Chapter 1

Representations

1.1 Representations of Groups and Algebras

A representation of a group G on a finite-dimensional complex vector space V
is a group homomorphism p : G — GL(V). If G has some additional structure
like topological space, complex variety or a real manifold, we ask that p is a
corresponding morphism: a continuous map, a polynomial map or a smooth
map.

A representation of a finitely generated complex algebra A on a finite dimensional
complex vector space v is an algebra morphism p : A — End(V). We say that
such a map gives V' the structure of an A-module. When there is little ambiguity
about the map p, we sometimes call V itself a representation of A. For any
element x € A, v € V we will shorten p(x)v to z - v or zv.

A morphism ¢ between two representations py and pys is a vector space map
¢ : V. — W such that the following diagram is commutative

W
lpw(w)

U

\%
Pv(x)i
V—W.

In short we can also write ¢(zv) = x¢(v). morphism is also sometimes called an
A-linear map. The set of A-linear maps is denoted by Hom 4(V, W)

A subrepresentation of V is a subspace W such that x-W C W forall x € A. Note
that a morphism maps subrepresentations to subrepresentations so in particular
for any morphism ¢ the spaces Ker¢ and Im¢ are subrepresentations.
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CHAPTER 1. REPRESENTATIONS

A representation V' is called simple if its only subrepresentations are 0 and V.
This is equivalent to saying that py is a surjective algebra morphism. If V
and W are representations we can construct new representations from them:
the direct sum V@& W = {(v,w)lv € V,w € W} has a componentwise action
z(v,w) = (xv, zw). A representation that is not isomorphic to the direct sum of
two non-trivial representations is called indecomposable. If a representation is a
direct sum of simple representations it is called semisimple. The decomposition
of a semisimple into simple components is unique up to a permutation of the
factors.

Homomorphisms between (semi)simple representations can be described easily
using Schur’s Lemma

Lemma 1.1 (Schur). Let S and T be simple representations then

0 fS#£T

Homg(S,T') = {C ifS =T

Corollary 1.2. If V=S¥ @ ... @S2 and W =V = S @ ... @ S where
some of the e and f's can be zero. then

Homg(V, W) = Maty, «., (C) @ - - - & Maty, ., (C).

To every representation py we can associate its character. This is the composition
of py with the trace map Tr : End(V) — C.

Xv : Tropy.

Xv is an element of A* and it is invariant under isomorphism: py = py = xy =
Xxw. The main theorem of representation theory of finitely generated algebras
now states that the opposite is also true for semisimple representations.

Theorem 1.3. 1. IfV and W are semisimple representations then V=W f
and only if xv = xw.

2. V is not semisimple then there is a unique semisimple representation V°
such that xy = xys.

The proof of this theorem is quite lengthy and in can be found in the course notes
on representation theory.

If G is a finite group then one can construct its group algebra. This is the complex
algebra with as basis the elements of the group and as multiplication the linear
extension of the multiplication of the group. We will now have a closer look at
the representations of these group algebras.
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If we’re considering only group representations we can construct even more new
representations:

e The tensor product V @ W = Span(v; ® w;|(v;), (w;) are bases for V, W)
has as action z(v ® w) = gv ® gw.

e The dual space V* = {f : V — C|f is linear} has a contragradient action:
(g-flv=f(g" ).

e The space of linear maps Hom(V, W) can be identified with V* @ W and
hence the action is (g- f)v =g (f(¢g~"-v)). Note that this means that the
elements of Hom4(V, W) are in fact the maps that are invariant under the
action of A.

The characters of the representations are elements of CG*. This is a finite di-
mensional vector space with dual basis ¢*,¢g € G. On this space we can put an
hermitian product such that (g*, h*) = d,1,/|G]|.

The representation theory of finite groups can be summarized as

Theorem 1.4. Let G be a finite group then we have that

1. Fvery representation is semisimple.
2. A representation V' is simple if and only if (xv,xv) =1

3. The number of isomorphism classes simple representations is the same as
the number of conjugacy classes in G.

4. The characters of simple representations form an orthonormal basis for the
subspace of class functions is CG*.

5. If S is simple then (xv,S) is the multiplicity of S inside V.
6. V 1is completely determined by its character xy .

7. CG =2 EndS; @ - - - EndSi = Matgims, @ - - ® Matgims, -

Note a group (not necessarily finite) for which (1) holds is called a reductive group.
Other examples of reductive groups are GL,, SL,, SO, and finite products of
these groups.
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1.2 Finite Subgroups of SL,

In the rest of this chapter we will apply the theory to the case where V' is a two-
dimensional representation of a finite group. First of all we do not have to consider
all finite groups. The quotient only depends on the image of py : G — GL(V).
So we only have to consider finite subgroups of GL,. We can do even better
as we only need to determine these subgroups up to conjugation, we can bring
them into a standard form: every finite subgroup of GL, can be conjugated to a
subgroup of Us. To prove this we can define a hermitian form on V' as follows:

(v,w) ==Y (g-v)(g-w)

g€eG

The action of G keeps this form invariant (hv, hw) := > _c(gh - v)(gh - w)l =
(v,w), so if we choose an orthonormal basis for this form G will act as unitary
matrices according to this basis. Because Uy = U; x SU,, G can also be written
as the product of as subgroup of U; and a subgroup of SU;. The subgroups of
U, are the cyclic groups Z,,, so we will now look at finite subgroups of SU, which
are also the finite subgroups of SL,.

Theorem 1.5. FEvery finite subgroup of SU, can be conjugated to one of the

following groups:

e2m/n 0
0 e—2m/n

Cn a cyclic group of order n generated by [

D,, The binary dihedral group of order 4n generated by [62”” 0 ] and [2¢].

0 e 2m/n
T The binary tetrahedral group.
O The binary octahedral group.
Z The binary icosahedral group.

Proof. The group SU, can be mapped onto SO3(R). Embed R? in Maty(C) as
the subspace of traceless antihermitian matrices H

Rio L]+ R[21+R[ 5]

On this subspace we can put a scalar product (A, B) := Tr(AB') SU, acts on this
subspace by conjugation and the conjugation respects the scalar product: (U -
AU -B) =Tr(UAU Y (UBU Y)Y = Tr(UAU Y (UBU ")) = Tr(UAB'U 1) =
Tr(ABT). Therefore the action of SU, on H factors through the orthogonal group
of (,). As SU, is connected the image of SU, will be contained in SOs.
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One can check that the kernel of this map is {1,—1} C SU, and as the real
dimension of SU; and SO3(R) are both 3 the map will be surjective. SU, is
called the double cover of SOs.

Now we will show that any finite subgroup of SOj is either a cyclic group C,, a
dihedral group D,, or one of the groups of a Platonic solid.

Let G now be a finite subgroup of SO5 with order n. The elements of G — {1} are
rotations so we can associate to each element its poles i.e. the intersection points
of the rotation axis with the unit sphere. Let P be the set of poles of elements
of G. Every pole is mapped to a pole under the action of G. So we can partition
P into orbits of G. To every pole p we can associate m,,, the number of rotations
with this pole. Note that poles in the same orbit have the same m,. It is also
the order of the subgroup of G that fixes p.

The n — 1 non-trivial rotations in GG consist of m — 1 rotations for each pair of

poles. That is 3(m — 1)%m for each orbit. Hence n—1 = in(>> (mm—fl)) where the

summation is over the orbits Since m > 2 we have (m — 1)/m > 1/2 and so we
can only have 2 of 3 orbits if G is non-trivial.

1. The case of two orbits. Suppose these have n/m; and n/ms elements. Then
2/n = 1/my+1/my implies n/m; = n/my = 1 and we have two orbits with
one pole in each. This is the case when G is a cyclic group C,, generated
by rotation by 27 /n.

2. The case of three orbits. Then 14 2/n = 1/my + 1/my + 1/mg3 so one of
the m; = 2. Take m3 = 2 so 1/my + 1/my = 1/2 + 2/n. There are only a
few possibilities:

e my = 2,my = m,n = 2m (This is the dihedral case G = D,, =
(XY, Z|X? =YY" =272=XYZ =1))
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e my; = 3,my = 3,n = 12 (This is the symmetry group of the tetrahe-
dron, G=T=(X,Y, Z|X3=Y3=22=XYZ =1))

1 = 3,my = 4,n = 24 (This is the symmetry group of the cube,
XY, ZIX3=Y'=2?=XYZ=1))

QS
I
I

e my; = 3,my = 5,n = 60 (This is the symmetry group of the dodecahe-
dron G=1= (XY, Z|X?=Y3=27?=XYZ =1))

Now let G be a subgroup of SU,. If G has an even number of elements then
it contains —1, because this is the only element in SU, of order 2. This means
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that G is the inverse image of a finite subgroup of SOj;, these are called the
binary dihedral, tetrahedral, etc. groups, note that binary cyclic is again cyclic.
These groups can be expressed in generators and relations by introducing a new
generator T that commutes with all others and 72 = 1, the relations of the
original group are then put equal to T instead of one.

e the binary dihedral case G = Dy, = (X,Y, Z|X? =YY" = 72 = XY 7 =
T,7? =1)

e the binary tetrahedral case G =T = (X,Y, Z|X? = Y3 = 722 = XY Z =
T,7% = 1)

e the binary octahedral case G = O = (XY, Z|X? = Y* = 72 = XY Z =
T,7% = 1)

e the binary dodecahedral case G = [ = (XY, Z|X? =Y? =27? = XY Z =
T,72=1)

If G has an odd number of elements then it is isomorphic to its image which must
be cyclic. ]

1.3 Character tables and McKay Quivers

We will now determine the character tables of these subgroups of SL,. We will
need these to determine the rings of invariants C[V]¢. In order to do this more
easily we will associate also to each group a combinatorial object: The McKay
quiver. This is a directed graph of which the vertices correspond to the simple
representations of G and the number of arrows from S; to S; is the multiplic-
ity of S; inside V ® S;. Inside the vertices we will put the dimension of the
representations.

e C, is a cyclic group generated by g. It has n simple one-dimensional rep-
resentations corresponding to the n roots of 1. xg,(g) = e*™/m. V =
S1 @ Sp—1 and S; ® §; = S;1; where the sum is modulo n. The McKay
quiver looks like:
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The other groups are products of Cy and subgroups of SO3 so their characters
are also products of characters of those groups and characters xg,, xs, -

e The binary dihedral group can be rewritten as (g, s|g*" = 1,5* = g", gs =
sg~!). The one-dimensional representations must map g +— € and s +—
++/e" with € = %1, therefore there are 4 one-dimensional representations.
We will denote these representations by o= where the lower index is the
sign of g and the upper the sign of s.

For every 0 < k < n one can define the two-dimensional representation

o eﬂk/n 0 o 0 Zk
Pi - g 0 efwk/n S Zk 0 :

Using the characters one can check that py = of @ o} and p, = ocF ® o7,
all the other representations are simple and non-isomorphic. As 4n = 4 -
12+ (n — 1) - 2% we now know all simple representations.

The tensor products of these representations are given by

p1 & pj = Pi1D Piv1
p1® 0L =p
p1 & Uf = Pn-1

This makes our McKay quiver look like

7
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e The binary tetrahedral group (XY, Z|X? =Y3 =22 = XYZ =T,T* =
1) has 3 one-dimensional representations mapping Z, T to 1 and X to e>™/3,
denote these by o;. The simple two-dimensional representations look like
pi ‘= 0; ® py where py is the standard representation. Finally the 3-
dimensional representation 7 coming from the symmetries of the tetrahe-
dron is also simple. There are no more simple representations because

24 =3-1*+3-2% 4+ 3%
the formulas for the tensor products are

pPiQpy =0; DT
T & py = pv D p1 B po.
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So the character table is

o0 |1 1 1 11 11
o, |1 627r/3 6—27r/3 627r/3 1 6—271'/3 1
oo | 1 6—27r/3 627r/3 6—27r/3 1 6271'/3 1
Po | 2 -1 -1 1 -2 1 0
0 9 _6727r/3 _627r/3 6727r/3 —9 e27r/3 0
P2 ) _627r/3 _6727r/3 627r/3 —9 67271'/3 0
T |3 0 0 0 3 0 —1

and the McKay quiver looks like

e The binary octahedral group (X,Y, Z|X? =Y41 =22 =XYZ =T,T? = 1)
has 2 one-dimensional representations mapping X, 7T to 1 and Y to (—1)%,
denote these by 0. The standard representation py and its tensor product
with o1 give two simple 2-dimensional representations. The same holds
for the 3-dimensional representation 7 coming from the symmetries of the
octahedron. We denote these four representations by p; = py ® o, 7; =
T T;.

The tensor product 7 ® py decomposes as a direct sum of py and a four-
dimensional simple representation v. Finally we can construct another 2-
dimensional representation ¢ as a summand of v ® py = 9@ 79 D 7. There
are no more simple representations because

48 =12-1"+3-22+2.3% + 42
the formulas for the tensor products are

pi @ py =71,D o
TiQpy =V Dp;
0 py =V
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Giving a character table

ool 1 1 1 1 1 1 1
o011 1 1 1 -1 -1 =1 1
o2 -1 -1 2 0 0 0 2
pl2 =1 1 =2 0 V2 —v/2 0
ml2 =1 1 =2 0 —/2 V2 0
/3 0 0 3 1 -1 -1 -1
n|3 0 0 3 -1 1 1 -1
v |4 1 =1 —4 0 0 0 0
and a McKay quiver like
®

e The binary icosahedral group I = (XY, Z|X? = Y® = 22 = XYZ =
T,T? = 1). Up to conjugation f/{l,T} can identified with As in 2 differ-
ent ways. As has only one one-dimensional representation: the trivial. It
has also 2 3-dimensional representations 7,7 as symmetry groups of the
icosahedron identifying Y with a rotation over either 7/5 or 27 /5. These
2 can be pulled back two two-dimensional representations oy, oo of I using
the map SU, — SO3. Out of these we can construct 2 four-dimensional
vy, vy, one 5-dimensional, u, and one 6-dimensional, (, representations by
the equations.

Mbu=mn&m
Vo pr=p1 QT
C=p1 QT

This gives us the following Character table

s T 1 1 1 1 1 I 1
p|2 -1 1 -2 0 B8 15 1-vE 15
pa |2 —1 1 -2 0 1-v5  _1-V6  _1+V5 1+

2 2 2 2
n(3 0 0 3 -1 155 155 15 1S5
(3 0 0 3 -1 S5 Y5 1Y5 1S5
ml4e 11 4 0 -1 -1 -1 -1
wml4 1 -1 -4 0 1 -1 -1 1
pls -1 -1 5 1 0 0 0 0
¢l6 0 0 -6 0 -1 1 1 -1
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and McKay Quiver

©)

®/‘\ ®/~A @/N @/\\ ®/‘\<@/~& @/N ®

A SN S A g S SN S ) S
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1.4 GAP instruction sheet

1. GAP is case-sensitive and instructions end with a semicolon.
2. Assignments are done by :=, comparisons by =.

3. A list is given by [a, b, ¢, a list of natural numbers from one to 10 is written
as [1..10]. The i*" item of a list [ is 1[i].

4. A matrix is given by a list of its rows: [[al1, al12], [a21,a22]].
5. The loops and conditional clauses are written as

(a) for variablein listdo instructionsod;
(b) while conditiondo instructionsod;

(c) if conditionthen instructionselse instructionsod;

6. a function is defined as:
name := function(variables)
local variables;
instructions;
return expression;
end;

7. Gap can work over different fields, the standard one is the field of rational
numbers. To define other numbers one can use the expressions E(n) and
ER(n) which stand for the expressions €>™/" = cos2r/n + isin27/n and
v/n. These elements live in the field CF(n). To find square roots of other
elements one can use Roots0fUPol(F,p) (this gives a list of roots of the
polynomial p in the field F'), provided you take your field big enough.

To take roots of other numbers, one must use x := indeterminate(Rationals,"x");
pol :=x~ 2 - x -1;

phi := Roots0fUPol(CF(5),p);

If one must take roots of elements that are not in the rationals one must take

instead of Rationals the field over which the coefficients of the minimal
polynomial are defined.

8. To define a group generated by matrices one can use the command
G := Group(matrixl,matrix2,-- - ); The character table can be constructed
by the command t := CharacterTable(G) ;. It can be displayed by Display(t) ;
and the characters of the simples can be put in a list by Irr(G).
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Affine Quotients

2.1 Review of Algebraic Geometry

In algebraic geometry one studies the connections between algebraic varieties,
which are sets of solutions of polynomial equations, and complex algebras.

An affine variety is a subset X C C" that is defined by a finite set of polynomial
equations.

X ={xeC"|fi(z)=0,..., fr(z) =0}

A morphism between two varieties X € C" an Y € C"isamap ¢ : X — Y
such that there exist a polynomial map ® : C* — C™ such that ¢ = ®|x. Such
a morphism is an isomorphism if ¢ is invertible and ¢! is also a morphism.

The affine varieties with their morphisms form a category which we will denote
by AffV.

We can consider C as a variety, so it makes sense to look at the morphisms from
a variety X to C, these maps are also called the regular functions on X. They are
closed under point wise addition and multiplication so they form a commutative

C-algebra: C[X].

This algebra can be described with generators and relations. To every variety
X € C" the set of polynomial functions that are zero on X form an ideal in
Clxy, -+, xy,). If we divide out this ideal we get the ring of polynomial functions
on X.

ClX] :=Clzy,...,x,]/(fI[Vx € X : f(x) =0)

This algebra is finitely generated by the x; and it also has no nilpotent elements
because f(z)" =0= f(z)=0.
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A morphism between varieties, ¢ : X — Y, will also give an algebra morphism
between the corresponding rings but the arrow will go in the opposite direction:

¢ :ClY] - C[X]:g+> goo.

On the other hand if R is a finitely generated commutative C-algebra without
nilpotent elements, by definition we will call this an affine algebra. The category
of affine algebras together with algebra morphisms will be denoted by AffA.

Every R € AffA can be written as a quotient of a polynomial ring Clzy, ..., x,]
with an ideal i. Because polynomial rings are Noetherian, i is finitely generated
by fi. fi,..., fx. Therefore we can associate to R the variety V(R) in C" defined
by the f;. Although this variety depends on the choice of generators of R and
i, one can prove that different choices will give isomorphic varieties. One can do
even more if ¢ : R — S is an algebra morphism and R = Clzy,...,2,]/i and
S = Cly1,-*+ ,Ym]/i one can find polynomials ¢gi,...,9, € Clys,- -+ ,ym] such
that g; +3j = ¢(x;) +3j. These functions define a map G : C™ — C”" such that
G(V(S)) = V(R) so G|y(S) : V(S) — V(R) is a morphism of varieties. So an

algebra morphism gives rise to a morphism of varieties in the opposite direction.

The main theorem of algebraic geometry now states that the operations V(—)
and C[—] are each other’s inverses:

Theorem 2.1. The category AffV and the category AffA are anti-equivalent. So
working with affine varieties is actually the same as working with affine algebras

but all maps are reversed. The anti-equivalence is given by the contravariant
functors V(=) and C[—], so

C[V(R) 2 R and V(C[X]) 2 X

One can also give a more intrinsic description of V(R). For every point p € V(R)
on can look at the embedding p — V(R). From the algebraic point of view this
will give a map from R — Cl[p|] = C, so points correspond to maps from R to C
which are determined by their kernels. As C is an algebraicly closed field these
kernels correspond to the maximal ideals of R. So we can also define V(R) as
the set of all maximal ideals of R.

This last definition only describes V(R) as a set. We want to give V(R) some
more structure. This can be done by introducing the Zariski Topology. This
topology can be defined by its closed sets: C' C V(R) is closed if there is an ideal
¢ < R such that C' = {m € V(R)|c C m}. Now if R = Clzy,...,x,]/i we can
see ¢ as generated by polynomials (¢;) so the points in V(R) that lie on C' are
exactly those for which the ¢; are zero. So closed sets are subset that correspond
to zeros of polynomial functions. Every closed set C' will give us a morphism
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R — C[C] & R/¢ which is a surjection. Conversely every surjection R — S will
give us an embedding of a closed subset V' (5) in V(R).

Open functions on the other hand are unions of subsets for which certain poly-
nomials are nonzero. Contrarily to closed subsets, open subsets can not always
be considered as affine varieties. F.i. in C? the complement of the origin is an
open subset but it isomorphic to an affine variety. Basic open sets which are
set on which one polynomial f does not vanish can be considered as the variety
corresponding to the ring R[1/f]. This construction is called a localization

The Zariski topology is not the same as the ordinary complex topology on V(R) C
C". The ordinary topology has lots more closed (open) sets. For instance a closed
ball with finite radius around a point is closed in the ordinary topology of C", but
not in the Zariski topology because the zeros of a polynomial form a hypersurface
in C"™ and hypersurfaces never contain closed balls.

The translation table

Geometry Algebra
Affine Variety Affine Algebra
Morphism Algebra Morphism
Point Maximal Ideal
Closed Set Semiprime Ideal (i.e. " €i= f €i)
Intersection closed Sets Sum of ideals
Union of closed sets Intersection of ideals
Basic Open Set Localization of a function
Embedding of a closed subvariety Surjection
The image is dense Injection
Irreducible (open sets always intersect) No zero divisors
Connected does not contain idempotents
Dimension longest ascending chain of prime ideals
Tangent space in p (m/m?)*

2.2 Quotients and rings of invariants

Suppose now we have a reductive group G and let Q be the set of its simple
representations up to isomorphism. Let V' be a finite dimensional representation
with dimension k. V' can also be considered as a variety. for every point v € V'
we can define the orbit G- v := {g - v|g € G}. Orbits never intersect so we can
partition V' into its orbits. We will denote the set of all orbits by V/G.

A natural question one can ask if whether this set can also be given the structure
of an affine variety. In the case of finite groups it will be possible, but for general
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reductive groups there will be extra complications.

We can take a closer look at the problem by looking at the algebraic side of the
story. The ring of polynomial functions over V' is R = C[V] =2 C[Xy,..., X)] is a
graded polynomial ring if we give the X; degree 1.

On R we have an action of G:

GxCV]=C[V]: (g, f)—g-f:=Ffopv(g™h.

This action is linear and compatible with the algebra structure: g - fifo = (g -
fi)lg- fa). Asg- X, : Z]. pv(971)i;X; is homogeneous of degree 1 the G-action
maps homogeneous elements of to homogeneous elements with the same degree.
This means that all homogeneous components R, are finite dimensional rational
representations of G.

We can decompose every R, as a direct sum of simple representations

R, =@ Wy with Wy 2w

weN

If we define then the isotopic components of R as R¥ = ®,W¢. Now we can
regroup the terms in the direct sum of our ring to obtain

R= é we =R

k=0,weN weN

In words, the ring R is the direct sum of its isotopic components. Note also
that if o is a endomorphism of R as a G-representation then o will map isotopic
components inside themselves because of Schur’s lemma (try to prove this as an
exercise).

One isotopic component interests us specially: the isotopic component of the triv-
ial representation 1. This component consists of all functions that are invariant
under the G-action. It is not only a vector space but it is also a graded ring: the
ring of invariants S = R¢ = {f € R|g- f = f} = ®nenW}.

Consider a function f € S. The map uy : R — R: 2z — fx is an endomorphism

of R as a representation: pp(g-z) = f(g-z)=(9-f)lg-z) =9 fx =g psx.
So fRY C R“ for every w. Put in another way we can say that all isotopic
components are S-modules.

We are now ready to prove the main theorem:

Theorem 2.2. If G is a reductive group and V a finite dimensional representation
then the ring of invariants S = C[V]® is finitely generated.
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Proof. To prove that S is finitely generated we first prove that this ring is
noetherian. Suppose that
ap CayCag C -+

is an ascending chain of ideals in S. Multiplying with R we obtain a chain of
ideals in R:
aaRCaaRCasRC---.

This chain is stationary because R is a polynomial ring and hence noetherian.
Finally we show that a;R NS = a;. Multiplication with a; maps the isotopic
components into themselves so

(uZR) N S == <al@Rw> N S = (@ aﬂ%‘”) N S = aiRl = aiS = a;.

weN weN

Now let S, = @,>; W} denote the ideal of S generated by all homogeneous
elements of nonzero degree. Because S is Noetherian, S, is generated by a finite
number of homogeneous elements: S, = f1,54- -4 f.S. We will show that these
fi also generate S as a ring.

Now S =C+ S, so S, = Cf1+-«~+CfT+Si, Si = Zi’j(Cfifj—i—Si and by
induction
SL=Y Cfi-fi + S

11...0¢

So C[fi,..., [;] is a graded subalgebra of S and S = C+ 5, = C[fy,..., f;| + 5%
for every t. If we look at the degree d-part of this equation we see that

Sa=Clf1,..., fla+ (S))a-

Because S’ only contains elements of degree at least ¢, (S%)q = 0 if t > d. As
the equation holds for every t we can conclude that

Sq=Cl[f1,..., f]a and thus S = C[f1, ..., ]

]

Now because S is finitely generated and does not have nilpotent elements, it
corresponds to a variety V(S5) and the embedding S C R gives a

7:V(R) = V(S): m—mNS

The map 7 is a projection because if s is a maximal ideal in S then sR is not
equal to R because sRNS = s # S. Therefore s R will be contained in a maximal
ideal m <t R (there may be more) so 7(m) = s.
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Furthermore if m < R then mN.S = g-mN S so points of V(R) in the same orbit
are mapped to the same point in V(S).

The reverse implication is however not true, points that are mapped to the same
point do not need to lie in the same orbit. Because 7 is a continuous map 7 *(x)
must be a closed subset, so if there exists an orbit O that is not closed and
w = m(O) we know that 7—!(w) must contain points outside 0. Note that if G
is finite then this problem does not occur because all orbits contain only a finite
number of points and are hence closed.

The projection map 7 has a special property. Suppose ¢ : V(R) — X is a map to
another variety that is constant on orbits (¢(gv) = 1(v)) then the corresponding
¢* : C[X] — R maps C[X] inside S. This means that we have a map 7 from
V(S) to X such that ¢ = To.

This means that 7 is the closest we can get to a quotient in the category of
varieties, therefore we will call 7 a categorical quotient and we will denote V' (5)

by V/G.

Suppose that O; and Oy are two closed disjoint orbits. These correspond to two
ideals 01, 0o <t R the fact that they are disjoint translates to o1 + 0o = R and the
fact that they are orbits to ¢ - 0; = 0;. Their images under the projection must
also be disjoint because 01 NS + 02 NS = (01 + 02) NS = S. The inverse image
of a point in V/G contains at most one closed orbit. It also contains exactly one
closed orbit: let O be an orbit in 7—!(p) with minimal dimension then this must
be closed because otherwise O \ O would consist of orbits of smaller dimension.

We can summarize all this in a theorem

Theorem 2.3. If V is a finite dimensional representation of a reductive group,
then there exists a unique variety V /G = V(C[V]®) such that

1. The points are in one-to-one correspondence with the closed orbits in V.
2. The projection V- — V|G is a categorical quotient.
3. If G is finite then as a set V)G =V/G.

18
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2.3 Kleinian singularities

In this section we will determine generators and relations for the rings of invari-

ants C[V]¢.

Theorem 2.4. Fvery Kleinian singularity is generated by three invariants.

Proof. In order to prove this we define a map ¢ : C[V] — C[V]%, the Reynolds
operator,

1 g
Q(f):@2f~

geG

This map is a projection p? = ¢ and it is the identity operation on C[V]¢. So to
get a basis for the ring of invariants we can look at the set of images of all the
monomials in C[V].

0 XY,

We will now consider the different types

A, If g is the generator of the cyclic group then g- X = (X, ¢ Y = ('Y with
¢ = e*"/k. Therefore

oX'YT =) gF XY
k=1

— Z Ck(i—j)Xiyj
k=1

_J0 1#j modn
| nXiyd i=j modn

From this one can deduce that all invariants are generated by X", Y™ and
XY.

D,, The elements of this group can be written as

Y k
0 1 1k C O
= < k< <[ <
(z' 0) s'g (0 C_l) 1<k<2n,1<1<4
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Therefore
2
o XY = ank XY 4 sgk - XYI
k=1
= FOID(XYT i XYY
k=1
0 t# 7 mod 2n or

= XY/ —-YIX" i=3 mod 2n and i is odd .
XY/ +Y/’X" i=3 mod 2n and i is even

From this one can deduce that all invariants are generated by X?Y?, XY (X?" —
Y?") and X% + Y2,

E¢ The group is generated by two matrices of order 6:

il i+l i+l il
2 2 2 2
_%1 —if1 ) and il =i
2 2 2 2

Using calculations in GAP we can find 3 generators: XY (X*—Y*), (X*-Y*)?+
16XV (X* 4+ YV*)? = 36X*VH(X* + YY),

E7 The group is generated by E6 and a matrix of order 8:

V24+/2i 0
2
( 0 \/5—\/51')

2
Therefore we can express the invariants of E7 in terms of those of F6: (XY (X*—

Y2 (X4 — Y2 + 16X4Y4, XY — 34X 18YP 4 34X°5Y18 — XYI7.

Eg The group is generated by E7 and a matrix of order 10:

V24+1/2i 0
2
( 0 \/5—\/51')

2

]

Theorem 2.5. The ideal of relations between the 3 generators of the ring of
muvariants is generated by one element. These relations are

A, XY + 27,
D, X™'— XY?+ 72,
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E¢ X1 +Y3+ 72

E, X3Y +Y3+ 72,

Ey X°4+Y3+ 72,
Proof. The dimension of the quotient space must be two because the map C? —
V/G has finite fibers. If the ideal would be generated by more than one generator

C[X,Y, Z]/p, its corresponding variety would not be two-dimensional. The exact
relation can be easily deduced from the generators above. O]

To give you a flavor of what these quotient varieties look like, we include some
graphs of the real parts of the equations.

A6 D2 E6

o,
DN
DTN

A

E7 E8
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Chapter 3

Smash Products and
Preprojective Algebras

In this chapter we will associate several noncommutative algebras with these
Kleinian singularities

3.1 Cayley-Hamilton Algebras

From linear algebra we recall that every n x n-matrix A satisfies its characteristic
polynomial

XA(X) = det(4 — X1)

the coefficients of this polynomial can be expressed as symmetric functions of the
eigenvalues of A, (\;)

XA(X) = X" =Y ONXTT b (SDF YT A A e (S D) A A
7 11 <o <tp

We can rewrite these coefficients in function of the traces of the powers of A using
the expressions TrA* = >~ AF.

(TrX) 2— TrX ()

In this way we have found an expression of the characteristic polynomial using
only traces.

xa(X) = X" —TrAX" ! +

Now we will expand this notion of characteristic polynomials to a broader class of
algebras. If A is a finitely generated algebra with finitely generated center Z(A)
then a trace function is a linear map A — Z(A) satisfying the conditions
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o Va,be A: Tr(ab) = Tr(ba),

e Va,be A: Tr(Tr(a)b) = Tr(a)Tr(b).

For these algebras it makes sense to define a characteristic polynomial of order
n xMX) € Z(A)[X] using the expression (x). Now we will call A a Cayley-
Hamilton Algebra of order n if and only if Trl = n and every element satisfies its
own characteristic polynomial of order n: x7(a) = 0.

A morphism between n'* Cayley-Hamilton Algebras will be an algebra morphism
¢ : A — B that commutes with the trace: Trg o ¢ = ¢ o Try. We can use these

morphisms to turn the class of n'* Cayley-Hamilton Algebras into a category:
CH,.

The importance of these Cayley-Hamilton Algebras is that the allow a nice gener-
alization of the algebra-geometry correspondence to non-commutative algebras.

CH,, has an object of special importance: the matrix-algebra M, = Mat,,(C).
We will call a morphism of A to M, a trace preserving representation.

Let A be a CH-algebra defined by a finite number of generators and relations.
This means that we can write A as a quotient of a free algebra:

A= C(Yl,,Yk>/R with R = (Tl,...,rl).

We will write the generators of A as y; := ¥; mod R. We can also If A is
generated by 1, ..., y, then we define we can associate to every trace preserving
representation p a point in C*’* = (M,)*: (p(y1), ..., p(yk)). The set of all points
corresponding to a trace preserving representation will be denoted by trep,, . A.

On the other hand if we have a k-tuple of matrices (A; ..., Ax) that satisfies the
relations rq, . .., ry and the trace relations Trw(A; ..., Ag) = [Trw(y;)] (A1 ..., Ax)
we can construct a morphism

p:A— Mat,,(C):y; — A;

This implies that we can consider trep,, A as the closed subset of C"°* where the
functions

Frig 1 CF S C (A AY) > [rml(Ar . ARy
twij : C7F = € (Ay . AR) = [Trw(w)](Ar ..., Ap)iy — Trw(Ay ... Ay

are zero ([rp, (A ..., Ay))i; is the coefficient on the i and the j™ column of the
matrix 7, (A; ..., Ax)). However, the ideal n4 generated by the f.;;,twi; is not
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necessarily semiprime, so it is not always that C[trep, 4] & C[MF]/n4 but we
have that

Cltrep,, A] = C[M"]/\/na with /nq = {a|30: a* € n4}.

So trep,,A can be considered as a variety and as such it is independent of the
choice of generators of A. We will call it the representation variety of A. A will
be called reduced if ng = /n4.

On the other hand we can construct a Cayley-Hamilton Algebra for every closed
subset of X C (M,)* closed under the GL,-action: Denote by M[M¥] the subspace
of M,, ® C[M}] all polynomial maps

o: Mf — M, such that ¢(g- (M, ..., My)) = gp(My, . .. ,Mk)g_l.

This space is an algebra using the pointwise matrix multiplication and it has a
trace function (Trf)(My, -+, My) = Trf(My, -+, My). It is easy to check that
it is in fact a Cayley-Hamilton Algebra of order n.

For X we can define the subset ny = {¢ € M[M}*]|Vz € X : f(z) = 0} This
subset is in fact an ideal and Trnx C nx so

M[X] := M[My]/nx
is also a Cayley-Hamilton Algebra of order n.

The expected generalization of the commutative setting would be that X +— M[X]
and A +— trep, A are inverses of each other giving an equivalence of categories
between CH,, and GL,, — AffV. This is only partly true

Theorem 3.1. For every reduced Cayley-Hamilton Algebra A, we have that
M]trep,, A] = A.

This means that reduced Cayley-Hamilton Algebras are completely described by
their representation variety.

The converse is not true: there are non-isomorphic GL,,-varieties giving the same
CH-algebra. If A is not reduced the theorem still holds if we redefine M]trep,,.A]
as MM}/ (M (n.a) N MIMJ)).

For the GL,-action on (M,,)* we can construct the quotient 7 : (M,)* — (M,,)*JGL,.
Note that if (Mi,..., M) € trep,A then also g € (My,..., M) € trep, A and
one can check that two representations are in the same if and only if they are
isomorphic. It makes sense to look at m(trep,,.A) we will call this the quotient va-
riety of trep,.A and we will denote it tiss,.,A. Cltiss,.A] consist of all GL,,-invariant
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polynomial functions from trep,, A to C and it is easy to see that it classifies the
closed GL,-orbits in trep,, A.

We have a nice description of this quotient

Theorem 3.2.
1. C[(M,)*]° " is generated by functions of the form
(My, -, My) — TrM;, - - M;,.
where some of the i; may be the same and 0 > 1 > n?.
2. Cltrep, A|°" = Tr(A) or equivalently tiss, A = V (Tr(A)).

3. The points of tiss, A are in one to one correspondence with the semisimple
trace preserving representations of A.

We will omit the proofs of this theorem.

3.2 Smash Products

Now we will associate to every Kleinian singularity (V,G) an CH-algebra whose
quotient variety is isomorphic to V/G.

As we know from the second lesson, the action of G on V' gives rise to an action
on the polynomial ring C[V] = C[X,Y]. Construct the vector space C[V]IG| we
can identify the standard basis elements with the elements in the group, such
that every element of this space can be written uniquely as a sum of f(X,Y)g
where f(X,Y) is a polynomial function and g is an element of G. We can now
define a product on this vector space

fi(X,Y)gs X f;(X,Y)g; = (figi - f1)9:9,

in this expression the - denotes the action of G on C[V]. One can easily check that
this product is associative and by linearly extending it to the whole vector space
one obtains an algebra: the smash product of C[V] and G. In symbols we write
C[V]#G. The center of this algebra can be easily determined: if z = f,9 € Z
then

VieClV]: [z fl=f(f—g-flg=0and Vh e g: [z,h] = (h- fg = fo)gh

The first equation implies that f, = 0 if g # 1 and the second implies that f;
must be a G-invariant function so we can conclude that

Z(ClVI#G) = C[V]%.
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We can also embed this algebra into Mg (C[V]): if we consider C[V]IG| as a
space of row vectors then multiplication on the right with g can be modeled with
a permutation matrix and multiplication with a function f with the diagonal
matrix

g f

gic| - f

The standard trace on Mg (C[V]) gives a trace on C[V]#G making it a CH-
algebra of order |G|. For this trace we have that

(> f,9) =Y _w(f)Trg=> g fi € Z(C[VI#G)

geG

The fact that the trace comes from an ordinary matrix trace implies that the
CH-identity is satisfied. Note also that the trace maps surjectively onto C[V]¢.

3.3 Quivers

A quiver @ = (Qo, Q1,h,t) consists of a set of vertices Qy, a set of arrows Q)
between those vertices and maps h,t : A — V which assign to each arrow its
head and tail vertex. We also denote this as

(W) ~—)-
The Euler form of Q is the bilinear form yq : Z#V x Z#V — 7Z defined by the
matrix
mi; = 0y — #{a|O=—"—D, }

where ¢ is the Kronecker delta.

A sequence of arrows a; .. .a, in a quiver Q is called a path of length p if t(a;) =
h(a;41), this path is called a cycle if t(a,) = h(ay). A path of length zero will be
defined as a vertex. A quiver is strongly connected if for every couple of vertices
(v1,v9) there exists a path p such that s(p) = vy and t(p) = vs.

A dimension vector of a quiver is a map a : ()9 — N, the size of a dimension
vector is defined as |a| == ., a,. A couple (@, a) consisting of a quiver and
a dimension vector is called a quiver setting and for every vertex v € Qq, v, is
referred to as the dimension of v. A setting is called sincere if none of the vertices
has dimension 0. For every vertex v € )y we also define the dimension vector

0 v+#w,

eU:V—>N:wr—>{
1 v=w.
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An a-dimensional complex representation W of () assigns to each vertex v a linear
space C* and to each arrow a a matrix

W, € Mat (C)

Qh(a) X Yt(a)

The space of all a-dimensional representations is denoted by Rep(Q, «).

Rep(Q, @) := @) Mata, , xa, (C)
acA
To the dimension vector a we can also assign a reductive group
GL, := @ 6L, (C).

veV

An element of this group, g, has a natural action on Rep(Q, a):
W = (Wa)a6A7 W9 = (gt(a)Wags_((ll))aeA

The quotient of this action will be denoted as

iss(Q, ) := Rep(Q, @) J/GL,.

Quiver representations can be seen as representations of an algebra, called the
path algebra. If we take all the paths, including the one with zero length, as
a basis we can form a complex vector space C(). On this space we can put a
noncommutative product, by concatenating paths. By the concatenation of two
paths a; ...a, and by ... b, we mean

L aj ... apbl c. bq S(Clp) = t(bl)
al...ap~b1...bq = {O t(ap)#h(bl)

For a vertex v and a path p we define vp as p if p ends in v and zero else. On the
other hand pv is p if this path starts in v and zero else.

The vector space CQ equipped with this product is called the path algebra. The
set of vertices Qp = {vy, ..., v} forms a set of mutually orthogonal idempotents
for this algebra. The subalgebra generated by these vertices is isomorphic to
CQy = C% and this is also the degree zero part if we give CQ a gradation using
the length of the paths.

Suppose we have an n-dimensional representation p of the path algebra, then we
can decompose the vector space C" into a direct sum

C, = p(v1)C" @ -+ & p(vg)C".
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Note that p(v;) acts like the identity on p(v;)C". Choosing bases in p(v;)C" we
can associate with every arrow a of () a matrix W, corresponding to the map

(@) pe(apen = p(t(a))C" — p(h(a))C"
These matrices give us a quiver representation W with dimension
a: Qo +— N:v;— Dimp(v;)C".

The identification of p with a quiver representation depends on the choice of the
base and hence there is still an action of GL, working on this representation.
Making the quotient we can say that every equivalence class of n-dimensional
CQ-representations defines uniquely an a-dimensional representation class of @,
for a certain « of size n. This implies that if we take take the quotient in Rep,, CQ)
or in Rep(Q, a) we get the same. In symbols we have

iss, CQ = |_| iss(Q, a).
|a|=n

Viewing quiver representations of a quiver as representations of a algebra we
easily translate the concepts simple and semisimple representation to the quiver
language.

A representation W is called simple if the only collections of subspaces (V,)yev, Vo
C* having the property

Va € A: Wavs(a) C Vt(a)

are the trivial ones (i.e. the collection of zero-dimensional subspaces and (C*),cv ).

The direct sum W & W’ of two representations W, W’ has as dimension vector
the sum of the two dimension vectors and as matrices (W & W'), := W, & W_.
A representation equivalent to a direct sum of simple representations is called
semisimple.

From this point of view an orbit of a quiver representation is closed if and only if
this representation is semisimple. So one can also consider iss((Q), ) as the space
classifying all semisimple a-dimensional representation classes.

Path algebras of quiver perform a similar function as free algebras (in fact free
algebras are path algebras of quivers with one vertex). Every algebra over
CQo = C®* can be seen as a quotient of a path algebra of a quiver with k vertices.
If we want to study the representations of A = CQ/Z, we can see them as repre-
sentations of C@) satisfying some relations. Therefore it makes sense to consider
the variety of a-dimensional representations of A, this is the closed subset of
Rep(Q, ) satisfying the relations in Z. We will denote this variety as Rep(A4, «).

29

N



CHAPTER 3. SMASH PRODUCTS AND PREPROJECTIVE ALGEBRAS

Because this is a closed subset of Rep(Q, «), the quotient Rep(A, ) /GL, can be
seen as the image of Rep(A, «) under the quotient map Rep(Q,«) — iss(Q, ).
Again it classifies the semisimple a-dimensional representations up to isomor-
phism and hence we denote it by iss(A, a).

3.4 Getting Quiver representations from Smash
Products

To go from the smash product to quivers, we recall from the first chapter that

Mat,,, xn,
CG =
Matnk XN

Where k is the number of simple representations of G' and nq, ..., n; are the di-
mensions of these representations. Now let e denote the element that corresponds
to the matrix having a 1 in the upper left corner for each representation and zeros

everwhere else. .
0

e CG.

0

This element is the sum of k idempotent elements with a unique one, we denote
these by ey, ..., er. Each of these corresponds to a unique simple representation
of G. These representations can be seen as S; = CGe; The e; also have the
property that for a CG-representation W the dimension of the subspace e;W is
the same as the multiplicity of S; inside W. Another important property is that
the ideal generated by e is the full group algebra, CGeCG = CG@G, this is because
matrix algebras have no proper ideals and e has a nonzero value in every matrix
component of CG.

Given the algebra A = C[V|#G, we look at the subspace II := eAe. This space
is again an algebra but its unit element is now e instead of 1, it is called the
preprojective algebra of G and V. The preprojective algebra is closely related
to A: they have the same representation theory. If W is a representation of
A then the subspace eWW is a representation of II. On the other hand if W is
a representation of Pi we can turn it into a representation of A by taking the
tensor product

Wi =AW = Ae Qs W
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These two operations are each other’s inverse:

e(Ae@p W) = eAe Qcace W =W
Ae@pneW = Ae @esae eAQAW = AeAQAW = A4 W =W.

So instead of looking at the representations of A we can consider representations
of II. II has the advantage that it is an algebra over eCGe = C®* so it is the
quotient of a path algebra of a quiver.

Not all representations of A are of interest, we were only considering trace pre-
serving representations of A. These corresponds to representations of Il with a
special dimension vector.

If W is a trace preserving representation of A then it is also a trace preserving
representation of C(Q). Because Trcgg = |G|, we know that W must be iso-
morphic to the regular representation of G. This means that e;/W = e;elV is
n;-dimensional where n; = dim.S;. So eWW is an a-dimensional representation
with a; = n; = dim S;.

We can conclude that

trepA//GL,, = Rep(Il, o) /GL,,

Finally we need an explicit description of II in terms of its quiver and its relations.
The vertices of the quiver are already known these are the simple representations.
The arrows will correspond to generators of A, these sit inside the degree 1 part:
A; = (CX + CY)CG.

Now for every couple 4, j we can choose a basis for the subspace e;(CX+CY)CGe; C
C[V]#G. The union of all these bases forms a basis {aq,...,q} for the space
eAje. We can now construct a quiver Qg with vertices the set {eq,...,ex} and
as arrows {ap,...,a;}. If the arrow ay sits in e;(CX + CY)CGe; then we let it
run from e; to e;: h(as) = ej,t(ar) = e;.

Theorem 3.3. Q¢ is the McKay Quiver of G.

Proof. The dimension of e;(CX + CY)CGe; is the same as the multiplicity of e;
in V®CG O

To obtain the relations we show first write out eXY — Y Xe in terms of these
arrows. In the case of A, this is easy to do, eXe will correspond to all clockwise

arrows (i > i+ 1) and eYe to all anticlockwise arrows (i — 1 & i). Therefore the
relation will turn out to be
Z a;—1b; — bit1a;

i
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Because every term above consists only of paths from ¢ to i, all these terms
must be zero separately. For the other cases one can do similar things but the
calculations become more complicated. We will only state the general result
without proof.

Theorem 3.4 (Crawley-Boevey). Choose an involution on the arrows -* : Q1 —
Q1 such that h(a*) = t(a) and t(a*) = h(a). Take a subset A C Q1 such that
every arrow can uniquely be written as a or a* with a € A. Now we can express
the preprojective algebra as

g = (CQg/(Z aa* —a*a).

acA
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Chapter 4

Resolutions of Singularities

4.1 Non-affine varieties

Up until now we have only seen affine varieties, however one can construct far
bigger class of varieties by gluing affine varieties together.

Let V' be a topological space, such that it is the union V4 U --- UV, of open
subsets, and suppose that each V; and each intersection V; NV} have the structure
of reduced affine varieties and that the natural embedding V; N'V; — V; can be
seen as morphisms of affine varieties, then we will call V' a (pre)variety.

Morphisms between varieties are maps ¢ : V' — W such that the ¢[y,ny-1v,) are
morphisms of affine varieties.

The standard examples of non-affine varieties can be done using the Proj -construction.
If A is a graded ring such it is generated by X7, ..., X, with degree 0 and Yy, - - - Y},
with degree 1 end let ry, ... 7, the homogeneous relations between the generators,
then we can define a subset

Proj A:={(x1,...,Zn, Y0, -, Ym) € C" X P"|ri(x1, ..., Ty Yo, - -, Ym) = 0}
This set is well defined because if r; is of degree d then
T @1, Ty A0y s AYm) = 0 A2y, T, Ao, -+ AYm) = 0.

Now we can cover by affine open subset V; corresponding to the locus where y; is
NoNzero:

VZ._{(ml,...,xn,/\%,...,y;_lly;;l,...,%)|(m1,...,xn,yo,...,ym) € Proj A} c C*t™
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Note that C[V;] = Aly; '] and C[V; N Vj] = Aly; ', y; '] so Proj A is indeed a
variety.

This variety can be mapped to V' (Ag) by the ordinary projection

(T1, e Ty Yor e+ Ym) — (X1, .o, ).

With all this in mind we can introduce the concept of a resolution of a singularity:

Definition 4.1. If V' is a singular reduced variety then the morphism of varieties
m: W — V is a resolution of V' if

e 7 is a surjection,

e there is an open parts Uy C V and Uy C W such that 7|y, is an isomor-
phism between Uy, and Uy,

e W is smooth (if W is not smooth we call 7 a partial resolution). The locus
of W for which 7 is not one-to-one is called the exceptional fiber.

4.2 Blow-ups

An interesting way of constructing resolutions is by using blow-ups. Suppose V'
is an affine variety and n < C[V] is an ideal corresponding to the closed subset
X. The blow-up of X is then defined as

V =ProjClV]@ut@n’t* @ - .

The standard projection 7 : V — V is at least a partial resolution because if
p € V\ X and yot, . ..yt are the generators of nt is there must be at least one
y; that is not zero on p, so the preimage of p will only contain the point

(z1(p), -+ 2a(P), Y0(P), -, Ym(P))

We will now calculate the blow ups corresponding to the kleinian singularities.
The ring C[X,Y, Z]/(XY — Z?) has a unique singularity in the point (0,0,0)
because

(ax, ay, 82)7‘ = (Y, X, QZ) =0« (X, YV, Z) = (0, 0, O)
The blow-up is (using the convention x = Xt,y = Yt,z = Zt)

Proj C[X,Y, Z]/(r) & (X,Y, 2t ® (X,Y, Z2)** @ - - -
CIX,Y, Z, x,y,z]
(XY - 22 Xy—aY,aZ — X2, Yz—yZ Xy — Zz,xy — 22)
={(X,Y,Z,X,Y,Z) € C}\ {0} x P*|XY — Z*} U {(0,0,0,z,y, 2) € P*|zy — 2* = 0}
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where the last bit is the exceptional fiber, it is a conic and hence as a variety it is
isomorphic to P;. We can cover the blow-up variety by two parts corresponding
to

r # 0 we can choose coordinates X,n = y/x,( = z/x the relation XY — Z?
becomes X?(n — ¢?) = 0. which is smooth.

y # 0 we can choose coordinates & = x/y,Y,( = z/y the relation XY — Z? be-
comes ¥ ?2(¢ — (?) = 0. which is smooth.

z # 0 is not necessary because it implies that both x,y # 0.
The ring C[X,Y, Z]/(XY — Z™),n > 3 has a unique singularity in the point
(0,0,0) because
(0x,0v,07)r = (Y, X,32*) =0« (X,Y, Z) = (0,0,0).
The blow-up is

CIX,Y.Z x,y,z|
(XY —Zn Xy —zY,..., Xy — Z" 1z, vy — Zn222)
={(X,Y,Z,X,Y,7Z) € C*\ {0} x P*| XY — Z*} U {(0,0,0,7,y, 2) € P*|zy = 0}

where the last bit is the exceptional fiber, it is a union of 2 projective lines that
intersect in the point (0,0,0,0,0,1).

We can cover the blow-up variety by three parts corresponding to
x # 0 we can choose coordinates X,n = y/z,( = z/x the relation XY — Z"
becomes 7 — ("X"? = 0. which is smooth.

y # 0 we can choose coordinates { = z/y,Y,( = z/y the relation XY — Z"
becomes ¢ — (?Y"~2 = (. which is smooth.

z# 0 we can choose coordinates £ = z/z,n = y/z,Z the relation XY — Z"
becomes én— Z"~2 = 0, which has a singularity if n > 3, but this singularity
is 'smaller’ so we can blow it up again.

Diagramatically we get the following

An n—lXIP’l

, Q@<XXX>©()Q
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For Dy we can do the following: The first blow-up has exceptional fiber z = 0
because the relation becomes Xz2 + Xy? + 22 = 0. If we look at the chart for
y # 0 we get the relation

EY + €Y + ¢

which has three singularities, for £ = 0, &i if we blow these 3 up (define &4 = £+1i),
we get 3 exceptional fibers of the form &y + ¢? with ¢ = (t, Zi = t(£ + 0, 44)
(depending on the point blown up). One can check easily that there are no further
singularities.

If n > 2 then the exceptional fiber is z = 0. There are two singularities in the
blow-up, the one corresponding to (1,0,0) which is of the type D,,_5 and the one
in (0, 1,0) which has local equation £"*1Y "1 4+ ¢Y + (2. The blow-up of this last
singularity has as exceptional fiber a conic (look at the degree 2-part) and there
are no further singularities.

The diagram looks as

D,

62@0@1) S @()6

Below we show a picture of the resolution of Ds.

Finally we do the diagrams Fg, E7, Es.

1 0 & oo oo
L 000 0000 CoO0
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L 000 000 00OM0

Mystery: Construct a quiver where the vertices correspond to the P;’s in the
exceptional fiber in the blow up of V/G and there is an arrow from v; to v; if their
corresponding Py’s intersect. This quiver is isomorphic to the McKay quiver of
G without the vertex corresponding to the trivial representation.
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Chapter 5

Semi-invariants and Moduli
spaces

5.1 Semi-invariants

As we have seen in the previous chapter it is possible to get a resolution of an
affine variety by constructing the Proj of a graded ring of which the degree zero
part is the ring of regular functions of the original variety. The method we used
for this was blow-ups. In invariant theory it is also possible to do a different
construction using semi-invariants.

If GG is a reductive group then a multiplicative character of G is a group morphism
0:G — C*: g g’ We will write the action of § exponentially because it will
be very handy later on. The characters of G form an additive group if we define
g1 1% .= g% g% we will also use the shorthand nf =6 + --- + 6.

If G acts on a variety V' then a function f € C[V] is called a 6-semi-invariant if
VgeG:g-f=4¢"f

The subspace of #-semi-invariants will be denoted by C[V]s. This space does not
form a ring, it is only a module over the ring of invariants C[V]¢.

We can construct an N-graded ring by taking the direct sum of all nf-semi-
invariants with n € N:

Slp[V] = €D C[V]ns.

neN

It is easy to extend the proof of theorem to show that Sly[V] is also finitely
generated as an algebra over Sly[V]y = C[V]C.
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A point p € V is called #-semi-stable if there is an f € C[V],4 such that f(p) # 0.
The set of §-semi-stable points will be denoted by V;**. Note that V;** itself is
not necessarily an affine variety but if fi,---, fi forms a set of homogeneous
generators of Slg[V] over C[V]¢ then V* can be covered with affine varieties
corresponding to the rings

R; = ClV][fi '] V(R) = {p € V|fi(p) # 0}

These varieties and rings have G-actions on them coming from the G-action on
V' and one can take the categorical quotient of these varieties. Their ring are of
the form

Slo[VILf; o

and hence one can cover Proj Slp[V] with these quotients varieties. Out of this
one can conclude

Theorem 5.1. The variety Proj Sly[V] classifies the closed orbits in Vi®. If there
exists a 0-semi-invariant that is non-zero in a point of V' then V;* is open and
dense in V' and the image of the map Vy* |G — V|G is dense.

5.2 semi-stable representations of quivers

If ) is a quiver and « a dimension vector then we can look at the f-semi-invariants
of the GL,-action on Rep(Q,«). We will denote this set by Repy*(Q,«), the
quotient of this set by the GL,-action we be denoted by Mj*(Q, ) and is called
the moduli space of #-semistable representations.

First of all we have to look at the multiplicative characters of GL,. For the general
linear group GL,, the characters are given by powers of the determinant, so the
group of characters is isomorphic to Z. As GL,, consists of k = #()y components
each one isomorphic to a general linear group, the group of characters will be
isomorphic to Z*:

0=(0,...,0,): GLy, — C*: (M, ..., My) — det M{" - - - det M*,

In the case of invariants we had a nice description using traces of cycles, for semi-
invariants we can do a similar thing. A way to construct a f-semi invariant is the
following: let 41,...,%5 be the vertices for which 6;, is positive, while ji,...,j; be
the ones with a negative #;,. Now chose for each i and j |0;6;| elements in jCQi
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and put all these in a };6; x >, f;-matrix D over CQ.

M J1ei1 Jieia J1e—is Ji+ts
‘6j19i1|>< . . ‘9j10i5|><
J1et1 J1<11 J11s J11s
Jtein Jeei1 Jteis Jteis
|9jt9i1|>< . . |9jt91‘s‘><
L je<11 Jt—11 Jt1s Jte1s

Now if W € Rep(Q, «v) then we can substitute each entry in D to its corresponding
matrix-value in W. In this way we obtain a block matrix Dy, with dimensions
> il0i] x 325 a;]0;]. One can easily check that

o1
[ 951 7 !

9i1 9iq

954 —1

95t | T

So if Dy, is a square matrix the determinant of Dy, is a f-semi-invariant:
_ 05y 05, — 65| —10is] _ 0
det Dy = det g;* - det g;/* det Dy det g, "' -detg, " = g" det Dy.
We will call these semi-invariants determinantal semi-invariants

Theorem 5.2. As a C[Rep,Q]°-module C[Rep,Qly is generated by determinan-
tal semi-invariants. As a ring Sly[Rep,Q] is generated by invariants (i.e. traces
of cycles) and determinantal nf-semi-invariants with n € N.

Note that this implies that there are only #-semi-invariants if Dy, is a square
matrix so Y, a;|0;| = >, a;]6;] or equivalently 6 - v = 0.

Now we can use this special form for the semi-invariants to get a nice interpreta-
tion for the covering of Rep(Q, a)®sy//GL,.

As we have seen Rep(Q, ) describes the a-dimensional representations of the
pathalgebra CQ. Now if W € Rep(Q,«) is f-semistable then there exists a
> 1051 x 32 [0s]-matrix D with entries in CQ) such that det Dy # 0, so Dy is
an invertible matrix:

HEW . DwEW = 1Z|9j|04j and DwEW = 12‘9“6”

41



CHAPTER 5. SEMI-INVARIANTS AND MODULI SPACES

So W is also a representation of a new algebra for which D is is indeed an
invertible matrix. To be more precise we need a good interpretation a the identity
matrices that appeared in the equations above. Recall that for an a-dimensional
representation W the vertex ¢ can considered as an idempotent in CQ) and 4y will
correspond to the identity matrix on the a;-dimensional space ¢W/. The identity
matrix 1y-1g.j; can hence be considered as the evaluation in W of the matrix

_]'1 -

K J1 [h(Du) ]
1j == . - T,
Jt h(Dpp)

L Jt

Now we define £ = F,, to be the matrix such that DFE = 1; and ED = 1, so

> DucBe = Suh(Dup) and > " Eye Dy = Suut(Dyp).

Now we define the universal localization of CQ at D to be the algebra

CQ[D_l} = CQE/(Z DywEry — 5w/h(DuM)a Z EywDyy = 5uvt(DuM))
Here Qg is a new quiver consisting of () together with extra arrows £, such that
h(E,,) =t(D,) and t(E,,) = h(D,,).

There is a natural map CQ — CQ[D~'] so we also have a map
Rep(CQ[D '], a) — Rep(Q, o)

This map is an (open) embedding because (D~ ')y is uniquely defined by Dy,
its image consist precisely of these representations of CQ) for which det Dy, # 0.

Theorem 5.3. Repy*(Q, ) can be covered by representation spaces of universal
localizations of CQ. This covering is compatible with the GL,-action, so M§*(Q, «)
can be covered by quotient spaces of universal localizations of CQ.

This theorem also holds for quotients of path algebras. We will work this out in

the next section for the preprojective algebras.

5.3 Moduli space for preprojective Algebras

So lets now take a closer look at the case of Kleinian singularities. As we already
know we can consider the singularity as the quotient space of the preprojective
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algebra over the McKay quiver with the standard dimension vector.
V//G = iSS(H(;, agqg.

In order to construct a nice desingularization of this space we have to find a

good character. Let eq,..., e, be the vertices of the quiver and let e; correspond
to the trivial representation. For every vertex e; # e; there exists a character
0; mapping e; to —ag; = —dim.S;, ¢; to 1 and all the other vertices to zero.

We denote the sum of all these 6; as theta and this will be the character under
consideration:

0(61) = —|C¥G| +1 and GZ =1ifs 7£ 0.

Theorem 5.4. If VG is a kleinian singularity and V)G — V)G is its minimal
resolution, then V |G = M3*(Ilg, o).

The semi-invariants are constructed using matrices D of which the entries are all
paths starting from e;. If we construct Dy, then every column of Dy, corresponds
to a column of D because the dimension of e; is 1. The determinant is linear
in the columns so we can chose D up to linear combinations of the columns. In
this way we can turn D into a form such that Dy, is block diagonal with the
dimension of every block corresponding to the dimension of a vertex. This means
that the f-semi-invariants are generated by products of the #;-semi-invariants.
Therefore we can conclude that a representation is #-semistable if and only if it
is 6;-semistable for every 1.

The 6;-semi-invariants are generated over Cliss(Il, a)] by D’s that are 1 x dim S;,-
matrices whose entries are paths from e; to e;. Using the preprojective relation
and the relations from matrix identities one can find a finite number of gener-
ating paths. For instance, these paths cannot run twice through a vertex with
dimension 1 otherwise we could split of a trace of a cycle (and this is contained
in Cliss(IT, )]). If there are k; such paths there are C¥ generators for the semi-
invariants.

This means that we can embed M3*(11, o) in
k n
C3 x PO x - x PCan

The first factor is for the 3 invariants, the others for the #;-semi-invariants for
every ¢ > 1.

We will now look at the different cases, separately.

1. A, Up to multiplication with invariants there are for every e; exactly two
paths from e;: a clockwise p; and a counterclockwise ¢;. Each of these paths
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gives a theta;-semi-invariant. The projection map Repy’ (IT, o) — M5* (11, @)
can now be seen as

W — [(XW) YW7 ZW)a (p2a Q2)W7 R (pm Qn)W]

To calculate the exceptional fiber we must look at the semistable represen-
tation that have zero invariants (X,Y, 7). Because X is zero there must
be an i such that p;y; # 0 but piy1y, = 0. Semistability then implies that
Giv1w # 0. Also g;—1y, must be zero otherwise Z = p; /p;—1¢i—1/¢; would not
be zero. This means that a point P comes from a point in the exceptional
fiber if it is of the form

[(07070)7 (170)7 ) (170)7 (pi,Qi)Wa (Ov 1)7 HR) (07 1)]

From this we can conclude that the exceptional fiber is indeed the union of
n — 1 IP; intersection each other consecutively.

For this case we can use the preprojective relations to show that for the
vertices of dimension 1 there are always two independant paths: e.g.

%ﬂc{*@\éand%*.rwﬁizgwﬂm\é

For a vertex with dimension 2 we have 3 paths that matter e.g.

%7 B’*oand%--’“‘

N N

To calculate the exceptional fiber we first assume that there is a vertex of
dimension 1 for which the two paths are nonzero. If this is the case then the
longest path for the other vertices with dimension 1 must be zero otherwise
the invariant connecting those 2 vertices is nonzero.

to be continued
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