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Preface

Abstract

In this thesis we will study the phase space, Ph(A), for an associative k-
algebra A. The phase space can be considered as a noncommutative tangent
bundle. We will derive algebraic notions of points, curves, tangent vectors
and vector fields, in addition to study differentiation of vector fields, and look
at what are called integrable distributions.
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Introduction

In the article Non-commutative phase spaces, and generalized de rham com-
plezes |Lauld|, Olav Arnfinn Laudal defines the phase space Ph(A) of an
associative k-algebra A, where k is a field. The phase space can be consid-
ered as the noncommutative tangent bundle; we will see that the collection
of maps from the phase space of A into the field £k gives us all tangent vectors
at all points of A. Oddbjgrn Mathias Ngdland continued Laudal’s work in
his master’s thesis Noncommutative tangent bundle: The phase space |[Np12].
We will in this thesis proceed by exploring how we can use the phase space
to give an algebraic variant of certain aspects of differential geometry. The
thesis is structured as follows:

In Chapter 1 we will give a quick walk-through on how to construct the
phase space Ph(A) for a k-algebra A. We will, in particular, look at the
phase space of rings of the form

k<xy,x9,...,00 > /1,
where [ is an ideal of k < x1,x9,...,x, >.

Chapter 2 consists of algebraic definitions of points, curves, infinitesimal
curves, tangent vectors and vector fields. In addition we will give an example
to show why it is necessary for the phase space to be noncommutative.

Having defined vector fields and tangent vectors, we will in Chapter 3
see how we can take the derivative of vector fields with respect to tangent
vectors and with respect to other vector fields. After that we will generalize
the derivative to what is called an affine connection, and look at two appli-
cations; torsion fields, and differentiation of vector fields along curves.

In the last chapter, Chapter 4, we will study a certain type of subset of
the phase space Ph(A), i.e., instead of looking at the collection of all tangent
vectors at all points, we will only choose some tangent vectors at each point.



2 INTRODUCTION

By use of the coproduct of noncommutative rings, we will find a condition
for when the phase space of a curve or a subspace of A corresponds to such
a subset.

Throughout the thesis, we will assume that &k is an algebraically closed
field, and homomorphisms are always k-algebra homomorphisms. The reader
should be familiar with basic manifold theory and algebraic geometry.



Chapter 1

The phase space

In this section we will give a short introduction to the construction of the
phase space, Ph(A), for an associative k-algebra A, following [Ng12| and
[Laul4]. The construction involves a certain kind of map called a derivation.

Definition 1.0.1. Assume that A and B are associative k-algebras. A
derivation D: A — B is a k-linear map satisfying the Leibniz rule

D(fg) = D(f)r(g) + £(f)D(g)
for some homomorphism x: A — B.

Let A/k — alg denote the category where the objects are homomorphisms
k: A — R for k-algebras R, and where the morphisms are commutative

diagrams,
A
2N
R, 5

>R2

For simplicity, an object A — R will often just be referred to as a k-algebra R,
and a morphism, i.e. a commutative diagram, as a homomorphism Ry — Ra.
Assume that A — S and A — Ph(A) are two objects in A/k-alg. Let

Derg(A, R)
be the set of all derivations from A into R, and
Homa(Ph(A), R)

the set of all homomorphisms (in A/k-alg) from Ph(A) into R, where R is
some k-algebra. Then

Dery(A,—): A/k-alg — Sets

3
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and
Homyp(Ph(A),—): A/k-alg — Sets

are functors from A/k-alg into the category of sets. Our goal is to find an
object A — Ph(A) such that

Derk(A, —) = HomA/k(Ph(A), —).

Assume that we have an object A — Ph(A) and a derivation d: A —
Ph(A) satisfying the following universal property: For all derivations D €
Deri(A, R) there is a unique k-algebra homomorphism ¢ : Ph(A) — R
such that ¢ od = D. Then Dery(A, —) = Homa(Ph(A),—). The im-
plication the other way holds as well: If an object A — Ph(A) satisfies
Dery(A,—) = Homa(Ph(A), —), there is a derivation d: A — Ph(A)
(corresponding to the identity map in Homa,(Ph(A), Ph(A))) satisfying
the universal property above. Thus, there is an object A — Ph(A) such
that Dery(A, =) = Homa(Ph(A),—) if and only if there is an object
A — Ph(A) and a derivation d: A — Ph(A) satisfying the universal prop-
erty. If such an object A — Ph(A) exists, it is unique up to unique isomor-
phism (a proof can be found in [N¢12]).

For an associative k-algebra A, :: A — Ph(A) can be constructed by
letting Ph(A) be the algebra generated by the symbols a and da for all
a € A, subject to the two relations

1. k-linearity: d(ra) = rda for all r € k and a € A,
2. the Leibniz rule: d(ab) = dab + adb for all a,b € A,

and letting ¢.: A — Ph(A) be the inclusion map. In the special case where
A is of the form
A=k <xzy,x9,...,0, > /1,

we have
Ph(A) =k < xy,29,...,%p,dxy,dxs, ..., dx, > /(I,d]),

where (dI) is the ideal generated by the elements df for all f € I. To
prove this, it is enough to show that there is a derivation d: A — Ph(A)
satisfying the universal property. First, note that ¢ is well-defined since it
sends the ideal I to zero. Let d: A — Ph(A) be the map that sends a € A
to da € Ph(A). The ideal I will then be sent to zero, so it is well-defined.
Suppose D: A — R is a derivation,

D(fg) = D(f)r(g) + w(f)D(g),



where k: A — R is an object in A /k-alg. We define ¢ by letting
o(xi) = r(z;)

and
This is well-defined, and ¢ o d = D. It is also unique, because it is the only
way we can define ¢: Let x;,2; € A and ¢: Ph(A) — R any homomorphism
satisfying ©» od = D. Then
Y(d(ziz;)) = P(dwir; + xid;)
= p(dx;)Y () + ()¢ (dz;)
= D(z;)(z;) + (i) D(z;).
But since ¢ o d = D, we also have that
U(d(@iz;)) = D(wix;)
= D(z;)r(x;) + K(z;) D(x;),
so ¥(z;) = k(x;) = ¢(x;) for all i = 1,2,...,n. Since the object t: A —
Ph(A) with the derivation d: A — Ph(A) satisfies the universal property,
we know that t: A — Ph(A) is the unique (up to unique isomorphism) object

such that
Derk(A, —> = HomA/k(Ph(A), —)

For a k-algebra A, we call the unique object A — Ph(A) satisfying
Derk(Aa _) = HOmA/k(Ph<A)7 _)

the phase space of A. As pointed out earlier, an object in A/k-alg will just
be referred to as a k-algebra. Hence whenever Ph(A) or A are mentioned,
we mean the homomorphism ¢: A — Ph(A) and the identity map on A,
respectively.

Example 1.0.2. The polynomial ring A = k[z, y] may be written as
A=k<zy>/(zy —yz)
=k<zy>/(ry]).
Therefore,

Ph(A) =k < z,y,dx,dy > /([z,y], dey + zdy — dyx — ydx)
=k <w,y,dv,dy > /([z,y], [dz,y] + [z, dy]).
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Example 1.0.3. Let
A =klz,y]/(y — 2*)
=k<zy>/(r,yl,y —2°)
The phase space will then be
Ph(A) =k < z,y,de,dy > /I

where
I = ([xvy]ay - an [diﬁ,?/] + [x,dy],dy — xdx — dl‘l‘)

Because Ph(A) is an associative k-algebra, we can construct
Ph(Ph(A)) = Ph?*(A).

Let the derivation corresponding to the identity homomorphism Ph(A) —
Ph(A) be called dj instead of d, and d; € Der(Ph(A), Ph%*(A)) be the deriva-
tion corresponding to the identity homomorphism Ph?*(A) — Ph*(A). Then
Ph?*(A) is generated by all symbols f and d, f, where f € Ph(A), or, equiv-
alently, by all symbols a, dya, dya and dydya, where a € A.

Example 1.0.4. Let A be the ring from the previous example:
A= Klz,g)/(y — %)

We saw that
Ph(A) =k < x7y7d0x7d0y > /I7

where
I = ([z,y],y — 2% [dox, y] + [2, doy], doy — xdox — do).
Ph?*(A) will then look like
k < x,y,dox, dyy, dix, dvy, dodyx, dodyy > /(I,J),
where the ideal J = d; I is generated by the following elements:

[diz, y] + [z, dry],

diy — xdyx — dyxx,

[dydoz, y] + [dow, dy] + [drz, doy] + [, drdoy],
didyy — dyxdor — xdydor — didorx — doxdyx.



We can continue in this way, and construct
Ph*(A) = Ph(Ph?*(A)),

Ph*(A) = Ph(Ph*(A)),

and in general

Ph"(A) = Ph(Ph" '(A))
for all n € N. We let Ph°(A) = A. In addition to the derivations

dn: Ph™"(A) — Ph"(A),
we have the canonical homomorphisms
1y PR"(A) — Ph™™(A),

Composing a homomorphism with a derivation gives a new derivation, so
dny1 0 1§ is a derivation from Ph™(A) to Ph"t?(A) for all n > 0. Since
Der(Ph"(A), Ph"t2(A)) = Homu(Ph"t(A), Ph"t%(A)), we know that
there is a map

S PRMTY(A) — PRMT(A)

such that d, 1 o = L?H o d,. But now we have that for all n > 1, the
composition

dpy1 00} Ph™(A) — Ph™2(A)

is a derivation. Hence, there exists a homomorphism

it PRMTH(A) — PR (A)
such that d,41 0t} = 3 o d,. Continuing like this, we get a family of
homomorphisms

{L?: Ph™(A) — Ph™(A) o
for each n > 0:

| 6
0 e T
A ——— Ph(A) J Ph?(A) ———— Ph3(A)---
— ~_ 45
In this way we can construct Ph*(A), which is the direct limit of this direct
system. We also get an induced derivation 6: Ph*(A) — Ph>*(A). For more
details about this construction, see [Laul4].
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Chapter 2

Curves, tangent vectors and
vector fields

2.1 Curves

In this section we will derive algebraic definitions of points and curves that
will correspond to the geometric definitions.
Let A = k[xy, 2o, ...,2,] be a polynomial ring. By defining a homomor-
phism
p: A—k,

we assign to each x;, where i = 1,2, ..., n, an element a; € k. This gives us a
point in £™. We could for instance let p(z;) =i for all i = 1,2,...,n, which
gives us the point (1,2,...,n) € k™. Therefore we will have the following
definition of a point:

Definition 2.1.1. Assume A is a k-algebra. A point of A is a homomor-
phism p: A — k.

Example 2.1.2. Let A = k[z,y]/(2* +y*—1). A homomorphism p: A — k
then gives a point on the unit circle. &

A curve in A = k[zy, 29, ..., x,] can be defined similarly. Let v: A — klt]
be a homomorphism. This corresponds to a morphism between the spectra

of these rings,
~: Spec(k[t]) — Spec(A),

which is a map between two topological spaces. A curve in a topological space
X is a map from a line (or part of line; I C R) into X. The set of closed
points of Spec(k[t]), i.e., the set of maximal ideals, corresponds to the affine
line A!, so the morphism 7 actually defines a curve in X = Spec(A). Hence,

9
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the homomorphism ~ from A into k[t] corresponds to a curve in Spec(A).
We will require v to be surjective, because this implies that 7 is injective.

There are, however, other rings than polynomial rings. Consider A =
k[z,z~1]. Tt is not possible to find a surjective homomorphism from A into
k[t]. This is because we would have to map either z or x7! to ¢, and xz~! =1
has to be mapped to 1, which implies that either  or £~! must be mapped
to the inverse of ¢, but ¢ does not have an inverse in k[t]. Again, let us look
at the spectrum of A. The ring A is actually isomorphic to S~1k[x], where
S = {2'};50. The prime ideals of this ring are in one-to-one correspondence
with the prime ideals of k[z] that do not meet S. The only prime ideal in
k[z] that meets S is (x), so

Spec(A) Z{(0)}U{(z —a): a € k,a # 0}.

In other words, Spec(A) is the affine line with the point 0 removed; A'\ {0}.
Therefore we must remove at least one point from the affine line Spec(k|[t])
to be able to obtain an injective map. We could for instance let v be a
homomorphism from A onto T7'k[t], where T" = {t'};>¢, by letting x be
mapped to ¢, and 27! to ;. Of course, Spec(T'k[t]) = Spec(A), and the
morphism corresponding to -,

y: Spec(Tk[t]) — Spec(A),
is just the identity map. We arrive at the following definition:

Definition 2.1.3. Let A be a k-algebra. A curve in A is a surjective ho-
momorphism
v:A— B,

where B is a smooth k-algebra of dimension 1.

A point on a curve v: A — B is a homomorphism p: A — k that factors
through ~, i.e. it is a composition g o v for some ¢q: B — k.

Example 2.1.4. Let A = k[z,y| and v: A — k[t] the homomorphism that
sends x to ¢t and y to 0. The inverse image of the maximal ideal (t —a) C k[t],
where a € k, is the ideal (z — a,y) C k[z,y|. Hence, if we identify Spec(k|t])
with A! and Spec(k[z,y]) with A% the map 7: A! — A? sends a € A to
(a,0) € A%, which gives us the horizontal line through the origin.

Let q: k[t] — k send ¢ to 3. Then ¢(y(z)) = 3 while ¢(v(y)) = 0. )

Example 2.1.5. Let A be as in the previous example, but define v: A — klt]
to be the homomorphism such that v(z) = t and v(y) = t*. Again, we
identify Spec(k[t]) with A!, and Spec(A) with A%. A point a € A! then
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corresponds to the maximal ideal (¢ — a) C Ek[t], whose inverse image is
the ideal (z — a,y — a?) C Spec(A). This ideal corresponds to the point
(a,a®) € A% Thus, v is a parabola.

Choose a point ¢: k[t] — k such that ¢(t) = 2. Then ¢(y(z)) = 2 and
9(v(y)) = 4. %

If v is a curve, it is a map between two k-algebras A and B. Such a map
can be extended to a map between the phase spaces of these k-algebras. We
define ~,: Ph(A) — Ph(B) as follows: For any a € A, we let

and
12(da) = d(a).
This map is well-defined, meaning 7, (d(ab)) = dy(ab), because

Ye(d(ab)) = vi(dab + adb)

d(v(a))v(b) + ~(a)d(~(b))
d(y(a)v(b))
d(v(ab)).

Hence, whenever we have a homomorphism ~v: A — B between two k-
algebras A and B (here B does not have to be smooth of dimension 1),
we can construct a map v.: Ph(A) — Ph(B) giving us the following com-
mutative diagram:

Ph(A) —— Ph(B)

| d

A—" > B

Sometimes we only want to look at a part of a curve. For instance, we
might want to look at the part of the curve v: R — R?, where (t) = (¢, t?),
that starts at ¢t = —2 and ends at ¢ = 2. In algebra, this is not as easy.
Nevertheless, it is possible to define an infinitesimal part of a curve. In the
example above, this can be obtained by restricting v to an interval (—¢, €),
and letting € be arbitrarily close to 0. As we have seen, homomorphisms
from a ring A into the ring k[t] correspond to maps from the affine line
A! = Spec(k[t]) into Spec(A). If we were to look at an infinitesimal part of
the curve A — Spec(A), we could compose with the inclusion map

Spec(klt]/(t = r)*) = Spec(k[t]).
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where 1 € k, yielding a map from Spec(k[t]/(t —r)?) into Spec(A). The only
maximal ideal in k[t]/(t — r)? is (¢t — r), which corresponds to the point 7 in
A'. The inclusion map Spec(k[t]/(t — r)*) — Spec(k[t]) corresponds to the
quotient map

k[t] — K[e]/(t =),

so the composition Spec(k[t]/(t —r)?) — Spec(k[t]) — A corresponds to the
composition

A — k[t] — K[t]/(t — ).

The next proposition tells us that we can do exactly the same for any smooth
k-algebra of dimension 1, not only for klt].

Proposition 2.1.6. Let B be a smooth k-algebra of dimension 1, and let
m C B be a mazimal ideal in B. Then

B/m? 2 k[t]/ ().

Proof. Assume that B is a smooth local k-algebra of dimension 1 with max-
imal ideal m. Then we have the following short exact sequence:

0 — m/m?> = B/m* — B/m — 0.

Since dimy(m/m?) = dim(B) = 1, and B/m = k, dim;(B/m?) = 2. Hence,
B/m? = k[t]/(%).

Now assume that B is any smooth k-algebra of dimension 1, and that m
is a maximal ideal. Then B, is a local ring with maximal ideal n = mB,,.
Therefore, by the argument above, By/n? = k[t]/(t?). But Bn/n? = B/m?
(for a proof, see e.g. [Mill4, p. 21]). Thus, B/m? = k[t]/(t?). O

Definition 2.1.7. An infinitesimal curve in A is a composition of a curve
v: A — B with the quotient map ¢: B — B/m? where m is a maximal ideal
in B.

Example 2.1.8. We let A and « be as in Example 2.1.5. Composing with
the quotient map p: k[t] — k[t]/(t*), we get a homomorphism A — k[t]/ (%)
sending x to ¢t and y to 0. &

If we want to choose a point p = g o p oy, where q: k[t]/(t?) — k, on
the curve in this example, we have to let ¢(t) = 0. Then p(z) = p(y) = 0,
so we are looking at the infinitesimal part of the curve around the origin.
The following example shows us how to focus on a different part of the same
curve.
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Example 2.1.9. Assume that we want to look at the curve v around the
point (2,4). Let
p: Klt] = k[f)/(t — 2)?
be the quotient map. In this case, a homomorphism ¢: k[t]/(t — 2) — k has
to send ¢ to 2, so
p=gqopoy
sends x to 2 and y to 4. Hence, we are focusing on the curve around the
point (2,4). &

Let us look more closely at the definition of an infinitesimal curve; v: A —
k[t]/(t?). An element in k[t]/(t?) can be written as d + te where d,e € k.
Thus, for any a € A, we have

7(a) = (a) +tD(a),

where 7o and D are maps from A into k. Since v is a homomorphism, we
know that:

v(ab) = y(a)y(b)
= (v(a) +tD(a))(10(b) +tD(b))
= 70(a)0(D) + t(70(a) D(b) + D(a)yo(b)) + t*(D(a) D(b)
= 70(a)70(b) +t(70(a)D(b) + D(a)yo(b))-

But we also have that v(ab ) = vo(ab)+tD(ab). Therefore, vo(ab) = vo(a)yo(b)
and D(ab) = vo(a)D(b) + D(a)yo(b), and 7 is a homomorphism, Whﬂe D is
a derivation.

Example 2.1.10. Let A = k[z,y] and 7v: A — k[t] the curve where v(x) =t
and y(y) = t3. Compose with the quotient map p: k[t| — k[t]/(t — 1)?
obtain the homomorphism

§=poy: A— k[t]/(t—1)°

that maps z to ¢t and y to 3t — 2. A point ¢: k[t]/(t — 1) — k must send ¢
to 1, which gives us the point p = g o p o v on the curve sending both x and
y to 1. As we saw above, we can write § = dy + tD. In this case do(x) = 0,

do(y) = =2, D(z) =1 and D(y) = 3. &

2.2 Tangent vectors and vector fields

Assume that A = k[xy, 2o, ..., x|/ for some ideal I C k[z1,xo, ..., 2,]. Let
us look at a homomorphism (in the category A/k — alg) Y: Ph(A) — k.
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This is actually a commutative diagram:

A
N
h(A) > k.

Since ¢ is the inclusion map, Y gives a map from A into k. As we saw in
the previous section, this corresponds to a point. The map Y also assigns an
element in k to each dz; € Ph(A). The n-tuple

P

(Y(dxy),Y (dxs), ..., Y (dx,)) € k"
can be interpreted as a tangent vector at the point
(Y(x1),Y(22),...,Y(z,)) € E".
Example 2.2.1. Let A = k[z,y]/(y — 2%). Then
Ph(A) =k < z,y,dx,dy > /I,

where
I = ([z,y], [dz,y] + [, dy],y — 2%, dy — dzz — zdx).

Now we will define a homomorphism Y: Ph(A) — k. Let Y(x) = a € k.
Then, because y — 2 should be sent to 0, we must let Y(y) = a*. We
have chosen the point (a,a?) € k*. To choose a tangent vector, we have to
decide where we should send dz and dy. Let Y (dz) = v € k. The relation
dy — dxx — xdx forces us to have Y (dy) = Y (dx)Y (x) + Y (2)Y (dz) = 2av.
Hence, Y is the tangent vector (v, 2av) at the point (a, a?). If we for instance

let a = 2 and v = 1, we get the vector (1,2) at the point (2,4). &
Note that the derivative of the function f: R — R? where f(z) = (z, 2?),
is (1,2z). Multiplying with a y € R gives the vector (y,2xy), or (v,2av) if

we let  =a and y = v.

A vector field should assign a tangent vector to each point in a space.
Above, we saw that if we choose a homomorphism Ph(A) — k, we have
also chosen a point because we get a map from A into k. If we instead look
at a homomorphism X: Ph(A) — A, we have the following commutative

diagram:
A
h(A) X > A

P
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Since the diagram should commute, X must be the identity on A. Hence,
X does not make any decisions about the elements of A. Therefore we can
choose any point p: A — k we want, and the composition p o X restricted
to A will just give that exact point. The composition also gives a tangent
vector. Hence, for each homomorphism p: A — k, the composition p o X
gives us a point, and a tangent vector at that point.

Example 2.2.2. Let A = k[z,y|. Then
Ph(A) =k <z,y > [([z,y], [dr,y] + [z, dy]).

Define a homomorphism X : Ph(A) — A by sending both z and y to them-
selves (it has to be the identity on A because of the commutative diagram),
and dx to x and dy to y. If we choose the point p: A — k that sends x
and y to 2 and 3, respectively, p(X(z)) = 2, p(X(y)) = 3, p(X(dz)) = 2
and p(X(dy)) = 3. Thus, po X =Y is the tangent vector (2,3) at the point
(2,3). For a general point p, where p(x) = a and p(y) = b, we get the tangent
vector (a,b) at the point (a,b). &

Example 2.2.3. Let A = k[z,y]/(2* + y* — 1). The set Z(z* +y* —1) =
Z(f)={P € k™: f(P) =0} defines the unit circle (if £ = R). We have that

Ph(A) =k < z,y,dx,dy > /I,
where
I = ([:10,3/],$2 +y? -1, [dx,y] + [z, dy|, dex + xdx + dyy + ydy).

A homomorphism X : Ph(A) — A that sends both = and y to themselves
will always send [dz,y] + [z, dy| to 0 because A is commutative, so we only
have to make sure that dxx + xdx + dyy + ydy will be sent to 0. We can for
instance let X (dx) = —y and X (dy) = z. If we choose a point, let us say

plx) = % and p(y) = */75 (notice that p(z% + y? — 1) = 0), then

1 V3

P=(zx
(33

)

and
V3 L
2727
where P = (p(X(2)),p(X(y))) and v = (p(X(dz)), p(X(dy))). The vector v
is actually a tangent vector to the circle at the point P.

v=(—
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Now we choose X a little differently. Let X (dx) = xy and X (dy) = —a2.
The element dxx+xdx+dyy+ydy is mapped to 0 by X, so it is a well-defined
homomorphism. Keeping our point p : A — k, we see that in this case

1 V3

p=(zY
(27 2 )
and
2L
v=(—,—>).
47 4
Again v is tangent to the circle at the point P. )
In the case where A = k[xq,xo, ..., x,]|/1, we have seen that we can define

a tangent vector to be a homomorphism Ph(A) — k and a vector field to be
a homomorphism Ph(A) — A. Thus, in the general case we will have the
following definition:

Definition 2.2.4. Let A be a k-algebra. A tangent vector in A is a
homomorphism (in A/k — alg)

Y: Ph(A) — k.
A vector field on A is a homomorphism (in A /k-alg)

X: Ph(A) — A.

For each point p: A — k, we can possibly have many tangent vectors
Y: Ph(A) — k such that Y o1 = p, i.e., many tangent vectors at the same
point. We will call the set

(Y € Hom(Ph(A),k): Y o1 = p}

of all tangent vectors at a point p: A — k the tangent space to A at p.
Recall from Section 2.1 that an infinitesimal part of a curve, v: A —
k[t]/(t?), can be written as a sum

7:70+tD7

where D: A — k is a derivation. But we also know that derivations from
A correspond to homomorphisms from Ph(A), so D: A — k corresponds to
a homomorphism Y: Ph(A) — k, which is a tangent vector. So for each
infinitesimal curve, there is a corresponding tangent vector.

Example 2.2.5. In Example 2.1.10 we looked at the infinitesimal curve
§: A — k[t]/(t —1)*

that sends x to ¢t and y to 3t — 2. We saw that 6 =y + tD where D(z) =1
and D(y) = 3. The corresponding tangent vector Y : Ph(A) — k sends dx
to D(x) =1 and dy to D(y) = 3. So at the point (1, 1), we have the tangent
vector Y giving the direction of the curve at that point. &
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2.3 Noncommutativity of the phase space

In this section we will explain why it is necessary for the phase space to be
noncommutative. The theorem below is called the inverse function theorem
on manifolds, and can be found in [Leel2, p.79]. It states that whenever a
map between two manifolds induces an isomorphism of tangent spaces at a
point, it is invertible on a neighbourhood around that point.

Theorem 2.3.1. Let F: M — N be a smooth map between two smooth
manifolds M and N. For anyp € M, F,: T,M — Ty, N is an isomorphism
if and only if there is a neighbourhood U C M around p such that f|y: U —
f(U) is a diffeomorphism.

The next example will show us that when considering the commutativiza-
tion of the phase space, we get a contradiction to the inverse function theo-
rem.

Example 2.3.2. Let A = kly] and B = k[x,y]/(y — 2?), and let ¢: A — B
be the homomorphism sending y to y = 2. The corresponding morphism
between the spectra of A and B is just the map projecting any point on the
curve y = 2 to the y-axis. We can, as in the noncommutative case, extend
¢ to a map

¢*: Ph(A)Com — Ph(B>com7

where Ph(A)com and Ph(B) o denote the commutativizations of Ph(A) and
Ph(B):
Ph(A)com = k[% dy]

and
Ph<B)com = k[x7y7 dx: dy]/(y - 1'2, dy - 233'6[33’)

Since ¢, (dy) = d¢(y), dy is mapped to dy = 2zdz. Looking at the morphism
between the spectra, we see that we have a one-to-one correspondence be-
tween the tangent vectors at points along the curve y = 22 and the tangent
vectors at points along the y-axis (except for at the origin). However, if
U is any open neighbourhood (in the Zariski-topology) around any of these
points, there will always be two points on the curve mapping to the same
point on the y-axis. Thus, we can not find an inverse to this map. &

Since we can not find an inverse to the map in this example, it gives
a contradiction to the inverse function theorem. Consider instead the non-
commutative phase space. We can find a homomorphism from Ph(B) into
the noncommutative ring My(k). We have seen that for a k-algebra A, a



18 CHAPTER 2. CURVES AND VECTOR FIELDS

homomorphism ~v: A — k[t]/(t?) can be written as a sum -y + tD, where
Yo: A — k is a homomorphism and D: A — k is a derivation. The subset

{[g ﬂ ca,be k)

of My(k) is isomorphic to k[t]/(t?), so a map v: A — M,(k) into this subset
gives us a point and a tangent vector. If instead the x; € A, where we let
A = klzy, 29, ..., x,], are mapped to elements of the form

[g 2} € My(k),

we are looking at two points simultaneously. This is because there are two
homomorphisms from the set of such matrices into k; one sending the matrix
to a, and the other sending it to b. We can extend v: A — My(k) to a
homomorphism 7: Ph(A) — Ms(k). The following example shows us that
we have non-zero tangent vectors where we in the commutative case can only
have zero tangent vectors.

Example 2.3.3. Let B be as in the previous example. Define a map v: B —
Ms(k) by letting
a 0
’}/(.CC) - |:0 —(l:| )

where a # 0. Then, since y — 22 = 0, we must have
a’> 0
=y o

Thus, we are looking at the points (a, a?) and (—a,a?). We can extend this
map to a homomorphism 7: Ph(B) — Ms(k). Let

) = | )
and

H(dy) = {8 8} .
Since

Y(dxx 4+ xdx) = [8 8] :
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dy — dxx — xdz is mapped to 0, so 7 is well-defined. Note that if we look at
Ph(A)com instead, we must have

~ 0 0

so if dy is mapped to 0, we must map dzx to 0 as well. &

The example tells us that we need the phase space to be noncommutative
in order to have enough tangent vectors such that we do not get an isomor-
phism on differentials. Then the inverse function theorem does not apply, so
we do not get a contradiction.
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Chapter 3

Differentiation of vector fields

3.1 Affine connections

We will begin this section by looking at differentiation of vector fields in
differential geometry, following [Csi98, Unit 11]|. Thereafter, we will give
corresponding algebraic definitions of differentiation, and generalize these to
what is called an affine connection.

In differential geometry, there is a natural way to define what it means to
take the derivative of a vector field on R™ with respect to a tangent vector.
Let X be a smooth vector field on a subset U in R”, i.e., X is a map

X:U—TR".

Let Y € T,R™ be a tangent vector at a point p € U, and v : [—€,¢] - U a
smooth curve such that 7(0) = p and 7/(0) = Y. The derivative of X with
respect to Y is denoted by Vy X, and it is defined as

VyX = (X o7)(0).

We can write X as a linear combination

a 0

where each X;: U — R is a smooth map, and (z,U) is a smooth chart on U
such that
= (x1,29,...,2,): U—U

is the identity map. Then

(X o)) = X(n (), m(t))
= (X1 () (®)s o X1 (8, (1))

21
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Since Y =~/(0) = 30, Li(0)-2| | we get
p

=1 dt ox;
8X1 d% d%
(Xo9) ]z: ax] jZ: 8:70] (0))
> D) 2| Dy )2
B (Z dt (0)830]- Z:: dt ax] Xn))

j=1

= (Y(Xl) Y(Xn))
- Z yx 8:62

Hence the derivative is independent of the curve. The derivative of a vector
field can also be found with respect to another vector field to yield yet another
vector field. If X and Y are vector fields, Vy X should be a map from R"” to
TR", and we just let Vy X(p) = Vy)X. For more detail on this, see

Now we want to do this in the algebraic case. In Section 2.2 we saw
that for each infinitesimal curve, there is a tangent vector corresponding to
the curve giving its direction at a point. We can also start with a tangent
vector Y, and get an infinitesimal curve by letting v = vy + t(Y o d) for any
homomorphism ~: A — k.

Definition 3.1.1. Let X be a vector field and Y a tangent vector. Choose
an infinitesimal curve v = 79 + tD such that D = Y od. Then yo X =
Y 0 X +t(D o X). The derivative of X with respect to Y, Vy X, is
defined as

VyX =DoX.

Note that the derivative is independent of the curve since Do X = YodoX
(we do not even have to choose a curve). Also, it is easy to check that
VyX : Ph(A) — k is a derivation:

YodoX(fg)= Y(d(X(f)X(g)))
Y(d(X ()X (9)) + (X (f))d(X(9)))
= (d(X Y (1(X(9)) +Y (((X ()Y (d(X(9)))
o X)(f)(Y oroX)(g)
+ (Y oro X)(f)(Y odo X)(g)
(

S8

O

A

But Der(Ph(A),k) = Hom(Ph*(A), k), so Vy X is isomorphic to a homo-
morphism from Ph?(A) into k.
To make this definition a little more clear, we should look at an example.
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Example 3.1.2. Let A = k[z,y]/(y — 2?). Then
Ph(A) =k < z,y,dx,dy > /1,

where
I = ([z,y],y — 2% [dz,y] + [z, dy], dy — dzx — xdz).

A vector field X € Homa/x(Ph(A), A) must act as the identity map on A, so
it has to send x and y to themselves. If we let X (dz) = 1 and X (dy) = 2z,
the ideal I will be sent to zero, hence it is a well-defined homomorphism. We
choose a tangent vector Y = p o X where the point p : A — k sends (z,y)
to (2,4), so Y sends (dz,dy) to (1,4). The composition Vy X =Y odo X
now sends (dx, dy) to (0,2), which actually is the rate of change of the vector
field with respect to the tangent vector.

Now let us look at another tangent vector, one that does not factor
through our vector field. Let

Y: Ph(A) = k

be the tangent vector (2,8) at the point (2,4), ie., Y(z) = 2, Y(y) = 4,
Y (dzr) = 2 and Y(dy) = 8. In this case the derivative Vy X sends (dz, dy)
to (0,4). &

We should also be able to take the derivative of a vector field with respect
to another vector field. The definition is the same as for tangent vectors.

Definition 3.1.3. Let X and Y be vector fields. The derivative of X with
respect to Y is defined as

VyX =Y odo X : Ph(A) = A.
Again, this is a derivation, thus isomorphic to a homomorphism from
Ph?*(A) into A.

Example 3.1.4. Let X be the vector field from the previous example. Define
X : Ph(A) — A to be another vector field such that X (dz) = z and X (dy) =
2y. Note that the tangent vector Y from Example 3.1.2, mapping x and y
to 2 and 4, and dx and dy to 2 and 8, is a tangent vector in this vector field;
if we let p be the point from the same example, po X = Y. The derivative
of X with respect to X, VX, maps dz to 0 and dy to 2z. If we compose
with p, we see that

poVXX:poXodoX
=YodoX
= VyX.
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In general, if X: Ph(A) — B and Y: Ph(B) — C for some k-algebras
B and C, we can define the derivative of X with respect to Y to be Y odo
X € Der(Ph(A),C), where d: B — Ph(B) is the derivation corresponding
to the identity homomorphism Ph(B) — Ph(B). To make it clear what
kind of maps X and Y are, we will denote the derivative by (V&)y X, so
(VE)yX =Y odo X. Whenever B or C is equal to A, it will be omitted
in the notation VZ. Thus, if XY € Homa ,(Ph(A), A), we will just write
VyX. We have the following properties:

Proposition 3.1.5. Let X, X; and X, be elements in Homa,(Ph(A), B),
Y, Yy and Ys be elements in Homa(Ph(B),C), c€ C and f € B. Then:

(VEvimX = (VémX + (VE)nX.
2. (VE)y(Xi+ X2) = (VE)y X1 + (VE)y Xo.
3. (VE)er X = (Ve X.
4. (Ve (fX) =Y (/) VEWX +Y(df)(Y oroX).

1.
\Y

\Y

Proof. The first three properties are straightforward to prove, so we will focus
on the last one:

(Vo (fX) =Y odo(fX)

— Yo (i(f)(do X) +df (10 X))
=Y(f)(Y odo X)+Y(df)(Y oroX)

=Y (H)(VEyX +Y(df)(Y oroX).

]

If both X and Y are vector fields, that is, if they are homomorphisms
from Ph(A) into A, we can simplify the fourth property a little:

Vy(fX)=Y(f)VyX +Y(df)(Y oro X)
= fVyX +Y(df)X

This is because when Y is a vector field, it acts as the identity map on
elements of A.

In the case where we have surjective homomorphisms 7: A — B and
v: B — C, we may view B as a subspace of A, and C' as a subspace of B.
This is because the corresponding morphisms between the spectra of the rings
will be injective. An element X € Hom,,(Ph(A), B) such that X o = v will
give a tangent vector in A at each point of B, whilea Y € Hom,(Ph(B),C)
such that Y o1 = 9 gives a tangent vector in B at each point of C'. This is
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depicted in the figure below. We let A = k[x,y, z|, B = k[z,y] and C' = k[t],
with v: A — B sending z and y to themselves, and ¢¥: B — C sending
r to t and y to (t — 2)%2. The vectors along the curve v are the vectors
given by Y: Ph(B) — C, and the dotted vectors are the vectors given by
X: Ph(A) — B. Notice that the vectors along the curve do not have to be
tangent to the curve. However, they must lie in the plane given by . Also,
the vectors in the plane may point out of the plane.

L

z

The following two properties tell us how we can restrict vector fields from A
to B and from B to C' when taking the derivative.

Proposition 3.1.6. Let v: A — B and ¥: B — C be two surjective homo-
morphisms, and let X € Homa,(Ph(A),B), Y € Homa,(Ph(B),B) and
Z € Homuyp(Ph(B),C) be maps such that X ov =~ and Z o v =1). Then:

(a) For all X: Ph(A) — A such that yo X = X,

(VEYX = (Vp)yer. X.

(b) For all Z: Ph(B) — B such that o Z = Z,
(VE)zX = o (VE)zX.

Proof. (a) Assume that vo X = X. Then

(VE)yX =Y odoX
—YodoyoX
—YoryodoX
= (VB)yer. X.
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(b) Assume that 1o Z = Z. Then

(VB ;X =Zodo X
:woZodoX
= 1o (VE);X.
0

The following diagram gives an overview of all the different homomor-
phisms.

Ph(A) —“— Ph(B)
- 0% ~ Z
lX Xle \
A > s B " s C

Note that since all homomorphisms X : Ph(A) — A and Z: Ph(B) — B act
as identity maps on A and B, respectively, the conditions ~ o X = X and
Yo Z =7 imply that X ot =~ and Z o1 = 1.

The maps 7 and ¢ are surjective, hence they give embeddings of Spec(B)
into Spec(A), and Spec(C) into Spec(B). Therefore B and C' can be viewed
as subspaces of A and B, respectively. When X is a homomorphism from
Ph(A) into B such that X o+ =+, it has to send every a € A to the same
element in B as «, thus, it will give us tangent vectors in A at each point
of the embedding of B in A. The same reasoning tells us that Z consists of
tangent vectors in B at each point of the embedding of C' in B.

In the first property of the proposition, we choose any vector field

X: Ph(A) = A

such that v o X = X. This means that X is the restriction of X to the
embedding of B in A. On the right side of the equality sign, we take the
derivative of X with respect to Y o~,. This is a homomorphism from Ph(A)
into B. We see that

Y (7.(a)) =Y (v(a))
and

Y(7.(da)) = Y(dv(a)),

so we can view Y o+, as the embedding of the vector field Y on B into A. It
will still only consist of tangent vectors in B, but we view them as part of A.
Now the derivative of X with respect to Y o+, gives us a tangent vector at
each point of the embedding of B in A. On the left side of the equality sign,
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we take the derivative of the restriction of X to B, X, with respect to Y.
Thus, what this property tells us, is that we can choose to restrict a vector
field on A to B before taking the derivative.

The second property is very similar. Here we start with two vector fields
X and Z, where X is a vector field on B in A, and Z a vector field on C' in
B. Then we choose any Z: Ph(B) — B, i.e. a vector field on B, such that
Y o Z=27 , which means that Z is the restriction of Z to the embedding of
C in B. The element (VE);X € Der(Ph(A), B) is then the derivative of X
with respect to the restriction of Z. On the right side of the equality sign,
we do the restriction after taking the derivative: (VE);X is the derivative of
X with respect to Z , and by composing with v, we restrict ourselves to the
points of the embedding of C' in B. In other words, we can choose whether
to restrict before or after taking the derivative.

In differential geometry, the notion of a derivative of a vector field, X,
along a tangent vector or another vector field, Y, can be generalized to what
is called an affine connection in the case where Y is a tangent vector, and
a global affine connection if Y is a vector field. It is defined to be a map
V sending X and Y to either a new tangent vector or a new vector field
(according to what Y is) such that V satisfies four properties corresponding
to the four properties in Proposition 3.1.5 (see [Csi98, Unit 11]). We will do
something similar, but not exactly the same, here.

Definition 3.1.7. Let R be a k-algebra. We say that a k-algebra S is a
projection of R if there exists a surjective homomorphism ¢: R — S.

For a k-algebra R, we let Pr(R) denote the set of all k-algebras S that
are projections of R. When S is a projection of R, we have a surjective ho-
momorphism ¢: R — S. The corresponding map 7: Spec(S) — Spec(R) is
then an inclusion, so Spec(S) is a subspace of Spec(R). That is, a projection
corresponds to a subspace.

Definition 3.1.8. Let A be a k-algebra. An affine connection on A is a
collection of maps, one for each combination of k-algebras B € Pr(A) and
C € Pr(B),

Vé: Homa(Ph(A), B) x Hom a,(Ph(B),C) — Der(Ph(A),C),

such that for all elements X, X1, Xo € Homa(Ph(A),B), Z, Z1, Zy €
Homyp(Ph(B),C),ce Cand f € B

L. (vg)zl+Z2X - (vg)ZrX + (vg)Yer
2. (V8)z(Xi1 + X3) = (VE) 2 X1 + (V) 2 X,



28 CHAPTER 3. DIFFERENTIATION OF VECTOR FIELDS

3. (vg)ch = C(Vg)zX,
4. (VE)2(fX) = Z(F)(VE)zX + Z(df)(Z 0 1o X),

and such that for all surjective homomorphisms v: A — B and ¢: B — C,
the following two conditions are satisfied:

(a) For all Y € Homy,,(Ph(B),B), and all X: Ph(A) — A such that
vyoX =X,

(VE)yX = (Vp)yen X.
(b) For all Z: Ph(B) — B such that ¢ o Z = Z,

(VE)ZX = o (VE),X.

Let us compare this definition to the definition of an affine connection in
differential geometry. There, an affine connection on a manifold M is defined
to be a mapping, V, that to each pair of smooth vector fields X and Y on
M assigns a new smooth vector field Vy X, and the mapping should satisfy
properties corresponding to the first four properties in Definition 3.1.8. Thus,
in differential geometry there is only one mapping, unlike here, where we
have one mapping for each pair of k-algebras B and C', B being a projection
of A, and C a projection of B. In addition, they do not have conditions
corresponding to the last two properties above. However, there is a result in
differential geometry saying that if X, X5, Y7 and Y, are vector fields such
that X; and X, agree on some open subset U, and Y; and Y5 agree on some
open subset V', then

(VyXi)lo = (Vy Xo)lv

and

(Vy X)lv = (Vi X)|v

(a proof can be found in [Csi98, Unit 11]). In other words, the affine connec-
tion can be restricted to any open subset, and this yields an affine connection
on the open subset. It is also possible, by use of what is called Christoffel
symbols, to define affine connections on sets in an open cover of M, and with
those define an affine connection on the whole manifold. This is exactly what
the last two properties above tell us that we can do here: Let v: A — B and
X € Homa(Ph(A), B) be two maps, and assume that X; and X, are two
elements in Hom a/,(Ph(A), A) such that

yoX;=70X;=X.
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This means that the vector fields X; and X5 agree on the projection B of A.
Suppose Y € Homx(Ph(B), B) is a vector field on B. The first property
then states that

(V)vor X1 = (Vi)vor. Xo = (VE)y X.

On the other hand, if X € Homy,(Ph(A), B), and 7, and Zs are elements
in Homa,(Ph(B), B) such that

YoZy=v$o0Zy=2
for some Z € Hom ,(Ph(B),C) and ¢: B — C, then
o (VB)zX =vo(VE)zX = (V8)yezX

by the second property. Composing with 1 gives a restriction from B to C.
If B= A or B =C, the restriction is from A to C.

3.2 Torsion fields

In this and the next section we will look at two applications of affine con-
nections; torsion fields and differentiation of vector fields along curves. We
start with torsion fields.

Composition of derivations does in general not give new derivations, but it
is easy to check that if B is some k-algebra, and D;: B — Band Dy: B — B
are two derivations, then

DioDy—DyoDy: B— B
is also a derivation.

Definition 3.2.1. Let A be a k-algebra, and let X and Y be two vector
fields on A, i.e. they are elements of Hom,,(Ph(A), A). The commutator
of X and Y, denoted by [X, Y], is defined to be the derivation

[X,Y] = Dx oDy — Dy o Dx,
where Dx and Dy are the derivations corresponding to X and Y respectively.

Proposition 3.2.2. Let X and Y be vector fields on A, and V the affine
connection on A such that

(VE)2, 21 = Zyodo Z,
or a 1€ domay , an 0 € oMy /g , . en
forall Zy € H k(Ph(A), B dZy e H (Ph(B),C). Th
[X,Y]:(ny—VyX)Od.
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Proof. Since the derivation corresponding to a vector field is obtained by
composing the vector field with the derivation d, we get

[X,Y] = Dx oDy — Dy o Dx
=(Xod)o(Yod)— (Yod)o(Xod)
=(XodoY —-YodoX)od
=(VxY —-VyX)od.

]

Definition 3.2.3. Suppose we have an affine connection on the k-algebra A,
and let X and Y be two vector fields on A. Then the torsion field of X
and Y is defined as

T(X,Y)=[X,Y] - (VyY — VyX)od.

If T(X,Y) =0 for all vector fields X and Y on A, the connection is said to
be torsion free.

Let V denote the affine connection on A such that
(VEY,, 71 = Zyodo Zy

for all Zy € Homap(Ph(A), B) and Z, € Hom,,(Ph(B),C). Since Propo-
sition 3.2.2 tells us that

[X,Y] = (VxY —VyX)od
for all vector fields X and Y on A, the torsion is actually

T(X,Y)=[(VxY = VyX) — (VxY —VyX)] od.

3.3 Vector fields along curves

In this section we will look at vector fields along curves. If we are given a curve
v, a vector field along ~ should assign a tangent vector in A to each point on
the curve. In Section 3.1 we saw that if v: A — B is a homomorphism and
X: Ph(A) — B is such that X ot = =, then X gives a tangent vector in A
at each point of the embedding of B in A given by . Hence, we have the
following defintion.
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Definition 3.3.1. Let v: A — B be a curve in A. A vector field on A
along 7 is a homomorphism X : Ph(A) — B such that X ot = 1.

Recall that a curve is a surjective homomorphism A — B where B is
a smooth k-algebra of dimension 1. Note that the tangent vectors do not
have to be tangent to the curve. Also note that since a curve is given by a
surjective homomorphism, we can for every vector field X along a curve
find a vector field X: Ph(A) — A on A that extends X. That is, we can
find an X € Hom, /k(Ph(A), A) such that the following diagram commutes:

Ph(A)
A— B.

Having defined vector fields along a curves, it would be interesting to see
how a vector field X along a curve v changes as we move along 7. In other
words; how can we define the derivative of X along the curve?

Assume that v: A — B is a curve in A. Let u: Ph(B) — B be a vector
field on B. Composing u with v, gives an embedding of the vector field u
into A. Therefore we give the following defintion.

Definition 3.3.2. Let v: A — B be a curve in A. A homomorphism
Y: Ph(A) — B such that Y = u o+, for some u: Ph(B) — B is a tan-
gent vector field along ~.

Example 3.3.3. Let A = k[z,y], B = k[t] and v: A — B be the curve
mapping x to t and y to t2. Define a vector field u: Ph(B) — B by letting
u(dt) =1, and let Y = wo~,. Then Y(dz) =1 and Y (dy) = 2t. L

The next definition tells us how we can find the derivative of a vector
field along a curve with respect to a tangent vector field along the curve. We
will require that the tangent vector field consists not only of zero tangent
vectors. That is, if Y: Ph(A) — B is a tangent vector field along a curve,
we should have Y od # 0.

Definition 3.3.4. Suppose we have an affine connection on A. Let X be a
vector field along a curve v: A — B, and Y: Ph(A) — B a tangent vector
field along v such that Y od # 0. The derivative of X along ~ with
respect to Y is denoted by DX, and is defined as

DX = (Vy)y X,

where X € Homyp(Ph(A), A) is a vector field on A such that vy o X = X.
If for every tangent vector field Y we have that DX (da) = 0 for all a € A,
we say that X is a parallel vector field along ~.
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As we saw in Section 3.1, the condition that o X should equal X means
that X is the restriction of X to 7. Thus, to see how a vector field along a
curve changes with respect to a tangent vector field, we use an affine connec-
tion on the tangent vector field and an extension of the vector field.

_ For the derivative to be well-defined, it can not matter which vector field
X we choose. This is true by the next proposition.

Proposition 3.3.5. Assume that we have an affine connection on A, and
let v: A — B be a curve and Y : Ph(A) — B a tangent vector field along .

]fj\{l and )?; are two vector fields on A such that v o X1 =y o Xy, then
(Vp)y X = (Vp)y X

Proof. Since Y = u o+, for some u: Ph(B) — B, we have

]

Let us look at an example where the affine connection is just the normal
derivative.

Example 3.3.6. Let v: A — B and Y be as in Example 3.3.3, and let
X: Ph(A) — k[t] be the vector field along v such that X(dz) = ¢ and
X(dy) = 0 (vector fields along v must always send x and y to y(z) and
v(y)). Assume that the affine connection on A is just the normal derivative,
ie.,

(VE)s,72) = Zyodo Z,
for all Z, € Hom,(Ph(A), B) and Z, € Homy(Ph(B),C). To find the

derivative of X along v with respect to Y, we have to find a vector field
X: Ph(A) — A such that yo X = X. Let X(dz) =z and X(dy) = 0. Then

DX (dz) =Y (d(X(dz)))
=Y (dz)
=1
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and

We can also choose X to be the vector field where X (dz) = 2 and X (dy) =
y — 22 and get the same result, because

V(X (dz)) =t
= X(dx)
and
V(X (dy)) = £* — 1>
=0
= X(dy),
SO 7y o X =X. )

When v: A — B is a curve and X: Ph(A) — B is a vector field along
v, we can as usual compose with a point p: B — k. This yields the tangent
vector po X: Ph(A) — k from the vector field X at the point p o v on the
curve. We can also start with a tangent vector X,: Ph(A) — k at a point
p oy on the curve, which means that X, ot = p o+, and extend this to a
vector field along the curve. Just let X(da) = X,(da) for all a € A. But
given an affine connection on A, when is it possible to find a parallel vector
field X along « such that po X = X,,, i.e., such that X extends X7

Proposition 3.3.7. Assume that A is a polynomial ring in n indeterminates.
Let v: A — Ek[t] be a curve and X,: A — k a tangent vector at the point
po~vy: A— k on the curve. If the connection V is the derivative of a vector
field with respect to another, there is a unique parallel vector field along ~y
that extends X,,.

Proof. Let X : Ph(A) — k[t] be the vector field along ~ that sends z; to y(x;)
and dz; to X,(dz;) € k, and let Y = w o, be a tangent vector field along
such that Y od # 0. Then po X = X, and DX (dz;) = u(d(X(dz;))) = 0
because X (dz;) = X,(dx;) € k. Hence there exists a parallel vector field
along v that extends X,,.

Assume now that X : Ph(A) — k[t] is another vector field along ~ such
that p o X = X, and such that for all tangent vector fields Y along v, we
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have that DX o d = 0. Write X (dz;) = f;(t) € k[t]. Then for any tangent
vector field Y = w o ~,,

0 = DX (dz;)

= u(d(X (dz,))
— f(t)uldb).

Since we require that Y od # 0, we know that u(dt) # 0. Therefore f/(t) =0,
and thus f;(t) = f; € k. Then p(f;) = fi, so

Xp(dz;) = p(X (dw;))

= p(fi)

= fi-
We defined X such that X (dz;) = X,(dz;), hence X (dz;) = fi = X(da;),
and X = X. O

Definition 3.3.8. Let V be an affine connection on a k-algebra A, v: A — B
a curve and X a vector field along v. Two points p: B — k and q: B — k
give rise to two tangent vectors X, = po X and X, = ¢go X. When X
is a parallel vector field, two such tangent vectors are said to be parallel
transports of each other.



Chapter 4

Integrability

4.1 The coproduct of noncommutative rings

In this section we will prove a proposition that tells us that the coproduct of
noncommutative rings exists, following [KIBM96, Chapter 1.4]. This will be
useful when we in the next section study integrability.

Assume that R and S are two objects in a category C. Then the coproduct
of R and S is an object T" together with two morphisms, R — T and S — T,
that satisfy the following universal property: For all other objects P with
morphisms R — P and S — P, there is a unique morphism 7" — P such
that the diagram

R > ¢ S

NS

In the category of commutative algebras, the coproduct over a ring A is
just the tensor product. For noncommutative algebras over a commutative
ring, we get something a little more complicated.

TS

commutes.

Proposition 4.1.1. Assume that R and S are rings, not necessarily com-
mutative, with homomorpshisms ¢: A — R and ¢: A — S that make R a
right A-module and S a left A-module, i.e., they are A-algebras. Then there
is an A-algebra T and A-algebra homomorphisms ig: R — T andig: S — T
satisfying the following universal property: For any other A-algebra P, and
any A-algebra homomorphisms fr: R — P and fs: S — P, there is a unique
A-algebra homomorphism f: T — P such that

foir= fr

35
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and
fois=fs.
T is the coproduct of R and S over A.

Proof. Let

C=R®SO(RR4R)® (R®45)® (S®aR)
B(S49)BROIROAR) & -,

and let D be the ideal in C' generated by elements of the form
a®b—ab

and
1p — 15,

where a and b are both in R or both in S, and 1z and 1g are the identity
elements of R and S, respectively. The coproduct of R and S over A is
the quotient 7" = C'/D together with the homomorphisms ig: R — T and
i5: S — T that are just inclusion maps composed with the quotient map
C — C/D.

To show that this is the coproduct, we need to give 71" a ring structure,
a map A — T that makes it an A-algebra, and show that it satisfies the
universal property. Let us start with the ring structure. Addition is done
componentwise. We define multiplication of two elements r1 ® 2o ® - - - ® x,,
and ¥ @ Y2 @ - -+ @ Y, Where x; and y; are in Ror S foralli =1,2,...,n
and j =1,2,...,m, as follows:

(T1@1@ @) (N O Y2 @ DY)

LRIy ® QI QY DYy @ QY if 2, € Ry €8
orzr, € S,y1 € R
21 Q22 - QTpY1 QY2 & -+ QY if 2,1 € R
or T,,y; €9.

Multiplication of general elements in T" then follows naturally.

We give T'an A-module structure by defining a homomorphism o: A — T
such that o(a) = ¢(a) ® ¢¥(a) € T.

Now we must show that the universal property is satisfied, so let P be
an A-algebra with homomorphisms fg: R — P and fg: S — P. We want
to define amap f: T — P. Let r1 ® x5 ® - - - ® x,, be an element of T" where
each x; is either in R or in S, and let

1 @@ ®@x,) = g1(x1)g2(22) -+ - gn(T0),
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where

o fR ifx; € R
T=Nrs ifaes

The homomorphism f can be extended linearly to a map from 7T into P.
What we must show, is that the following diagram commutes:

\T/
\lf‘/
Let z € R and y € S. Then

flir(z)) = f(z) = fr()

and
fls) = f(y) = fs(y),

hence the diagram commutes. To show that f is unique, assume that h: T —
P is any other map such that the diagram above is commutative. Each z; in
an element of the form 1 ® 1o ® - - - ® z,, € T comes from either R or S, so
for each e = 1,2,...,n we let j; be the map such that

Ji = is lf Z; < S
Then
hz1 @z ® -+ @ ) = h(j1(x1)ja(z2) - -+ G ()
= h(j1(z1))h(G2(22)) - h(jn(2n))
= g1(w1)g2(x2) - - - gn(wn)
=f(11 Q@ Q- @ xy).
Thus, h = f. ]

We will denote the coproduct of R and S over A by Rx4 .5, and let r x s
denote the image of r ® s € C'in D. The coproduct R4 S is then generated
by all elements of the form r*s where r is a generator of R, and s a generator

of S.

Example 4.1.2. Let A = k[z,y], R = k < z,y,dz > /(zy — yx) and
S = k[z] with homomorphisms ¢: A — R and ¢): A — S such that ¢(z) =
and ¢(y) =y, and ¢¥(x) = x and ¢(y) = 0. All elements in S are elements in
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A so1xs=¢(s)x1forall s € S. Hence Rx,4 S is generated by the elements
x*1, yx1 and dr * 1. Define a map f: Rx4 S — k < x,dr > by letting
flzx1l) ==z, f(y*1) =0 and f(dz*1) = dz. It is surjective, and since

yx1=1x19(y)
=1x0
= ¢(0) %0
=0,

it is also injective. Therefore

Rxy S =k < x,dr >= Ph(k[z]).

4.2 Integrability

In this section we will assume that A is a polynomial ring,
A =klxy, x9, ..., 2]

We have seen that Ph(A) can be considered as the tangent bundle of A; it
consists of all points and all tangent vectors at each point. But what if we for
each point were to pick out only some of the tangent vectors? Could we then
find a subspace of A whose tangent space at each point consists of exactly
the tangent vectors we have chosen?

First, let us look at how we can choose only some tangent vectors at each
point.

Definition 4.2.1. A distribution A on A is a quotient of Ph(A),

A = Ph(A)/J,
where J is an ideal of Ph(A), such that the quotient map ¢: Ph(A) — A
composed with the inclusion map ¢: A — Ph(A) is injective.

Since ¢ ot: A — A is injective, A lies inside A, so in A we have all the
points of A. Let X: Ph(A) — A be a vector field on A that factors though
A. This means that there is a homomorphism X: A — A such that the
diagram
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commutes. Because X sends every element in J to 0, and ¢ is the quotient
map, X must also send every element in .J to 0. Thus, at each point p: A — k,
the collection of vector fields that factor through a distribution A = Ph(A)/J
will only consist of some of the tangent vectors in A at p, i.e., those that send
all f € J to 0. Therefore we will consider a distribution A as a subset of the
set of all tangent vectors at all points of A.

Example 4.2.2. Let A = k[z,y] and J = (dy), so A = Ph(A)/(dy). A
homomorphism from A to k that factors through A sends dy to 0, while
there is no restriction on dz, so in A we have all the tangent vectors where
the component in the y-direction is 0. &

Example 4.2.3. Again we let A = k[z,y], but let A = Ph(A)/(dz —z,dy —
y). In this case we only have one choice of tangent vector Y at each point
p: A — k, where p(z) = a and p(y) = b for some a,b € k; dr must be sent
to a, and dy to b. &

In Section 2.1 we defined a curve in A to be a homomorphism ¢: A — B,
where B is a smooth k-algebra of dimension 1. In general, we can define an r-
dimensional subspace of A to be a surjective homomorphism ¢: A — B,
where B is a smooth k-algebra of dimension r < n. Our goal is to find
out when the tangent vectors at a point in a distribution coincide with the
tangent vectors in the tangent space to a subspace at the same point, so
our question now is how we can restrict the points in a distribution A to
a subspace of A. In the previous section, we constructed the coproduct of
noncommutative A-algebras. The injection

por: A— A

and a subspace
Vv: A— B

give A and B A-module structures. We can therefore form the coproduct
Ax B. It is generated by elements fxb, where f € A and b € B. Since A lies
inside A, among these we will have the elements x;x1 fori =1,2,...,n. But
x;x 1 = 1x(x;), so the coproduct restricts the points of A to the subspace
1. Thus, the coproduct A x4 B consists of all points of the subspace 1, and
all the tangent vectors of A.

Example 4.2.4. Let A and A be as in Example 4.2.2, and let ¢: A — B,
where B = k[z|, be the curve that sends z to z and y to 0. Look at A x4 B.
The element y * 1 is 0 because

yx1l=1x¢(y)=1%x0=0.
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Therefore, when choosing a point Ax4 B — k, we must send y* 1 to 0, while
x * 1 can be sent to any element of k. The coproduct restricts the points of
A to the z-axis, which is exactly the curve 1.

If we for instance let 1) send y to 2 instead, a homomorpshism Ax, B — k
must send y * 1 to 2 since y x 1 = 1 x(y) = 1 x2. As above, x * 1 can be
sent to any element in k, so again the coproduct restricts the points of A to
the curve . &

Notice that in this example, we can choose any point p: A — k and find a
curve 1: A — B through that point (meaning g o ¢ = p for some q: B — k)
such that the tangent space at each point of the curve is given by the tangent
vectors of A at that point. These curves are the horizontal lines; if p(z) = a
and p(y) = b, we let ¢(z) = x and ¥(y) = b. The tangent vectors

{Y € Homa/(Ph(B),k): Y ov=q}

at any point ¢ o ¢» on this curve are all the tangent vectors with no y-
component, which are all the tangent vectors in A at that point. Since
Ph(B) gives all the tangent vectors at all points of B, we should have

A x4 B = Ph(B).
This is indeed the case with the isomorphism
B: Axy B— Ph(B)

sending x % 1 to x, y * 1 to b, dr * 1 to dor and dy * 1 to 0.

In general, if ¢»: A — B is a subspace, we have seen that we can define a
homomorphism 1, : Ph(A) — Ph(B) by letting ¥.(a) = ¥(a) and 1.(da) =
dy(a) for all @ € A. Since the map v is surjective, we know that for all b € B
there is an a € A such that ¢)(a) = b. Therefore we have that for all b € B,

Ixb=1x%xv¢(a)=ax1

for some a € A. Thus the coproduct is generated by the elements x; x 1 and
¢(dx;) * 1 for all i = 1,2,...,n. We can construct a map

B: A%y B — Ph(B)
by sending z; * 1 to ¥.(z;) = ¥ (z;) and ¢(dz;) * 1 to Y. (dz;) = di(x;).
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This is exactly the homomorphism that gave the isomorphism above between
Ax4 B and Ph(B). Whenever (3 is an isomorphism, the tangent vectors of A
at any point of the subspace given by ¢ are the same as the tangent vectors
of Ph(B) at that point.

In Example 4.2.3 we can not find a curve ¢ through each point such that
the map (3, as defined above, becomes an isomorphism. There is only one
choice of a tangent vector at each point, so the tangent space at any point of
a curve A — B will consist of more tangent vectors than those we have in A
at the same point. The only possibility we have to get an isomorphism, is if
we choose a point instead of a curve. That is, let B =k, and let ¥: A — k
send z and y to a € k and b € k, respectively. Then 1, (dzx) = d(¢(z)) =0
and ¢, (dy) = d(¢(y)) = 0, so the map f: A x4 B — Ph(B) sends z and y
to themselves, while dxr and dy are both sent to 0. This works well if a =
b = 0, because at the origin we have no tangent vectors. At any other point,
however, this is not an isomorphism. In fact, it is not even a homomorphism.

Definition 4.2.5. A distribution A on a ring A is integrable if for each
point p: A — k there is a subspace v,: A — B such that

1. p=gqo, for some q: B — k

2. f: A%y B — Ph(B) is an isomorphism

Note that 3 depends on 1,. The first condition in the definition tells us
that the subspace v, contains the point p. The second condition says that
for each point p = g o v, of the subspace, the tangent space of the subspace
at p equals the collection of tangent vectors of A at p.

Example 4.2.6. Let A = k[z,y] and A = Ph(A)/(dy — dxx — xdzx). Pick an
arbitrary point p: A — k, i.e., p(x) = a and p(y) = b for some a,b € k. The
curve ¢,: A — B, where B = k[z], that sends z to z and y to 2? + (b — a?)
goes through the point p; if we let ¢(z) = a, we have g o, = p.
Let f: A x4 B — Ph(B) be defined as above. Then
Bx 1) = ,(z) =z,
Bly 1) = ¥p(y) = 2* + (b —a?),
Bdz + 1) = diy(z) = do,
B(dy * 1) = di,(y) = dex + vdx.
Both elements y* 1 — (22 + (b—a?)) x 1 and dy * 1 — (dzz + xdz) * 1 are sent
to 0, but since
yx1=1x19(y)
=1x2°+ (b—a?)
=24 (b—a®) x 1,
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and
dy x 1 = (dex — zdx) * 1,

these elements are actually 0. Hence f is injective. Because x * 1 maps to x
and dx * 1 maps to dr, the map is also surjective. &

As we learned from Example 4.2.3, not all distributions are integrable.
We will now look at a condition that is necessary for a distribution to be
integrable.

Definition 4.2.7. A distribution A = Ph(A)/J is called involutive if for
all pairs of vector fields X, Y: Ph(A) — A that factor through A, the
homomorphism corresponding to the commutator [X, Y] also factors through

A.
Proposition 4.2.8. All integrable distributions are involutive.

Proof. Assume that A = Ph(A)/J is an integrable distribution, and let X
and Y be two vector fields such that X (f) = Y(f) = 0 for all f € J. We
must show that the homomorphism Z: Ph(A) — A corresponding to the
commutator [X, Y] also factors through A.

Since A is integrable, there is a k-algebra B such that we for each point
p: A — k can find a surjective homomorphism v,: A — B such that

1. p=gqo1, for some q: B — k,
2. the map [ is an isomorphism.

The homomorphism 1), is surjective, so B is generated by the elements 1, (z;)
for i = 1,2,...,n. For each p we can define vector fields o,: Ph(B) — B
and 7,: Ph(B) — B as follows:

o,: Ph(B) — B
1/)1,(%) = wp(X(l’i» = 1/)1;(%)
dipy(;) > Py (X (d;))

and
Ph(B) —
(

%Dp ;) ¢P(Y< ;) = Yp(;)
dipy (i) = Pp (Y (d;)).

Because we have Ph(B) = A xy B = Ph(A)/J x4 A/ker(y,), all f x1 and
1 % a, where f € J and a € ker(y,), should be mapped to 0. That is, we



4.2. INTEGRABILITY 43

should have ¥,(X(f)) = ¥,(Y(f)) = 0 and ¢,(X(a)) = ¥,(Y(a)) = 0. The
first equality holds because both X and Y send f to 0. Also, ker(y,) C A,
so a € A and X(a) =Y (a) = a. Therefore

bp(X(a)) = ¥p(Y(a)) = ¥p(a) = 0.

Hence o, and 7, are well-defined.
Let us look at the commutator [0, 7,]. It corresponds to a homomorphism
¢: Ph(B) — B where

E(Wp(xi)) = Yp(zi)
= 1y 0 Z(;)

and

E(dyy(x;)) = (opodom,od—T,0doa,od)(P,(x;))
= 0p 0 d o Ty(dihy(zi)) — 7 0 d 0 op(dihy(;))
=o0,0do,oY(dr;) —1,0do, o X(dz;)
=1p,o0oXodoY(dr;) — oY odo X(dx;)
=1yp,o0(XodoY —Y odo X)(dx;)
=1, o Z(dx;).

Thus £ = ¢, 0Z. But Ph(B) = Ax, B, so &(f) =0 for all f € J. Therefore

Up(Z(f)) = £(f) = 0,

which implies that Z(f) € ker(¢y,) forall f € J. Thisis trueforallp: A — k,
so for all f € J,

Z(f)e () ker(y).

p: A—k

If we can show that Nker(¢y,) = (0), we are finished. Assume that g €
Nker(1,). Then, by the first condition in Definition 4.2.5, p(g) = 0 for all
p: A — k, which implies that g itself must be equal to 0. Hence,

() ker(vy) = (0).
p: A—k

]

The proposition states that if a distribution is not involutive, it can not
be integrable either, so it gives us a necessary condition for a distribution to
be integrable. In manifold theory, there are similar notions of involutivity
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and integrability, and the condition is also sufficient, i.e., all involutive dis-
tributions are integrable. This result is called the Frobenius Theorem, and
can be found in [Leel2, Chapter 19]. The proof of this theorem builds on the
existence theorem for ordinary differential equations. It says that if we are
given a time-dependent vector field F': R™ x R — TR", we can through each
point in the space find a curve z: I — R" such that for each t € I, F(z(t),t)
is the tangent vector to the curve at the point x(t). That is,

dx

“r) = Fa(r).7)

for all 7 € I [Leel2, Appendix D]|. Let us find similar algebraic notions.

A vector field on a k-algebra A is a homomorphism from Ph(A) into A.
If we want it to be dependent on time, we can just add another variable:
A ®y, k[t]. Assume that A = k[zy,29,...,2,]. Then A ®j k[t] is just the
polynomial ring k[z1, za, ..., x,,t]. A vector field that is dependent on time
should be a homomorphism

F: Ph(A®K[t]) — A® k[t].

However, we only want the vector space to consist of tangent vectors in A
(that depend on time), not in A® k[t], so we are only interested in where the
dx;, for i = 1,2,...n, are mapped. Therefore we let F'(dt) = 1, and write
F(dz;) = f; € A k[t] for all i = 1,2,...,n. For each point of A, we want
a curve that goes through that point at a certain time. Let p: A ® k[t] — k
be a homomorphism such that p(t) = ¢ty € k and p(z;) = a; € k for all
i=1,2,...,n. It consists of two homomorphisms, p;: A — k and py: k[t] —
k. The first map, p;, gives us a point in A, while p, can be considered a
point of time. A map ¥: A ® k[t] — k[t] where ¢(t) =t and p = g o ¢ for
some ¢: k[t] — k is a curve that goes through the point p; at the time po. If
p = qotp, we must have ¢(t) = to, so ¢ = ps. The homomorphism 1) maps each
x; € A to a polynomial in k[t]. Le., forevery i =1,2,...,n, ¢¥(z;) = x;(t) for
some z;(t) € k[t]. Let F': Ph(k[t]) — k[t] be the homomorphism that maps
dt to 1, and assume B
Yo F =F o1,

Suppose for a moment that all the elements in Ph(k[t]) commute. In that
case,

dx i
dt

If we now apply F to this element, we see that F(¢,(dz;)) = %. This is an
element in k[t], which is a commutative ring, so even though Ph(k[t]) does

buldr;) = d(z;) = L.
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not commute, ﬁ(zﬁ*(dxl)) = d;ti forall i =1,2,...,n. Now let us see where
o F maps dx;:

U(F(dx;)) = (fi)
= fl(t, xl(t), Z'Q(t), PN ,xn(t))
By the assumption that ¢ o F' = Fo ., we have

dl’i
dt

= fi(t,x1(t), xo(t), ..., 2, (1))

for all i = 1,2,...,n. Thus, ¥ is a curve through the point p such that its
derivative is given by the vector field F. In other words, the vector field
F' consists of tangent vectors in A that are tangent to the curve. However,
given a vector field F' that depends on time, it is not necessarily the case
that there is a curve 1 such that ¢ o ' = F o1,. This is illustrated by the
following example:

Example 4.2.9. Let A = k[z,y| and
F: Ph(A® k[t]) - A® klt]
be the vector field mapping dx to x, dy to y and dt to 1. A curve
Y A® E[t] — k[t]

such that 1) o ' = F o4}, must then satisfy % = z(t) and % = y(t), where
Y(z) = z(t) and ¥(y) = y(t). The only possibility is that z(t) = y(t) = €,
but €’ is not an element of k[t]. Thus there is no homomorphism ¢ : AQk[t] —
E[t] such that woF:ﬁozﬁ*. &

This example shows us that we do not have an existence theorem equiv-
alent to that of differential geometry. Hence, we do not have a theorem
corresponding to the Frobenius Theorem either.
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