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Introduction to lecture 3

In the proof of Laudal's structure theorem, we actually lift the restriction
of the pro-versal family explicitly by defining its A-module structure. That
is, with the notation above, let H(M) = H = (Hj;). Then we have defined
the pro-versal family My € Defp(H) by the morphism

n: A— (H,J Rk Homk(l\/l,-, MJ)) = EndH(MH).

Notice that Endy(Mpy) is a k-algebra, and that My, ..., M, are exactly the
the simple Endy(Mpy)-modules. We actually have the following:
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Introduction to lecture 3

Theorem

(A generalized Burnside's theorem) Let A be a finite dimensional
k-algebra, k algebraically closed. Let M = {Mj,...,M,} be the family of
simple (right) A-modules. Then the morphism of the versal family

n:A— OAM) = Endy(My)

is an isomorphism.

Proof.

The proof can be found in the book [3]. For short, we state that the
injectivity follows by the theory of iterated extensions which computes the
kernel, and the surjectivity then follows by the Wedderburn-Malcev
structure theorem. O
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Introduction to lecture 3

One of the main consequences of Theorem 1 is that the O-construction is
closed. This is the content of the next result which will be essential in the
construction of noncommutative affine schemes.

Corollary

Let M ={Mj,...,M,} be a set of r finite dimensional, right A-modules.
Then M is the set of simple OA(M)-modules, and

0" MI(M) =~ 0AM),

i.e. the O-construction is closed.
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Noncommutative Schemes
Introduction to lecture 3

Proof.
First, notice that

OA(M) = EndH(I\/IH) = (H,'j (S Homk(/\/l,-, /\/IJ)) — @,(:1 Homk(l\/l,-, M,’)

so that the M;'s are right O*(M)-modules. Burnside's theorem states
that when k is algebraically closed, M is simple if and only if the structure

morphism is onto, proving that in this case, M is exactly the set of simple
OA(M)-modules.

We have that O*(M)/ 1" is finite dimensional for n > 0. It follows from
Theorem 1 that

OAM)/ 1" 5 00" M (M) /1
is an isomorphism for each n. By the completeness of OA(M) we have
OAM) = lim OA(M) /17 ~ lim O M(M) /17 ~ 0O M) (M)
— —
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Commutative Affine Schemes

We are looking for a definition that can be generalized. The main obstacle
is that noncommutative k-algebras lack the utility of localization. Using
deformation theory, one of our main results is that we can define the
localization of A in an element f € A. In this subsection we recall the
functorial construction of sheaves and schemes in the ordinary
noncommutative situation.
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Commutative Affine Schemes

We define sheaves on a topological space by limits: Let X be a topological
space. Let Top(X) be the category with objects the open subsets of X
and morphisms the inclusions. A presheaf in a category C on X is a
contravariant functor

F : Top(X) — C.
Such a presheaf is called a sheaf if in addition

F(U) = I|£.7~"( V)

vCu
for each open U C X.
Notice that the universal properties of the limit gives the properties of
existence and uniqueness given on elements in Hartshorne [5].
For a commutative k-algebra A which we assume to be a finitely presented
domain, the affine scheme structure (Spec A, Ospec 4) can be defined as
follows. First of all the Zariski topology X = Spec A is generated by the
open sets D(f), f € A.
Noncommutative Geometric Invariant Theory December 2018 7/ 44



Commutative Affine Schemes

Consider the canonical morphism

peD(f) peD(f)

Lemma

Let O(D(f)) be the subring of Ii<Ln A, generated by n¢(A) and n(f)~".
peD(f)

Then O(D(f)) ~ Af.

Proof.
Because 7¢(f) is a unit in Ii{Ln A, there is a homomorphism
peD(f)
¢ : Ar — O(D(f)) given by ¢(a/f") = ne(a)n(f)~". This homomorphism
is both surjective and injective, so an isomorphism. O
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Noncommutative Schemes
Commutative Affine Schemes

The following definition is equivalent to the one given in Hartshorne [5].
Definition
Let A be a commutative k-algebra. Let Spec(A) be the set of prime ideals
p C A with the topology generated by the open sets
D(f) = {p € Spec(A)|f ¢ p}, f € A. We define a sheaf of rings on
Spec(A) by

OSpec(A)(U) = h£ O(D(f))

D(f)CU

Then (Spec(A), Ospec(a)) is a locally ringed space coinciding with the
ordinary affine scheme associated to A.
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Nonommutative Affine Varieties

For varieties, i.e. when A is a finitely generated integral domain, finitely
presented over an algebraically closed field k of characteristic 0, the ringed
space (Spec(A), Ospec a) = (max(A), Omax(a)) can be generalized directly
to the the noncommutative situation. The general embedding of Schy in
ncSchy will be considered later in these lectures.

Definition
We let Simp(A) denote the set of all simple (right) A-modules. For f € A
we define the basic open subset D(f) C Simp(A) by

D(f) = {M € Simp(A) | nm(f) : M — M is invertible }

where for each M € Simp(A), nu(f)(m) = m - f is multiplication by f.
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Nonommutative Affine Varieties

The proof of the following fact is straight forward.

Lemma

The family of sets D(f), f € A, is a basis for a topology on Simp(A).

For an associative k-algebra A, for a set M = {My,..., M,} of simple
A-modules, Corollary 2 says that the k-algebra

OA(M) = Endpyag) (M)

has exactly the simple right A-modules M = {My,..., M,}.
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Nonommutative Affine Varieties

There exists a k-algebra homomorphism
A™ 0A(M)

defining the semi-universal family.

Definition

We call the multi-pointed algebra Ayq = OA(M) the multi-localization of
Ain M.
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Nonommutative Affine Varieties

Lemma
i) If M C D(f) then na(f) is a unit in Ap.
i) Letns: A— lim A be the limit of the morphisms naq : A — Anm.
—
MCD(f)

Then n¢(f) is a unit.

Proof.

Because ny is given deformation theoretically as naq(a) = a + £(a) with
&(a) in the Jacobson radical, it follows by definition of D(f) that np(f) is
invertible, i.e. a unit in Axq. Now ii) follows from the sheaf condition: An
element that is a unit on all stalks can be lifted to a unit globally. O
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Nonommutative Affine Varieties

Definition
Let A be an associative k-algebra, f € A. Then we define Ar as the
subring of I|<_m A generated by 77(A) together with 17t (f).

MCD(f)

Definition

A ringed space (X, Ox) is called a multi-locally ringed space if for each
finite set of points P the stalk Ox p is a multi-pointed ring. A morphism
(f, %) : (X,0x) = (Y,Oy) of ringed spaces is multi-local if the limit
morphism f# : Oy r(p) = Ox,p is a morphism of multi-pointed rings.
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Nonommutative Affine Varieties

Definition

(Noncommutative affine scheme) Let A be an associative k-algebra. Let
Simp(A) be the set of simple, right A-modules with the topology
generated by the base {D(f), f € A}. Let Osjmp(a) be the sheaf of
k-algebras defined by Ogimp(a)(U) = l'ﬂ Af. Then

D(f)CU

(Slmp(A)v OSimp(A))

is a multi-locally ringed space called the affine noncommutative scheme
associated to A.

Notice that it follows that the stalk of the sheaf Ogjmp(4) in the finite
point-set M is Osimp(a),m = l'ﬂ Osimp(a)(U) = At so that the ringed
MCP(U)

space above is indeed multi-local.
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Example

If Ais commutative and finitely presented, then it is of the form
A = k[x1,...,xp]/l for an ideal I, and there is a bijective correspondence
between X = Simp(A) and the closed points of Spec(A), given by

M — Ann(M).

In fact, M = A/m for a maximal ideal m C A, and A/m ~ A/m’ as right
A-modules if and only if the maximal ideal m = m’ coincide. For any

f €A wehavethat M-f =M if M- f #0, since Mf C M is an
A-submodule in the commutative case. Therefore, a simple module

M = A/m € D(f) if and only if f ¢ m. It follows that when X = Simp(A)
has the Jacobson topology and Spec(A) has the Zariski topology, the
bijective correspondence between X = Simp(A) and the closed points in
Spec(A) is a homeomorphism.
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eI R S
Example

Let X = Simp(A) for the noncommutative algebra A given by

A= (5 )

In other words, A is a tensor algebra of the k2-bimodule V/, where
dimy Vjj =1 for (i,j) = (1,1),(1,2),(2,2) and Vo1 = 0. Then we have
that

X={My:ackiU{Ng:pekt=AT]A

where M, = k[x11]/(x11 — @) and Mg = k[x22]/(x22 — 3). As a topological
space, X is a disjoint union of the two affine lines, since we have that
D(e1) ={M, : a € k} and D(ep) = {Ng : 5 € k} are the connected
components of X.
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eI R S
Example

The multi-localization in the finite set M = {M,, Ng} is given as

A, — (Hll(M) Rk Endk(Ma, Ma) H12(M) Rk Homk(Ma, Ng))
M Ha1 (M) ©4 Homg(Ng, My)  Haa(M) @y Endg(Ng, Ng) )

This is easily computable as there are no non-trivial relations in the
definition of A, and as the two simple modules under consideration is both
of k-dimension 1. We get

A Hi1(M)  Hia(M) _ (k<> < xip >
M H21(M) H22(M) 0 k<< x0o>)"
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eI R S
Example

Also notice that this extends to finite sets with more than two elements,
e.g. for M’ = {M,, My, Ng} we get

k < x11 > 0 < x13 >
Apm = 0 k<€ xo0 > <K Xxo3> ,
0 0 k < x33 >

for M" = {M,, N3, N3} we get

k < x11 > < X120 > < x13 >
AM: 0 k < x00 > 0
0 0 k < x33 >

and there are (natural) canonical restriction morphisms
rmem A./\/l’ — AM, rmcme . AM’ — AM.
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Example - Geometric Algebras

We consider the class of finitely presented tensor-algebras with
commutative k-algebras on the diagonal. These are essential for solving
problems in (commutative) algebraic geometry by noncommutative
algebraic geometry, and we call them geometric algebras.

These algebras are most conveniently introduced by examples, where the
generalization is clear.

Consider a line and a parabola in 2-space intersecting in the origin.

y =x?and y = cx.

We identify the points in the intersection of these curves.
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Example - Geometric Algebras

<k[t11(1), t11(2)] k<t12(1)> > F <2 1>
k(t21(1)) k[t22(1), t22(2)] o \1 2

(ti2(1)(t22(1) = t5,(2)), (t22(1) = ct2(2))t21(1))  ~ (fa2, 1) »

We will study its affine nc scheme (Simp(R), Osimp(r)), and eventually,

prove that O(Simp(R)) ~ R.

In general, the simple modules are the disjoint union of the simple modules

on the diagonal. In our case this gives

R —

Simp( ) (k[tn t11(2 H V k[t22 t22(2)]) = V1 H V2

where we for a k-algebra A let V(A) be its variety.
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Example - Geometric Algebras

There is a possibility for having relations on the diagonal,and the
generalization is clear. Put

Mi(a, b) = k[ti(1), ti(2)]/(ti(1) — a, ti(2) — b)

for i = 1,2 and a, b € k. As the topology on each of the affine varieties V]
is well known, we find that the topology on Simp(R) is the product
topology of V4 and V5, just saying that Simp(R) = Vi [[ V2 as a
topological space.
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Example - Geometric Algebras

From the Tangent Lemma in Lecture 1 it follows that for R = F /f where
f = (f;j(/;)) is a finitely generated two-sided ideal we have that

9
ot;

Exti(Mi(P), M;(Q)) = Extp(Mi(P), M;(Q))/ (5.~ (P, Q))

where the ideal in the quotient means the derivations of all polynomials in
f in all the variables t;;(/;) and evaluated in the point P on the left, Q on
the right. This again says that the relations in § must satisfy d(f) = 0.

Arvid Siqveland Noncommutative Geometric Invariant Theory December 2018 23 / 44



Example - Geometric Algebras

It is well known that for A a finitely presented commutative k-algebra, k
algebraically closed, m;, my two different maximal ideals,

Exth(A/my, A/my) = 0.

From this it follows that if we have two different points P, Q in the same
entry on the diagonal, that is the set of simple modules

{M;(P), Mi(Q)}, P +# @, then

Extr(Mi(P), Mi(Q)) = Exty, 1) 1,2y (Mi(P) Mi(Q)) = 0.
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Example - Corollary

Let R = F/f be geometric. Then there are the following possibilities for

pairs of simple (one-dimensional, right) k-modules and their tangent
spaces:

A duplicate of a point in one diagonal entry. Then

Exth(M{(P), Mi(P)) = Extk(Mi(P), Mi(P))/ (512 (P))

Two different points P # @ in the same entry. Then
Extk(M:(P), M(Q)) = 0.
Two points P and @ in different entries of the diagonal. Then

Exth(MH(P), MH(Q) = Ext(Mi(P), M(Q))/(5-(P, Q).
ij

Arvid Siqveland Noncommutative Geometric Invariant Theory December 2018 25 / 44



Example - Geometric Algebras

We will start by applying the general concepts to our present example,
with the given geometric algebra R from (1). We start by considering two
points

{M;(a, b), Mx(c,d)} for a particular choice of coordinates on the diagonal.
We make a linear coordinate change, so that it suffices, without loss of
generality, to consider the set of points

M(x,y) = {Mi(0,0) = My, Ma(x,y)}, (x,y) € K*. (2)

The computations given by this choice of a finite set of simple modules
will give us the ability to state the results for the other necessary
computations (other selections of finite point-sets):
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Example - Geometric Algebras

(1)
Extip(My, Mr) = Exti(Mh, My) = k atj(l) ; kﬁfj(?)
1.2
(1.2) X 0 Ofio
Extgr(M1, Ma(x, y)) = (ktlz(l) Otio(1)
2.1
( ) X 0 Of
EXtR(7 MQ(X7y)’ Ml) - (ktgl(l) atZl(]')
(22)
Exti(Ma(x, y), Ma(x.)) = Exti(Ma(x, y), Ma(x,))
— k 0 ® k 0

- 8t22(1) 8t22(2)
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Example - Geometric Algebras

From this we read that the tangent space dimensions are G ;) if the

0 2
It follows that it is sufficient to consider the set of two simple modules
given by

point is (x, y) = (0, 0), otherwise the tangent space dimension is <2 0).

{M1(0,0), M>(0,0)} = { M1, Ma}.

We now use the algorithm given in [3] to compute the hull of the
deformation functor in this finite point-set, the result is
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Example - Geometric Algebras

(k[[tu Jt11(2)] k< (1) > >
k < t21 1 >> kﬂt22(1)a t22(2)]]

(t12 1)(1“ ( ) = 35(2)), (t22(1) — ct22(2))t21(1))

(fi2, f1)

We have an injection
t:R— RM,

and the image is the (algebraic) multi-pointed ring

Ry =im(e) C I%M
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Geometric Algebras

This example can be generalized to any geometric k-algebra R, and we
have the localization morphisms

R—)RM

for every finite set of simple modules M, and because the construction of
the pro-representing hull is natural, this is universal, making R unique.

Corollary

For a geometric k"-algebra R,

OSimp R(Simp R) =R

Proof.

Given any other geometric QAR R’ with multi-localizations R’ this has
to contain all relations and so the localization morphisms factors through
R. O]
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Geometric Algebras

Proposition

Let S be a singularity. Then, adding tangents as in the guiding example
tells us that that there exists a geometric algebra

(Simp(R), Osimpr) — (Spec(S), Ospec(s)) that is a rational morphism to
the singularity, and eventually a noncommutative resolution.
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Noncommutative Varieties

Definition
A noncommutative (nc) variety is a multi-locally ringed space (X, Ox)
such that X has a covering of open affine subsets, i.e. X = U;U; such that

(Ui, Ox|u;) = (Simp(A;), Osimp(a;))

for some k-algebras A;, separated and of finite type over k, running
through an index set. A morphism of nc schemes, is a morphism in the
category of multi-locally ringed spaces.

The noncommutative deformation theory tells us that we can study the
geometry of a k-algebra A by its representations. Thus we already have
the very short and precise definition of a noncommutative variety.

Arvid Siqveland Noncommutative Geometric Invariant Theory December 2018 32/ 44



Noncommutative Varieties

Definition
Let A be an integral, separated k-algebra of finite type over k. A family of
A-modules M is called an affine variety for A if the pro-versal family

M - A— OA(M)

is an isomorphism of k-algebras.

The background for this definition is the generalized Burnside's theorem,
Theorem 1, which implies that for a finite dimensional k-algebra A we
have that Simp(A) is a scheme for A.
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Noncommutative Varieties

Proposition

When A is a geometric k-algebra, Simp(A) is an affine varity for A.

Proof.
We have that ¢ : A —= Osimp(D(1)) = Osimp(Simp(A)) is injective because
A is geometric, and surjective onto its image. O
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Noncommutative Schemes
Noncommutative Varieties

When the ordinary commutative schemes X are algebraic varieties over k,
i.e. integral, separated schemes of finite type over k, the embedding of
schemes works directly because of the reconstruction theorem

A =~ Osimp A(Simp A) which is Proposition 2.6 in [5] stating that the
maximal ideals are sufficient for reconstructing the k-algebra. This says
that the two definitions are equivalent.

Corollary

Let X be a commutative variety. Then the set of closed points
Simp(X) C X is a variety for X.

Proof.
This means that Simp(X) is locally a scheme for A for an open covering
by Spec(A). This follows from Proposition 2. O
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Noncommutative Schemes
Remark

We would like to give a remark on noncommutative schemes that does not
come from commutative ones. This means that there is no algebraic (=
finitely generated) k-algebra A such that O(Simp(A)) ~ A. This is even
worse: There is no reductive group action on an affine commutative
variety resulting in these noncommutative schemes, so they are not even
derived from commutative schemes.
The most trivial example of this is the noncommutative k-algebra in two
variables,

A=k(x,y).

There exist simple modules of any dimension, see Eriksen [2], and so the
ring of observables is necessarily a complete noncommutative k"-algebra
which is not the completion of a k"-algebra with one-dimensional simple
modules only on the diagonal.
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Deformations due to diagrams

To give the stated embedding in the general situation, we need to refine
the families of modules.

Definition
A diagram of A-modules is a set of right A-modules M = {M;}¢,
together with a set of A-module homomorphisms I';; € Homa(M;, M;) for

each pair of modules. The idempotents e; € Enda(M;) is supposed to be
included in the diagram. We will write ¢ = (M, T), and |c| = M.

The details can be found in the proceedings, we just indicate that this
gives the generalization of scheme-theory in general.
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Deformations due to diagrams

Let V = t(Def o jr]) be the tangent space of Def 5 4] and let
W = (Wj;) with Wj; = k% . There are natural k-linear maps
Kij : \/,;k — W given by

rij(5) = (Di(0y5(1)))

where {¢;i(/) : 1 < < djj} are the morphisms from M; to M; in the
diagram c. Since Def 5 x[r] is unobstructed, there is an induced morphism
Kk HM, k[l) = T(W), where T(W) is the tensor algebra of W over k"
(the matrix algebra F generated by the k"-bimodule W), and

ker(k) C H(M, k[]) is an ideal.
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Deformations due to diagrams

Let us also denote by ker(x) the ideal in H(M, A[l']) generated by the
image of ker(x) C H(M, k[']) under the ring homomorphism

H(M, k[T]) = H(M, A[l).

Definition

We define H(c) = H(M, A[l'])/ ker(k), and the ring of observables of the
diagram c to be

O(c) = im(ne) € (H(c)j @« Homy (M, M;)).
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Deformations due to diagrams

For a commutative k-algebra A, let

Spec™(A) = {A 2 A/p : p € Spec(A)},

where the morphisms v, € Homa(A, A/p) is the set of all A-linear
homomorphisms.

Theorem

For k algebraically closed of characteristic 0, for A a commutative, finitely
generated k-algebra A,

O(Spec*(A)) ~ A.
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Summing up

Definition
Let A be a k-algebra. A diagram c of A-modules is called an affine scheme
for A if the pro-versal family

ne:A— O()/R

is an isomorphism of k-algebras, where R is the ideal of relations in the
diagram.

We give the general definition of a noncommutative affine scheme.

Definition
We define Simp*(A) as the diagram Simp*(A) = {A} U Simp(A) with
quiver ™ = U, v esimp(a)Exta(Mi, Mj) U{A = M|M € Simp(A)}.
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Summing up

Lemma

If N1simp* (4) is injective, Simp™(A) is a scheme for A.

Proof.
This follows by definition. It is also proved by O.A. Laudal in [6]. Ol

Definition

We give Simp*(A) the topology induced by the Jacobson topology. On
this topological space we consider a multi-locally ringed space Ogjmp*
defined as in definition 11, and we call this a noncommutative affine
scheme. A noncommutative scheme is a multi-locally ringed space, locally
isomorphic as such to a noncommutative affine scheme.
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Summing up

Proposition
The category of k-schemes is naturally, full, and faithfully embedded in the
category of noncommutative k-schemes, i.e.

sch, C ncSchy

Proof.

Consider a k-scheme X with an open affine cover by (Spec A, Ospec 4).
Consider the diagram Simp*(A) defined as above. The open affine embed
fully as (Simp*(A), Osimp*(4))- The reconstruction holds, and then the
reconstruction lemma proves it is faithful. Notice that this procedure
formally adds enough generic points. Ol
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