¢,  n>0.

In this decomposition H”(G,[,,A)G corresponds to the p-primary part of H"(G, A).

For the proof, see Cartan & Eilenberg, Homological algebra, Princeton 1999, Theorem 10.1.

41.3. Topological methods. Let G be a group. A K(G,1)-space for G is a connected path-connected
topological space X, with some choice of base point xy € X such that the fundamental group 7r1(X, x9) = G
and for all n > 1 the higher homotopy groups 77, (X, x9) = 0. An example of such a space is the classifying
space BG of G. Such a classifying space can often be gotten by finding a contractible topological space X
on which G acts freely and discreetly and letting X = X/G.

Theorem 41.3.1. If X is a K(G, 1)-space, then the singular (Betti) cohomology of X is isomorphic to the
group cohomology:
H! (X,Z) = H"(G,2Z).

sing

We stated the theorem for coefficients in Z, viewed as a trivial G-module. The theorem actually extends
to H"(G, A) for any G-module A, but the formulation requires the introduction of the concept of a local
system on X, which would take us too far a field.

Example 41.3.2. Let F, be the free group on b > 1 generators. Let X be the infinite regular tree of degree b.
It has a discrete action of F,, X := X/F, is a bouquet of b-circles and is a K(F,, 1) space. For dimension
reasons, all H" (X, Z) vanish for n > 1. And so we find that

Z n=0
H"(F,Z)={7Z! n=1
0 n>2.

41.4. Presentations and group cohomology. Let G be a finite group of order d. Find a presentation of G:
G=F/R.

Since R is a finite index subgroup of Fj, R is free itself, in fact of degree (b —1)d + 1 (Schreier's Theorem).
We thus have an exact sequence of groups

1-R—-F—>G—1.

We can then calculate H'(G,Z) = Hom(G,Z) = 0 and for H?>(G, Z) we have by Theorem 41.1.1

0 —— HYG,Z) — HY(F,,Z) — H'(R,Z)® — H*(G,Z) — H*(F,,Z)

0

zb (Z(bfl)del)G HZ G, Z 0

We conclude that
HZ(G,Z) o~ (Z(b 1) d+l) /Zb

The action of G on Z-1d+1 is derived by the action of F, on R by conjugation, while remembering that
this group is really H'(R,Z) = Hom(R,Z). This is a very effective method for calculating H%(G,Z) —



224 EYAL GOREN  MCGILL UNIVERSITY

fact, it is implemented in various mathematical softwares, such as GAP — but, the calculation by hand might
be out of reach, as typically we need many generators and relations to present a group G.

Example 41.4.1. Take G = Z/2 x Z /2. It has the presentation
(x,ylx%, 2 xyx Ty ).

Recall that R is the minimal normal subgroup of F, containing xz,yz, [x,y], and by Schreier’s theorem, R is
free of rank 5 (since R has index 4). We leave it as an exercise that R is generated by

22, yxly =y xyP T [x ).

Every homomorphism of R to Z vanishes on [x,y]. If it is fixed by the action of F, then it receives the same

value on x2,yx?y~! and also the same value on y?,yx?y~!. Thus, such a homomorphism f is determined

uniquely by its values f(x?) and f(y?). But, if f is obtained by restriction from f: F, — Z then f(x?) and
f(y?) are even. We thus find,

H*(Z/2Z x Z/2Z,Z) = Z/2Z x Z./2Z.

42. wallpaper groups and cohomology

© This whole section is still in preliminary form. Watch out for possible typos (and let me know!). It is best
to combine this section with the scan of my handwritten notes that will be uploaded to myCourses soon. ¢

In this section we consider the problem of classification of wallpaper groups. These are groups that arise as
symmetry groups of planar designs (such as ceramic walls, or cloth). It is a very classical topic in the study of
symmetry groups, often approached in a somewhat ad hoc manner. Here, following Morandi and Iversen, we
use systematically representation theory and group cohomology. The final result is that up to isomorphism
there are 17 wallpaper groups.

42.1. Rigid transformations of R2. A function T : R2 — R? is called a rigid transformation if
ITx =Tyl = x—yll, VxyeR:

These form a group that we denote Isom(IR?). Let M : R? — IR? be an orthogonal linear transformation.
If we think of M as a 2x2 matrix then it is orthogonal if and only if {tM - M = I,. Let v € R? be any vector
and define

T:R?> - R?> T(x) = Mx+o.
The function T is a rigid transformation and one can prove that every rigid transformation of R? is of this
form. Consequently, there is a split exact sequence

1 - R? 5 Isom(R?) 55 0,(R) — 1,
where the map t takes a vector v to t,, where t; is the translation-by-v map,
to(x) =x+0.
If we represent an element of Isom(IR?) as (v, M) then the multiplication law is
(01, M1)(v2, M2) = (v1 + Myvp, M1 Mp).
Given any subgroup T’ of Isom(]Rz), define its translation subgroup I'; and point group I'; by
Ic:={t, €T}, T,=mn().
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Thus, T'; are the translation maps that lie in T and T’ is the projection of T' on the orthogonal group Oz (R).
We would usually think of I'; as a subgroup of RZ, by means of the map v — t,. One has an exact sequence

1->T;—>T—>T,—1

42.2. Wallpapers and wallpapers groups. A wallpaper is a subset Q) of R2. The symmetry group of Q) is
denoted

I =T%={T € lsom(R?) : T(Q) = Q}.
We say that I' is a wallpaper group58 if T¢ is a discrete rank 2 subgroup of R? and T, is a finite group; with
an appropriate topology on Isom(]Rz) this is the same as saying that T' is a discrete co-compact subgroup.
The group I's is often called the point group. We have an exact sequence

1-T—>T—>T,—1.

Furthermore, as I'; is abelian, I's acts on I'y, via conjugation in I', and this action is induced by restriction
from the action of O2(R) on R?. In particular, T defines a class in

H?*(T.,T;) = H*(T,,Z?),

for this particular action of I'c on I'z (or on Z2, once we have chosen an isomorphism 'y & Zz). Note that
this is a faithful rational (even integral) representation of T’y on I'y & Z2.

Conversely, suppose that we have an integral faithful action of a finite group I's on Z? and a class { €
H?(T,,Z?%). We claim that it arises this way. First, take an inner product on Z? and average it over the
group just as in the proof of Maschke's Theorem 10.2.2 to conclude that there is an inner product on R? that
is preserved by I's. As all inner products on IR? are related by change of coordinates, we can conjugate I',
into O(R), but our lattice Z2 is conjugated as well and becomes some general lattice, call it I'¢, of rank 2
in IR?, but still equipped with an action of T that is now induced by restricting the natural action of O5(R).
An exercise on the exercise list proves that we can find a wallpaper T" with the specified I'x and T’,.

42.3. Examples. Here are some examples of wallpapers (). Imagine the patterns as extending indefinitely.
The names attached to them actually provide a description of the isomorphism type of the groups I'?, but
we will not explain the notation here.

Refer to the fleurs-de-lys wallpaper with the designation pm. With the expected choice of coordinates it
has the translation group Z?2. It also have the reflection (x,y) — (—x,y), given by the orthogonal matrix
(’01 (1)) We also see the reflection around the vertical line with x coordinate 1/2. This is the transformation
(x,y) — (1—x,¥) = (—x,y) + (1,0) and so is the composition of the previous reflection and the translation

map t(q,0).- One finds that the wallpaper group is a (split) extension

1522 =T = ((L9) =1L

Consider now the wallpaper designated p3m1 and take the middle point of one of the Y as 0. We see
translations by the lattice generated by (1,0) and (1/2,v/3/2) = (cos(60°),sin(60°)). We can also rotate
by 120° and reflect through the x-axis. We thus find that the wallpaper group T is a split extension

1— ((1,0), (1/2,v3/2)) T - T, =1,
where I's =2 Dj is the subgroup of the orthogonal group generated by the matrices

10 1/2 V3/2
(051) <f\/§/2 1/2 )

Note that if we take (1,0) and (1/2, \@/2) as a basis for I't, then the action of T's in this basis is
10 10 1/2 /3/2 -1-1
o) = (o), (12,0 = ().

58Especially in higher dimensions, they are also called "space groups", "crystallographic groups" and "Bieberbach groups",
although some authors reserve the latter two names for wallpaper groups with additional properties.
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42.4. The action of I';, on I';. As we have already remarked, since I is an extension of I'x by I',, I’ acts on
I’z by an action induced by conjugation in the extension I'. This gives a faithful rational representation of I's.
Conversely, suppose we are given a faithful rational representation of some finite group I', p: T's — GL2(Q).

Lemma 42.4.1. The exists a lattice A in R? preserved by the action of Ts.

Proof. Consider A = Y ocr, p(g)(Z?%). Note that each p(g)(Z?) is a lattice commensurable with Z2.
Thus, A is a lattice in R and is preserved by the action of T. O

Thus, by means of A, and a basis of A, we can view I's as a subgroup of GLy(Z) by p: T's — GL(Z).
We have already discussed the following Lemma.

Lemma 42.4.2. There is an inner product on R? preserved by G.

As there is a change of basis turning this inner product into the standard one, we see that we can conjugate
the representation p so that we get a representation

o: I's — Oz(lR)

After this change of coordinates I's acts on the lattice A (whose new coordinates need not even be rational)
by a faithful action, compatible with the action of O, (RR).

42.5. The classification of wallpaper groups. The main idea is that every wallpaper group I is an extension
of a lattice A = I'¢ by a finite group G = I'c < Oz(R) that satisfies the crystalographic restrictions. As in
the Exercise List, we have a list of those. Thus,
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e For each finite group G satisfying the crystalogrphic restrictions, namely for a group G among the
cyclic groups Cq,Cy, Cs,Cy4, Cg or the dihedral groups Dy, Dy, D3, Dy, Dg, find its faithful rational
representations G — GL,(Q) and for each find the integral lattices preserved by G. This gives 9
possible groups (as C, = D) with 13 possibilities of integral representations.

e For every such action p: G — GLy(Z), calculate H2(G,Z?). Since we can realize the action of G
on Z2 as an action of a subgroup Go of O»(IR) on a lattice in R?, it follows from the assignments
that every such extension arises as a wallpaper group in IRZ. This gives 18 extension classes in total.

e Determine which extensions are actually isomorphic as groups. This gives 17 wallpaper groups up
to isomorphism. In the case of wallpaper groups one can just do it "by hand", but it is good to be
aware of a the following theorem that holds in IR” too:

Theorem 42.5.1 (Zassenhaus). Through the faithful action of G on Z?* view G as a subgroup of
GL,(Z) and let N be its normalizer in GLy(Z). Then N acts on H?(G,Z?) by { — "{,n € N,
where

"T(x,y) = ng(n_lxn,n_lyn).

Two extensions of Z? by G, corresponding to classes {,1 € H*(G,Z?), are isomorphic as abstract
groups if and only if {,n are in the same orbit of N.

Group G H?*(G,Z?*) 4 H?*(G,Z?*) wallpaper
C 0 1 pl

Cy 0 1 p2

Cs 0 1 p3

Cy 0 1 p4

Ce 0 1 p6

Dy Z./27. 2 pm, pg
Dy 0 1 cm

D, (Z2/27Z)> 4 pmm, pmg, pgg
Dy, 0 1 cmm
D3, 0 1 p3ml
D3 0 1 p31m

Dy 7/27 2 pam, p4g
Dg 0 1 pbm

We do not provide here complete description of how the entries in the table are calculated, but hopefully the
reader can either fill in the blanks themselves, or consult the literature. All the actions of the cyclic groups
are obtained as rotation actions preserving a suitable lattice A depending on the group. One proves in this
case that if G is C3,C4 or Cg, we take the shortest vector t; in the lattice, we let ¢ be a generator of the
cyclic group and we let £, = p(g)(t1), then t1,t, form a basis for the lattice and the action of g is easily
written. For example, suppose that the group is Cs, then we can take the lattice discussed above for the
example p3m1, and we get that a suitable generator acts by (‘11 _01). In all cases of a cyclic group G the
calculation of HZ(G, ZZ) is quite easy using the results on cohomology of cyclic groups.

The same group C, = (g) can also act on Z? by g acting by ('Y ), or by g acting by (‘01 _01). In the

first case, we denote the group Dy, and in the second case we denote it Dy .. Both are cyclic groups of
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order 2, but the designations allow us to keep track on how they act. We can easily calculate the cohomology
group H?(G,Z?) in all cases G is cyclic.

Similarly, Dy, and Dy are both the dihedral group Dy = (Z/ZZ)2 but with different integral represen-
tations. Ditto for D3, and D3.

How do we calculate the cohomology for these dihedral groups?? As the groups are not cyclic anymore, this
is a non-trivial calculation. One can use the methods of § 41.

Consider for example the case of the group D, realized as a subgroup of O, (IR) by
{+h,+ (15 )}

Let us take the cyclic group N = {I, (? (1))} of Dy .. Using the formula for cohomology of cyclic groups,
the operator 77 is
_ (11
n= (1 1 ) ’

_ (1
o= (47),
and its image is again Z(1,—1). It follows that H'(N,Z?) = 0. Note that (Z?)N = Z(1,1). We may apply
Theorem 41.1.1 (b) to get an exact sequence:
0 — H*(D2c/N,Z(1,1)) = H*(Dy, Z*) — H*(N, Z*)P2e.

The first term is a quotient of Z(1,1)P2¢/N = ((Z2)N)DP2c/N = (72)P2c = () and is therefore 0. The third
term is Z(1,1)/ (1 1) 22 = 0. Therefore, also H*(D,, Z*) = 0.

The case of D; is harder to calculate and also it turns out that 2 of the 4 extension classes define
isomorphic groups, reducing the number of planar crystallographic groups to 17 isomorphism classes.

and it kernel is Z(1,—1). The operator ¢ is

Let us also consider the case of G, = Dj3. In both realizations of D3 (D3, D3s) an element of order 3 can

7' o). In the realization D3, one has a reflection (] %) and in the realization D3 one has a

be taken as (
reflection ((1) j ) The direct application of Theorem 41.1.1 runs into difficulties: the only normal subgroup

of D3 is Az and its first cohomology Hl(A3,ZZ) =~ 7 /37 and so is not trivial. But, we can reduce the
degree of the homology using the following lemma.

Lemma 42.5.2. LetT be a wallpaper group then
H?*(T,,T;) = HY(T,,R?/T,).
Proof. Consider the exact sequence of Go-modules:
0—Tr— R>— R*/T; — 0.

Note that H"(FO,IRZ) = 0 for all n > 1, because multiplication by #I's kills it, but at the same time
multiplication by £I's is an isomorphism on R? and so induces an automorphism of H"(FO,RZ), so it follows
that H”(To,]Rz) = 0. Therefore, in the long exact sequence in cohomology we get an exact sequence

0 = H(Go,R?) — HY(Go, R?/T;) — H?*(G,,T¢) — H?*(Go,R?) = 0.
And so, the claim of the lemma follows. ]
To apply Theorem 41.1.1 we will need to know (IR?/Z2)Cs.

Lemma 42.5.3. We have
(R?/72*)% = H'(C3,2%) = Z/3Z,
and D3 /Cs acts on it either trivially, or by multiplication by —1.
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Proof. Consider the sequence 0 — Z2? — R% — R2/Z? — 0 and take invariants to get

0 — (R?/Z*)% — H'Y(C3,Z%) — H'(C3,R?) = 0.
Moreover, the operator 7 = (%) + (’11 ’01) +(% ) =% ands =1 - (’11 ’01) = (1), This
gives, H'(C3,R?) = Z2[]/6Z? = Z/37Z and the group of order 2, D3/Cs can only act in one of two

ways. O
Applying now Theorem 41.1.1 we find
0 — HY(D3/C3, (R?/Z*)%) — HY (D3, R?/Z2) — H'(C3,IR?/Z,)P>.
Using again the formula for the cohomology of a cyclic group we find that both Hl(D3/C3, (IRZ/ZZ)C3) and
H'(C3,R?/Z5) are 0 and we get that
HY(D3,R?/Z?) = H?(D;,7%) = 0.

43. Crossed products and the Brauer group

Let K be a field and L/K a finite Galois extension of degree n with Galois group G = Gal(L/K). The next
theorem connects the Brauer group Br(K) with group cohomology HZ(G, L*). We only prove part of theorem
as the full proof requires developing much more of the theory of central simple algebras, including some rather
deep and useful results, like the Skolem-Noether Theorem. All this can be found in Jacobson/Basic Algebra
[.

Theorem 43.0.1. There is an injective group homomorphism
H%(G,L*) — Br(K),
whose image is the subgroup of Br(K) consisting of equivalence classes of finite-dimensional central simple

k-algebras D that split over L, meaning such that D @k L = M,,(L) for some integer m.

Remark 43.0.2. As L varies over all finite Galois extensions, one gets every element of Br(K) this way. In fact,
if D is a fdCS K-algebra and L is a maximal commutative subfield of D then D splits over L: D @k L = M,,(L)
for some integer m.

As said, the proof is long and complicated and uses many results that we didn't prove. Here we only show
that there is a well-defined map
H%(G,L*) — Br(K),

as we hope this would de-mystify the statement of the Theorem.

Let
f:G?* =L~
be a 2-cochain. That means that f satisfies the relations
(41) “FBY) faBm) T fla ) fw )T =1, aprEG

Introduce a formal symbol u, of every & € G. Consider the vector space
B = @uecLu“.

It is a vector space of dimension n over L (hence of dimension n? over K) with basis {1, : & € G}. To define

multiplication on B we define



230 EYAL GOREN  MCGILL UNIVERSITY

(1) uqup = f(a, B)uap. @, B€G.
(2) upl =a(f)u,, a€G,LeL.

To prove that this is operation is associative, the key point is to check that ua(uﬁu«,) = (uauﬁ)u% We
have ug(ugiy) = uaf (B, 7)upy = “f(B, V)tatipy = “f(B,7)f(&, BY)Uapy. On the other hand, (uqup)u, =
f(a,ﬁ)uaﬁuy = f(vc,ﬁ)f(ocﬁ,’y)uaﬁ,y. The identity

“fB1)f (@ By) = fla,B)f(ap, ),

follows from (41).
We claim that the identity element of this group is

e:=f(1,1) tuy.

We note that f(1,1) uy - uy = f(1,1) 7 (1, &)uy and uy - £(1,1) " Tug = *F(1,1) 7 f(a, 1)uy. So we need
to show that

fLa)=f(L,1),  fla,1) ="f(1,1).

This would imply our assertion that e To get the first put « = g =1 in (41), giving us f(1,v) = f(1,1) for
any 7; the second is obtained by taking § =y = 1.

We claim that the center of B is precisely Ke. As the Galois group acts trivially on K, multiplication by Ke
commutes with every u, so Ke is contained in Z(B). To show that the center is precisely Ke we prove the
following. View the field L as contained in B by Le = Luy, ¢ — fe. Note this is really an isomorphism of
fields as (1elpe = (10pe% = (145e. It will be enough to prove that L is equal to its centralizer in B. Let
x=Y,4yuy € Band fe € Le. Then

lex =Y Uauy, xle=Y_ Lougle =Y 0" lu,.
o 14 o

Thus,
Ly(£—%)=0, Vac€G.

If €4 # 0 for some a # 1, we can find an element ¢ € L such that “¢ # ¢ and get a contradiction. Thus,
x € L. As the center of B is contained in the centralizer of L, Z(B) C L. But an element of £ € L that is in
the center satisfies fu, = uy,f and that implies *¢ = ¢,Va € G and so that ¢ € K.

We next claim that B is a simple K algebra. We view now L and K as contained in B, as we have done
above. Let I be a two-sided proper ideal of B and consider the algebra B = B/I. The composition L — B
is necessarily an injection (as B is not zero and and homomorphism of rings from a field L into a non-zero
ring is injective). Let i, denote the image of the element u, in B. It is enough to prove that the elements
{iiy : @ € G} are linearly independent over L. Indeed, this implies that dimy (B) = n, but on the other hand
as LI C I, I is an L-subspace of B and thus dimy (B) = dim(B) — dim (I), giving us dimp(I) = 0 and
hence I = 0.

The argument is similar to the one used proving Independence of Characters. Suppose that the {i,}
are linearly dependent over L and choose a non-trivial linear dependence with the least number of non-zero
coefficients:

Zzlxﬁa - 0
o

Note that u, is invertible in B and therefore i, is invertible in B. By multiplying the equation by a suitable
u, we can arrange that #1 # 0 and so we assume that henceforth. Note that then there is some ag # 1 such
that £y, # 0 otherwise i will not be invertible. Choose then some ¢ € L such that *0¢ # ¢. Then

0="re()_Caiin) — ()_Latla)le =) lo(l—"L)il,.
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In this expression if the coefficient of 7, was zero, it stays zero, but the coefficient of iy is zero, while the
coefficient of iy, is not zero. Namely, we found a non-trivial linear dependence with a smaller number of
non-zero coefficients. Contradiction!

We next prove that changing the cocycle f by a coboundary b gives an isomorphic algebra. The coboundary
b has the property that
b(w, B) = “h(B)h(aB) "h(w),

for some function h: G — L*. Let v, = h(a)u,. Then

vavp = h(a)ush(B)ug = "h(B)h(ap) ™ h(w) f(a, )vap = b, B)f (e, B)vap.
That shows that in the L-basis {v, } the algebra B has multiplication described by bf. Thus, the isomorphism
class of B depends only on the class of f in H*(G,L>).

As said, any other part of the proof is complicated. For example, the statement that the map H2(G, L*) — Br(K)
is a group homomorphism is not straightforward. On the left hand side we are multiplying cochains to get
another cochain and the product still defines an algebra on dimension n% over K. On the other hand, on the
right hand side we are taking the tensor product over K and the tensor product of two algebras of dimension
n? over K gives us an algebra of dimension n* over K that we need to prove is Brauer-equivalent to the
correct algebra of dimension n2 over K. So there is some work to be done! We refer for all there matters to
Jacobson/Basic Algebra Il.

However, one consequence of the map being a homomorphism is that the identity element of HZ(G,LX),
which is represented by the cocycle f(a, B) = 1,Va, B € G, defines an algebra that is Brauer-equivalent to K.
Namely, that under our construction, the algebra that we get is simply M, (K). At least We can check that!

Per definition, we have the algebra

B = @NGGLL[“,
with the multiplication rules
Uglg = Upp, Ugl = a(l)ug, Va,B e G.

We now show that B = M, (K). First, view L as a K vector space of dimension n = [L : K]. Then, for every
£ € L the multiplication-by- ¢-map
[f]:L—L, [{(x)=¢x,
is a K-linear map and that gives us an inclusion
L — Endg(L), ¢~ [4].
In addition, for every & € G is have the map L — L,x — *x, which is a K-linear map that we denote v,.

Thus,
vy € Endg(L).

Furthermore, the following relations hold:
VuUp = Uap, Uall] = [*£]0a.
This implies that we have a well-defined K-algebra homomorphism
B — Endg(L) = Mu(K), Y _latta — Y [a]va.

Since B is simple, this homomorphism is injective and, by comparing dimensions over K, it is surjective too.
It follows that B = M, (K).
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Part 6. Spectral Sequences

In this Part 6 of the notes, we discuss spectral sequences and some of their applications. Spectral sequences
have become an indispensible tool in algebra, geometry and topology.

Spectral sequences are a method to calculate cohomology groups by means of finer and finer approxima-
tions. In general, one one gets information about the Jordan-Holder factors of cohomology groups, but this
is often sufficient information for the purposes for which one uses cohomology to begin with. Indeed, one of
the most common information one is looking for is whether a cohomology group is zero or not and that can
certainly be gleaned from its Jordan-Holder factors.
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CI(R), 179 Comparison Lemma, 191, 203
Isom(le), 224 complex, 28, 174, 184
ch(C[G)), 112 differential, 184
rk(M), 178 homology, 185
morphism, 184
abelianization, 3 connecting homomorphism, 186
affine scheme, 51 convolution, 133
affine space, 47
algebra, 16 delta function, 132
central, 165 density, 150
exerior, 116 derived functor
fdCS, 168 left, 190
opposite, 166 right, 201, 203, 204
split, 229 determinant, 119
symmetric, 114 Diaconis, 132
algebraic integer, 56 Diaconis-Shahshahani lemma, 141, 142
ring, 56 differential, 184
annihilator, 161 direct
Artin’'s Conjecture, 113 limit, 31
Artinian induction, 156 product, 33
sum, 33
Baer Criterion, 183 system, 29
Baer sum, 212, 213 division ring’ 9
biadditive map, 13 Double Centralizer Theorem, 170
bifunctor, 197 dual
bilinear pairing, 118 linear map, 3
Blichfeldt's theorem, 109 vector space, 3
Borel subgroup, 129
Brauer group, 10, 171 enough injectives, 189
Brauer’s Induction Theorem, 112 enough projectives, 189
Burnside exact sequence, 25
Theorem on character tables, 101 exension
Burnside’'s theorem, 101, 108 Baer sum, 213
extension
Cameron-Cohen theorem, 106 Baer sum, 212
cartesian square, 35 equivalent, 207
category, 1 module, 207
abelian, 38, 173 pullback, 212
equivalence of, 5 pushout, 212
isomorphism, 1 extension (of groups), 219
Cayley graph, 142
Cayley's Theorem, 79 fdCS
centralizer, 168 equivalent, 170
character, 71 fdCS algebra, 168
1-dimensional, 72 Feit-Thompson theorem, 149
group, 73, 87 Fermat Theorem, 45
induced, 89 fibre product, 35, 53
multiplicative, 72 Fourier
virtual, 112 inversion, 134, 137
character module, 184 transform, 133, 137, 139
character table, 92 Frac(R), 27
(Z/27)?, 94 fraction field, 27
(Z/3Z)%, 94 free
Ay, 97 resolution, 189
Dy, 96 Frobenius
Fy, 104 formula, 128
Sz, 95 group, 103, 111
Sy, 97 kernel, 149
Z/nZ, 93 reciprocity, 90
class function, 83 theorem, 149
class group, 177, 179 function
class number, 83 continuous, 2
coboundary, 215 convolution, 4
cochain, 215 functor
Cohen-Seidenberg, 61, 62 Hom, 4

cokernel as push-out, 37 additive, 173



COURSE NOTES - HIGHER ALGEBRA 235

adjoint, 11, 19, 39 integral

co-unit, 39 closure, 55

unit, 39 element, 54
contravariant, 2 extension, 55
covariant, 2 integrally closed, 55
derived, 190, 203, 204 morphism, 58
essentially surjective, 5 integrally closed, 58
exact, 25, 173 intertwining operator, 137
faithful, 2 inverse
forgetful, 3 limit, 31
free construction, 12 system, 29
full, 2
identity, 4 Jacobian, 207
isomorphic, 5 Jacobson Density Theorem, 162, 170

left-exact, 173 Jacobson radical, 157
localization, 22, 24
morphism of, 4
right-exact, 173

kernel as pull-back, 37
Kronecker product, 75
Krull

Hauptidealsatz, 47

erm of function, 48 . A
9 intersection theorem, 36

Germain, 42

Going-down theorem of Cohen-Seidenberg, 62
Going-up theorem of Cohen-Seidenberg, 61 direct = injective, 29
Grothendieck, 42 inverse = projective, 29

group local
cube, 147

limit

homomorphism, 51

dihedral, 91 property, 27
divisible, 180 Long exact homology sequence, 187
elementary, 112 Long exact sequence of the derived functors, 194
free, 12
Frobenius, 149 Markov chain, 143
supersolvable, 109 Maschke Theorem, 77, 133, 155
group cohomology, 204, 213 maximal
5 term exact sequence, 222 submodule, 157
G-stable elements, 222 Merkurjev, 171
K(G,1)-spaces, 223 Mitchell Embedding Theorem, 173
presentations, 223 module
Sylow subgroups, 222 artinian, 155
group ring, 3, 74 character, 184
faithful, 161
Hamilton, 10 finitely presented, 183
Heisenberg group, 136 flat, 183
finite, 137 injective, 175, 180
Hilbert invertible, 179
basis theorem, 64 irreducible, 151
Nullstellensatz, 47 localization, 23
nullstellensatz, 68 noetherian, 63
nullstellensatz (weak form), 68 over Z[G], 202
Hilbert's 90, 217 projective, 175
homology, 185 rank, 178
homotopic maps, 191 semisimple, 152
hook, 127 simple, 151
hook length formula, 127 torsion, 177, 198
length, 127 torsion-free, 198
Hopkins-Levitzki Theorem, 155 Morita equivalence, 7, 151
Horseshoe Lemma, 195, 203 morphism
locally ringed space, 51
ideal mono, 2
annihilator, 28 ringed space, 50
contracted, 26 sheaf, 50
extended, 26 multilinear map, 118
graded, 113 antisymmetric, 119
idempotent, 124 symmetric, 119
Independence of Characters, 217, 230 multiplicative set, 22
injective

resolution, 189 Nakayama Lemma, 159
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natural transformation, 4
naturally equivalent, 5
nilpotent ideal, 160
nilradical, 44
Noether normalization lemma, 66
noetherian

module, 63

ring, 62
Noetherian induction, 156
number field, 56

object
final, 1
initial, 1
zero, 1
opposite
algebra, 166
ring, 163

partition

conjugate, 120
Plancherel’s formula, 134
point group, 225
pointgroup, 224

poset, 2, 29
directed, 30
discrete = trivial, 30
product
amalgamated, 38
free, 38
Projection Formula, 78
projective

resolution, 189
pull-back, 35, 53
push-out, 34

quaternion algebra, 10, 167
Hamilton, 10
norm, 10

radical, 43
ideal, 43
Random walk, 140, 142
rank
projective module, 178
reqgular, 177
representation, 4, 70
coset, 105
direct sum, 74
dual, 80
faithful, 110
homomorphism, 70
induced, 129
induction, 75, 89
invariant subspace, 78
irreducible, 76
isomorphism, 70
monomial, 105
multiplicity, 85
principal series, 130
regular, 4, 21, 74, 85
restriction, 75
standard, 76, 86
Steinberg, 130
subrepresentation, 75
tensor product, 74
trivial, 73
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twist, 88
resolution

free, 189

injective, 189

projective, 189
riffle shuffle, 146
rigid transformation, 224
ring

artinian, 155

dense, 161

dual numbers, 42

graded, 113

inverse, 158

local, 27

of a point, 48

localization, 23

noetherian, 62

of germs, 36

opposite, 163

semisimple, 153

simple, 163

spectrum, 42
Roth’s theorem, 150
Rubik cube, 146

God’s number, 148

Rokicki, 148

Schreier graph, 144
Schreier's Theorem, 223
Schur lemma, 82, 144, 151
Schur-Zassenhaus Theorem, 221
section, 207
Seifert — Van-Kampen Theorem, 38
Serre, 106
intersection multiplicity, 200
SES, 25
sheaf, 48
induced, 49
morphism, 50
sheaf cohomology, 204
skew field, 9
Snake Lemma, 186
space
locally ringed, 48
ringed, 48
stalk, 48
Stone-von Neumann theorem, 136, 137

tensor
pure, 14
tensor algebra, 114
tensor product, 13, 14
functoriality, 15
The Artin-Wedderburn Theorem, 164
topological space, 2
topology, 2
Tor, 197
and flatness, 198
and torsion, 198
for PID, 199
torsion, 177, 198
free, 198
total variation norm, 141
translation subgroup, 224
Tychonoff Theorem, 37
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Uncertainty principle, 136, 137, 139
uniform distribution, 133
universal property, 13

wallpaper, 225

group, 225
Wedderburn, 10
Wedderburn's Theorem, 163
word, 12

Young
diagram, 120
symmetrizer, 121
tableau, 121
canonical = standard, 121

Zassenhaus, 227
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