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Abstract

This thesis contains various results surrounding the Jacobian Conjecture. The first chapter is con-
cerned with the Jacobian Conjecture for free groups, which is essentially a worked-out proof of [2].

Then we fast-forward in time by about 35 years and discuss the notion of Mathieu-Zhao spaces, first
introduced by Zhao after noticing similarities between various conjectures implying the Jacobian
Conjecture, including the Mathieu Conjecture. For the history about this, see [7].

On this subject a proof of a generalized version of Duistermaat and Van der Kallen’s theorem (which
in itself is the abelian version of the Mathieu Conjecture) in one dimension is given, based on joint
work with Van den Essen.

The last subject in this thesis are the first steps in classifying all MZ-spaces of finite commutative
rings with identity.



Preface

Back in 2015 I followed a course called Polynomial Mappings. This followed [6] as its main text. During
this course I learned many new ways of proving theorems. These lectures, in combination with the
lectures on Commutative Algebra a year earlier, convinced me that I wanted to write a thesis with
Arno.

Arno introduced me to the notion of Mathieu spaces. At the time I was not interested in them, as all
writing I found about them contained only very difficult theorems and proofs. Instead, I asked for
another subject surrounding the Jacobian Conjecture. Recently, he found out about [2], and asked
me to read that article and study it until I completely understood it. This took about two weeks of
non-stop mathematics (literally). Then two years later I really needed to work hard again to actually
put down the proofs in writing. The result is chapter 1. I am greatly indebted to prof. Van Rooij
for helping me understand the Functional Analysis needed here, a subject I was never very familiar
with.

Then the subject of writing a thesis remained dormant for a while. At a certain point in time, Arno
approached me with another subject: Kernels that are Mathieu-Zhao spaces. This can be found in
chapter 3. Even though I found Mathieu-Zhao spaces no longer as frightening as I did before, since
I now understood at least one difficult proof, I was still not sure I wanted my thesis to go in that
direction.

In May of 2017, prof. Zhao visited Nijmegen. During his talk he mentioned that even for finite rings,
nothing was known about the MZ-spaces. This sparked my interest, as my Bachelor’s thesis was
about the subject of classifying finite rings. Two weeks later I started to think about the example he
mentioned in his talk (Z/100Z) and solved the more general case Z/nZ in fifteen minutes.

That point was the real start of my interest in MZ-spaces. The results of this venture can be found in
the last chapter, while chapter 2 deals with general results about MZ-spaces. My interest has actually
grown so much that right now all I want to do is continue the research into this subject - who would
have thought?

What remains is to explain the logical dependencies of the various chapters in a simple diagram:
2
4

When finishing this thesis, many friends offered to proofread the final version of this thesis. I am
already grateful for this offer, even though some of them were unable to proofread this due to time
constraints, solely caused by myself. I specifically want to thank Alex, Ton and Wouter for their time.
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.3

For his help in understanding the Functional Analysis needed in the first chapter and communicating
some theorems to me, I am indebted to prof. Van Rooij.

Many thanks go out to dr. Bosma for careful reading of this thesis and suggesting many edits for
better reading that will also help in my future writing.

To prof. Zhao I am very grateful for visiting Nijmegen, introducing this notion of MZ-spaces and
sparking my interest in researching the subject.

Next, although this may seem to come "out of the blue’, is my profound thanks to dr. Kortram, who
was always there for me when I had a course in Analysis or Applied Mathematics that I could not
pass. Many of these courses I still would not have passed if it were not for him.
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In a similar way, I want to thank my study advisor, Ina, for her continued support and help during
my studies, right until the end (and back).

I am most indebted to my supervisor, Arno, for his many years of guidance through the field of
mathematics. Just as outside of mathematics he has been, and continues to be, an inspiration for me.
I hope that we will be able to continue discussing the many aspects of life for a long time, my friend.

But most of all, I am thankful to my parents, who, even though the level of mathematics that I work
on is difficult for them to grasp, were always supportive of my studies. Without this support I would
have quit mathematics a long time ago.

Thank you, to all teachers in Nijmegen, all students I have met during my ten years here, and all my
friends who have made my life as a student worthwhile.
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Chapter 1

Inverse Function Theorem for Free Groups

The Inverse Function Theorem from Analysis is well-known. When we write down the equivalent
for Polynomial Rings, we get the Jacobian Conjecture. This conjecture is yet unsolved. In 1973, Joan
Birman [2] proved a similar result for Free Groups. We discuss her proof in this chapter. It uses free
differential calculus, as defined by Ralph H. Fox in [8]. This has later been named Fox Calculus. We
will discuss this in section 1.3.

In [6], one can read about the Jacobian Conjecture. For completeness, we shall state the most essential.

TR (dF_<X>) |
de 1<i,j<n

Conjecture. (Jacobian Conjecture) Let k be a field of characteristic zero. Let F': k™ — k™ be a polynomial
map such that det J F' € k*. Then F is invertible.

We write J F' for the Jacobian matrix

The converse of this conjecture is clearly true:
Suppose F'is invertible with inverse G, then

(G1(Fy (X, X)), o (X, o, X0)), o G(FL (X, X)), Fu(X, 0, X))
=(X1,...,X,).
For brevity, we write X = (X;,...,X,),G = (Gy,...,G,) and F = (F,..., F,), so
G(F(X)) =X.
By the chain rule of differential calculus we get
(JG)(F(X))-JF(X) =1.

Then by taking determinants, we find det(J G)(F(X))-det J F(X) = 1. Hence, since k[X]* = k*,
we find that det J F' € k*.
It is known that the Jacobian Conjecture is false in characteristic > 0 and true for n = 1 in character-
istic 0 :

Example 1.0.1. Consider k a field of characteristic p > 0 and F(X) = X — XP. Then clearly detJ F =
1 — pXP~! = 1. But we have F(0) = F(1) = 0, hence F is not injective and hence not invertible.
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The above example can be easily generalized for arbitrary n :
F=(F,....F)=(X,— X" ..., X, — X?)
has JF =1,,while X; =... =X, =0and X; = ... = X,, = 1 both yield 0 again.

Example 1.0.2. Let k be a field of characteristic zero and consider F': k — k a polynomial map. Then, if
det J F' € k*, we have ' € k*. Hence F is of the form aX + 3, where o € k* and 3 € k. Then the inverse is
givenby G =a'X —a™'3:

FoG=ala'X-a'B)+p=X-B+B=X.
By the following lemma, we have a different formulation of the Jacobian Conjecture:
Lemma 1.0.3. Let F': k™ — k™ be a polynomial map. Then F is invertible iff k[ X, ..., X,] = k[F1, ..., F,)].

Proof. =) If F is invertible with inverse G, then X; = G;(F1,...,F,) foreachi = 1,...,n. Hence
k[ Xy, ..., X, =k[Fy, ..., F,],as k[Fy,..., F,] C k[Xy,...,X,]is trivial.

<) If k[Xq,..., X, = k[Fy,..., F,], then X; € k[Fy,...,F,], ie, X; = G;(F,...,F,) for some G,.
Hence F is invertible with inverse G = (G1,...,G,). A

Using this, we can formulate the Jacobian Conjecture as follows:

Conjecture. (Jacobian Conjecture) Let k be a field of characteristic zero. Let F': k™ — k™ be a polynomial
map such that det J F' € k*. Then k[ X, ..., X, = k[F1, ..., F,].

We now invite the reader to skip ahead compare this result to Theorem[1.2.13|and observe the simi-
larity.
1.1 Prerequisites on group rings

In this section we shall discuss results on group rings necessary for the rest of this chapter. Some
results will be used in other chapters as well.

Definition 1.1.1. Given a group G and a ring R, we can define the group ring R[G] as the set of formal

€xp7 eSSiOT’ZS
Z gé
?
geG

where oy, € R and o, = 0 for all but a finite number of g € G.

Addition is defined by
Z Qg9 + Z Beg = Z(O‘g + By)g
g g g

and multiplication by

S a0 S = S (agilgh — 3 (z 5) .
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We can also define a multiplication by scalars from R by setting
r Z Qg9 = Z(Tag)g
g g

This makes R|G] into an R-module.

When R is a commutative ring, we will also speak of a group algebra and when R is a field, we can
also regard R[G] as an R-vector space.

It is clear that for R[G] to be commutative, we need R commutative and G abelian. Also note that the
set of elements of G forms a basis for R[G]| as a free R-module (or R-vector space).

Before we give some examples of group rings, we state and prove a lemma.

Lemma 1.1.2. Let R be a ring and C,, the cyclic group of order n. Then R[C,,] = R[X]/(X™ —1).

Proof. Consider p: R[X] — R[C,] with |z = idg and ¢(X) = g, where (g) = C,. In the usual fashion
¢ can be extended to a ring homomorphism:

i a; Xt — i aigi.
i=0

1=0

This ¢ is then surjective. Its kernel clearly contains (X" — 1). Suppose f € Ker ¢, then ¢(f) = 0.

If m < n, then ap + a19 + ... a,,¢g" = 0 implies that ap = a; = ... = a,, = 0 since R[G] is a free
R-module with basis {1,...,¢" '}

Now suppose that m > n. Write f = ¢(X" — 1) 4+ r, with ¢,r € R[X] and degr < n by Euclidean
division. We find that

0=p(f) =p@e(X" = 1) +p(r) = p(r).

Since degr < n, we find by the above that » = 0. Hence f € (X" — 1). The result follows by the First
Isomorphism Theorem. A

Example 1.1.3. (Q?) : Consider the field of rational numbers Q and the cyclic group of order 2, Cy. Then by
the above we have

Q[Cy] = QX]/(X* —1).

Since (X? —1) = (X —1)(X +1) and (X +1) — 1(X — 1) = 1 we find by the Chinese Remainder Theorem
that
Q[Ce] = QIX]/(X — 1) x QIX]/(X +1) = Q*.

The preceding example holds for any field [ of characteristic # 2 :
F[Cy] = F2.
For a field F of characteristic 2, we instead have
F[Cs] = F[X]/(X?) = Fle],
with £2 = 0.
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Example 1.1.4. (Q x Q(+/—3)) : Let C5 be the cyclic group of order 3. Then we have

Q[Cs] = QIX]/(X? —1).

Since 3(X?+ X +1) —3(X +2)(X —1) = 3(X?+ X +1 - X*+ X — 2X +2) = 1, we find by the Chinese
Remainder Theorem that

Q[Cs] = Q[X]/(X — 1) x QIX]/(X*+ X +1) = Q x Q(G) = Q x Q(V-3).
Proposition 1.1.5. Given a (commutative) ring R and groups G and H, then we have
Mat, (R[G]) = Mat,(R)|G]

and
R[G x H] = R[G][H].

Proof. The maps ¢: Mat, (R[G]) — Mat, (R)[G] defined by

(Z %',gg> =Y (Qijg)i<i<n g
g 1<i<n B

1<j<n
1<j<n

and ¢: R[G x H| — R|G][H] defined by

Z g (9, 1) — Z (Z Oé(g’h)g> h

(9,h)eGxH heH \geG

are isomorphisms in both Ring and R-Mod. O

As seen in the examples above, group rings aren’t necessarily fields. Since they aren’t commutative,
left inverses might not even be right inverses. We study when left inverses are indeed right inverses.

It is clear that for all o, € R* and g # e, the element ¢,g is invertible, its inverse being %‘1 g~ '. For
these kind of units it is trivial that zy = 1 implies yz = 1. We now show some results of group rings
where this holds in general.

Lemma 1.1.6. Let R be a ring and G a finite group. If z,y € R[G] and xy = 1, then yx = 1.
Proof. Letz,y € R|G] with zy = 1. Consider the following maps:
z-: R[G] — R|G], o za,
y-: RG] — R[G], a — ya,
then z - oy- = id. Hence y- is an injective map and z- is surjective.
Since R[G] is finitely generated as an R-module, we find that - is also injective by Poposition [1.1.7]
Hence yz- = y - ox- is injective.

Now consider yzyx = yz, hence yz(yx — 1) = 0. Since yx- is an injective map, we get yr — 1 = 0,
hence yz = 1. A

We have used
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Proposition 1.1.7. Let M be a finitely generated R-module and let p: M — M be a surjective R-module
homomorphism. Then o is also injective, hence an R-module automorphism.

Proof. Consider M as an R[X]-module via the multiplication f(X)-m = f(¢)(m). Then surjectivity
of ¢ translates to M = X M. Hence for the ideal / = XR[X] of R[X] we have M = IM. Then
by Nakayama’s Lemma (see Proposition there exists an element X¢(X) € I such that m =
Xg(X)m for all m. Le., m = ¢(g()(m)). Hence the inverse for ¢ is g(y). O

The above proof is based on Nakayama’s Lemma, an important result in Commutative Algebra:

Proposition 1.1.8. (Nakayama’s Lemma) Let R be a commutative ring with identity and let I be an ideal of
R. If M is a finitely generated R-module such that M = IM, then there exists an i € I such that for all
m € M we have m = im.

The following generalisation of Proposition holds:
Lemma 1.1.9. Let R be a ring and G a finite group. If X, Y € Mat,,(R[G]) and XY = I, then Y X = I,,.

Proof. By Proposition we have ¢(X)o(Y) = ¢(I,,) = 1 € Mat,(R)[G], hence by Lemma we
have ¢(Y)o(X) =1 = ¢(1,,). Since ¢ is an isomorphism, we have Y X = I, as required. A

1.1.1 Main Theorem
The main result of section 1.1 is the following theorem:

Theorem. Let G be a group and X, Y elements of Mat,,(C[G]) such that XY = I,,, then Y X = I,.

This theorem is essential for the proof of the Inverse Function Theorem for Free Groups, but its proof
is rather lengthy (we adopt the proof of Susan Montgomery [12]). It can be skipped if the reader is
not familiar with the concepts of Functional Analysis used here. Before we can start with proving
this theorem, we discuss a few notions of Functional Analysis.

1.1.2 (*-algebras and other prerequisites

In this section we assume a certain familiarity with Hilbert spaces and (linear) operators. The most
important results are stated and proved.

Definition 1.1.10. Let 2 be an associative C-algebra, let || — || be a norm on the C-vector space A, and let
x: A — A, L — L* be a C-antilinear map. Then (U, || — ||, *) is called a C*-algebra if (2, || — ||) is complete
and for all z,y € A we have:

1. ™ = x;
2. (zy)* = y*a*;
3. lzyll < [l=ll[yll;

4 [lz*)l = ll=ll;
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5. |zl = [l*.

Example 1.1.11. Let (H,(—, —)) be a complex Hilbert space, let || — ||o be the norm induced by (—, —), let

2 = B(#H) be the algebra of bounded linear operators on H. Let || — || be the operator norm, i.e.
IL]| == sup || Lxo.
zeH;|xllo=1

Let L* be the operator adjoint to L, i.e., (Lx,y) = (x, L*y) for all x,y € H. Then 2 is a C*-algebra.
Proof. We check the axioms 1-5. That (2, || — ||) is complete is standard.
1. We have (Lz,y) = (z, L*y) and (L*z,y) = (x, L**y). Then
(Lx,y) = (v, L7y) = (L"z,y)
Hence Lz = L**x for all x and L** = L, as required.

2. We have
(LMzx,y) = (Mx, L*y) = (x, M*L"y).

3. We use here that sup,cyjip,=1 [|L2]lo = SUPgeparo IE2lo Then

[lz]lo
LM

LM = sup LMzl
eetaz0  ||Z]o

B | LMo

= sup ———

TE€EH; Mz#£0 ||SC||0
LMo [[Mz|jo

= sup

venmazo || Mz||o ][0
L M
< wp MElo o Il
yEH;y#0 ”yHO TEH;37£0 ||5E||0
= || L[| M]|

4. We prove ||L*|| < ||L|| and note that the other inequality is found by substituting L* for L and
using that L** = L.

IL*2||g = (L"z, L)
LL*z,x)

ILL ][0 - [[=]lo

LI [IL7 o - [0

<

<
Hence ||L*z||o < ||L||||=||o so L* is bounded by || L*|| < ||L||. (We have used the Cauchy-Schwarz
inequality as the first inequality.)

5. Note that we have
IL*L|| < IL*]| - | L)) = || L]

For the converse:

IL[lg = (L, L)
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= (L"Lx,x)
< [IL*Lexflo - [|[lo
< IL7L| - [l (15

Hence || L||> < ||L*L||. (Again, we have used the Cauchy-Schwarz inequality.)
JAN

Definition 1.1.12. An operator L is called idempotent if L? = L, a projection if it is idempotent and
= L, furthermore an operator L is called unitary if L*L = I and LL* = I.

Theorem 1.1.13. In the C*-algebra A from Example |1.1.11, every operator of the form 1 + AA* for some
A € U is invertible.

This theorem is valid in any C*-algebra, but we only need it for this specific case. To prove this
theorem, we first need the following theorem:

Theorem 1.1.14. Let H be a Hilbert space and let A € B(H) be arbitrary. Then I + A*A is invertible in
B(H).

Proof. Write C' = I + A*A. Then for every z € H we have

1Cljo - lzllo = [{C, )]

(x + A" Az, x)]|
(z,2) + [(A" Az, )|
(i, )| + (A, Az)|

= [lll5 + 1 A=(5

Hence C'z = 0 implies x = 0, so C' is injective. Furthermore
ICzllo > [Iz]lo- (1.1)

We now show that Im C' is dense in ‘H and that Im C is closed.

Let z € H be arbitrary such that z | Im C. Then = 1 Cxz, i.e., (z,Cz) = 0. Hence ||z||? + ||Az||? = 0
and therefore z = 0. So, indeed, Im C lies dense in H.

To show that Im C'is closed, let (z,),en be a sequence in Im C' that converges in H to some z € H. We
need to show that x € Im C.

Therefore choose y,, € H with z, = Cy,. Then ||y, — ymllo < |zn — Zmllo, SO (Yn)nen is a Cauchy
sequence. Hence (y,,) converges to some y in /. But then (C'y,,) converges to C'y, hence (z,,) converges
to C'y. Since limits are unique, we find z = Cy.

Hence Im C'is complete, hence closed.
Therefore C is surjective. By (1.1) we find that C~! is continuous. O

We now only need to prove that (/ + A*A)~! € 2. This follows from two lemmas, which use the same
notations as above in Theorems[[.1.13]and [.1.14]

Lemma 1.1.15. The operator C' + il has an inverse in 2.
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Proof. Let s € (0,00) be such that s > ||C||*>. Then

C—il =(C+sil)—(s+1)il
= —(s+1)i(I — ((s + 1)) (C + sil))
= (s+1)i(I-T)
with 7' = o 1(C + sil).
Now, if |T|| < 1, then I + T + T? + ... is the inverse of I — T. Note that | T|| = =5||C + sil|| < 1if
|C + sil|| < s+ 1.

Claim. We have ||C + sil|| < /||C]]? + s2.
Proof. We have

I(C + sil)x||* = {(C + sil)x, (C + sil)x)
= (Cz + siz,Cx + six)
< ||Cx||* + 2 Re(Cz, siz) + ||sz]?
= (IC|I* + s*) [l

Where we have seen that 2 Re(C'z, siz) = 2Rei(Cx, sz) = 0 since (Cx, sz) € R. A

By the claim, we find that ||C + sil||> < ||C]]? + s* < s? + 25 + 1 = (s + 1)? since ||C]]* < s. A

We have the following immediate corollary:
Corollary 1.1.16. For every t > 0, the operator C' + til has an inverse in 2.
Lemma 1.1.17. We have
lim(C + il ) = C
el0
Proof. Consider for every ¢ > 0 the operator C~! — (C' + ¢il)~'. Then for small &
C(Cr=(CHel)y™y=1—(CHC +eil))™
=1—-I+ezC !

=) (=D YeCc™Hn
= giC™? Z(—l)m(ezC_l)m

Then .
|C(C™ = (C+eaD) ™| <ellC™H D Ele )
m=0

If we take ¢ < ﬁ, then the right-hand-side is < 2¢||C!|].
Therefore,

lim [[0(C™ = (C +&il) )] = 0.
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and hence:

lii(r)l C(C' = (C+el)t)=0.

Lastly then,
limC™' — (C+el) ' =C"1'0=0.

el0

A

Proof. (of Theorem (1.1.13) The theorem follows directly from Theorem (1.1.14, Corollary [1.1.16| and
Lemma [

The above theorems and their proofs were communicated to the author by A. van Roojj.

Lemma 1.1.18. For a projection P we have P = PP* and 1 — P is a projection.

Proof. Note that P = P* = P? by definition. So P = P?> = P- P = P - P*. Furthermore, we have
1-P)=1-P*=1-Pand(1—-P)?*=1—-2P+P>=1-2P+P=1-—P,soindeed1 — Pisa
projection. A

The following theorem will be used in the proof of our main result. It is found in [10]. Note that the
results|1.1.19|-[1.1.22|are stated there in terms of rings of operators, but they go verbatim for arbitrary
(non-commutative) rings if we use the following definitions:

An involution is a ring anti-homomorphism which is its own inverse, ie., f(zy) = f(y)f(z),
fle+y) = f(x) + f(y) and f(f(2)) = .

A projection is an element in the ring for which we have e* = e and ¢* = ¢, given a certain
involution .

Theorem 1.1.19. Let A be a ring with involution * and suppose that for every x € A, 1 + xa* is invertible in
A. Then for any idempotent f in A, there exists a projection e such that fA = eA.

Proof. Write z = 1 + (f — f*)(f* — f) such that z is invertible by assumption. Furthermore z =
L+ ff*—ff—ff"+ f*fand z* = 2. By the very easy lemma below (Lemma [1.1.23), we find that

=1+ff=f=-r+rfr

Claim. 27! = (z71)*

Proof. Wehave zz7! =1=1" = (z7l2)* = z* (27 1) = z(z71)* A

Now we have
Je=f+ffr—=ffr=rr+rrr
=f—F+fr=rr+rrr=rry
2f =1+frr=rr=rr+rr
=f—f+1fr=rr+rrr=rry
Then 2! commutes with f and f* :
Claim. - 27 !f = fz!
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e
Proof

-2 fr= = = f

-2l = 2 e = (2 f) = 2 (f2) = 2 = e = f

In both above equations multiply from the right with 2. JAN

Now we definee = ff*z!

Claim. e is a projection.

Proof.

= () =)= = = =
S e = e = e e = e =
Indeed e is a projection. Note that we have used zf = ff* f in the third equality from ¢ = e. A
Since fe = fff*z~! = ff*27! = e, we have eA C fA. Also, since ef = ff*z7'f = ff*fz7! =
fzz71f = f,wehave fA C eA. Hence fA = eA as required. O]
Lemma 1.1.20. Let e, f be idempotents in a ring A. If fA = eA, then e — f is nilpotent.

Proof. Using that fA = eA, determinea,b € Asuchthate = faand f = eb. Then fe = f(fa) = fa=e
and ef = e(eb) = eb = f. Now

(e—fY=e—ef —fet+tfP=e—f—e+f=0.
A

Proposition 1.1.21. Let e, f be idempotents in a ring A. If fA = eA, then there exists some invertible v € A
for which f = zex™'.

Proof. Definex =1+ (e — f). As above fe = eand ef = f. Then
re=e+(e—fle=e+e’—fe=ete—c=c¢

and
fr=f+fle—fl=f+fe—f>=f+e—f=ce

Hence re = fz. Now, since (e — f)?> = 0, we find

21— (= ) = (1+ (e~ N1 = (e~ 1)
—1-(e=f)+(e— D —(e— PP
— 1 (e~
=1
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and

(I=(e=fr=0-(e=f)A+(e=]))
=l+(e—fl—(e—f)—(e—f)

Hence z is invertible and we have zexz™! = f. O

If there exists an invertible € A such that f = xex™!, we call e and f similar.

Corollary 1.1.22. Let A be a ring with involution  and suppose that {1 + xz* | x € A} C A*. Then every
idempotent f € A is similar to a projection.

Proof. This is a direct corollary of Theorem 1.1.19|and Proposition|1.1.21 A

Lemma 1.1.23. Let A, B be rings and f: A — B be a ring (anti-)homomorphism. Let e be an idempotent in
A, then f(e) is an idempotent in B.

Proof. We have f(e) = f(e?) = f(e)f(e) = f(e)*. JAN

1.1.3 Proof of the Main Theorem

We start with proving our main result forn =1:

Theorem 1.1.24. Let G be a group and x, y elements of C|G| such that vy = 1. Then yx = 1.

Proof. On C[G] we have two maps:

x: C|G] — C|G], Zagg — Za_gg_l

geG geG

and
tr: C[G] — C, Zagg = Q.

geG

The first is an involution, we write z* := %(z). Then

Claim. This tr is a C-linear map with

i) tr(l) =1,

ii) tr(zy) = tr(yx) forall z,y € C[G];
iii) tr(xz*) > 0 forall x € C[G] and tr(zz*) =0 = x = 0.
Proof.
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) Letz,y € C[G] and A € C be arbitrary. Writexz = ) _sagg9and y = > . 8,9. Then we
have

tr(z+y) = tr <Z(ag + ﬁg)g> =ay + (1 = tr(z) + tr(y)

geG

and

tr(Ax) = tr (Z(Aag)g]) = Aoy = Atr(x).

geG

Thus tr is indeed a C-linear map.
i) Since 1 € C[G]isjust 1-1 where the first 1 € C and the second 1 € G we find that tr(1) = 1.

ii) Let z,y € C[G] be arbitrary. Write x = dec aggand y = dec Bgg. Then

tr(ww:tr( ) <agﬁh>gh> =" ayf,-

g€G,heG geG

and

tr(yz) = tr ( Z (5h04g)h9) = Zﬁhoéh—l

heG,geqG

which agree.
iii) We have

tr(zz*) = tr <<Z %9) (Za_gg‘l» = lag”

geG geG geG

Therefore tr(zz*) = 37 lay|* > 0, since |a,| > 0. Lastly, if tr(xz*) = 0, then |a,| = 0 for
all g € G, hence oy = 0 forall g € G. Thus = = 0.

A

We can bestow upon C[G] an inner product given by (3 . @09, > i 859) = 2 e Yol
Claim. This indeed defines an inner product on C[G].

Proof. Let A € Cand z,y,z € C[G] be arbitrary. Write x = }_ _,q,9,y = >_ o 8,9 and
z2 = ,cc V99- Then we have

Az,y) = (A g9, Y Byg)
= (> Ay9,>  Bag)
= Ay,
=) a,B,
= 2O 9, ) By9)

= Mz, y)
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and
@ty,2) =g+ Y B9, > )
= (g + 899> _149)
= (g + Be)7s
=S a7+ > 87
=) 000, > %9y + O B9, 9)
= (z,2) + (¥, 2)

Hence (—, —) is linear in its first component. Furthermore

(y,z) = <Z Bq9; Z agg)

= <Z g9, Z ﬁgg>

= (z,y)

(z,z) = Zaga—g = Z ||

hence (z,z) > 0 and (z,2) =0 <= z = 0. So indeed this defines an inner product on C[G]. A

and

1
We write || > . ay9llo = (Z 9eG |ag|2> * for the norm induced by this inner product and we complete

C|[G] to a Hilbert space # with respect to this norm. In particular note that ||z||, = tr(zz*)z. Now for
any z € C[G], left multiplication by x is an element of B(#), the bounded linear operators on .

Claim. Forall z € C[G], left multiplication by x is a bounded linear operator on H.
Proof. Write L, for the map defined by left multiplication by .
e Let \,u € Cand v, w € C[G]. We will show L, (\v + pw) = AL, (v) + pL,(w) for linearity.

L,(Av + pw) = z(Av + pw)
= T\ + Tpw
= \rv + prw
= AL, (v) + pLy(w)

We have used the distributivity of multiplication over addition in C|G].

e Note that

IZa@)llo = llzyllo = 1Y aggyllo < > laglllgyllo = <Z !%!) 19llo

geG geG geG

where we have used the claim below, that ||gx||o = ||z]|o for all g € G.
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Claim. For all g € G we have ||gz||o = ||z]|o.

Proof. Note that h — gh is a permutation of G. Hence

lgzllo = 1 Brghllo = [ 1841* = llllo-
heG heG

Now we have seen that L, : C[G] — C[G] is a bounded linear operator, which we can extend to
‘H since C[G] is dense in H. A

A

If we write || — || for the operator norm on B(#), then ||L,| = sup{||L.(v)|lo | v € H,|v|o = 1} >
|L:(1)]lo = ||x|lo and L} = L,.. Therefore L, is a unitary operator.

Claim. Forall x € C[G| we have L’ = L,~, while L, is a unitary operator for all g € G.
Proof.

e In order to prove L = L,- we need to show that for every y, z € 1 we have (L,(y),z) =
(y, Ly+(2)). Since inner products are continuous in either argument and C|G] is dense in
H, we may assume y, z € C[G]. Since y, z € C|G] are linear combinations of g € GG, we can
suffice by showing (L, (h), h') = (h, Ly«(h')) forall h, i’ € G. Write z = ) __, azg. Then

geG

= (h, Lo (1))
e We have
LyL; = LyLy = LyLy1 = Lyg1 = Ly = I
and
LiLy=LyLy=Ly1Ly=Ly1g=1Li=1

So L, is unitary.

A

Now we write 2 for the closure of {L,}.ccje) in B(H) with respect to the operator norm. Then by
Example|1.1.11|% is a C*-algebra and for all A € 2 we find that 1 + AA* is invertible in 2 by Theorem
1.1.13!

Then by Corollary [1.1.22} we find that every idempotent in 2 is similar to a projection. We now wish
to define our trace map on 2. Write tr(L,) = tr(x). Note that tr is continuous on {L, }scc[q :
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Proof. Note that we have ||L,| > ||z||o. Also,

lzllo = > lagl?> > |au| = | tr(2)],
geG
hence || L.|| > | tr(z)]

Then |tr(z) — tr(y)| = |tr(x — y)| < ||Ls—yl| = ||Ls — Ly, so we find that tr is continuous on
{Lx}xeC[G]~ A

Now we can extend tr to the whole of 2. Then this extended tr has the same properties as our original
tr: C[G] - C:

Claim. tr is a C-linear map with
i) tr(I) =1,
i) tr(XY) =tr(YX) forall X, Y € ;
iif) tr(XX*)>0forall X €e Aand tr(XX*) =0 = X =0.
Proof. Let X,Y € A be arbitrary and A € C. Choose (z,):2, € C[G] such that
lim || L, — X =0,
and likewise some (y,,)>° , € C[G] such that
Jim ||L,, — Y] =0
) Note that

tr(AX) = tr (A lim Ly, )

n—oo

_ <lim )\an>

n—o0

= lim tr(AL,,)

n—o0
= o tr(Laen)
= lim tr(A\z,)

n—oo

= lim Atr(z,)

n—oo
=\ lim tr(z,)
n—oo

= A lim tr(L,,)

n— o0
= At (fim L.,
= A tr(X)
Also

tr(X +Y) = tr ( lim L,, + lim Lyn)

n—oo n—oo
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:tr<th + L, )

n—oo

= lim tr(L,, + Ly,)
n—oo

= lim tr(z, + y,)
n—oo
= lim tr(z,) + tr(yn)
= hm tr(LZ’n) + tr( yn)
n—oo
= 5%, rien) + g (L)
:tr<lim an) —|—tr(hm L, )
n—oo n—o0

=tr(X) + tr(Y)
so tr is indeed a C-linear map.
i) We have tr(/) = tr(L;) = tr(1) = 1.
ii) Note that
lim ||L,,, — XY = lim |L,L,, — XY]
n—oo n—oo
= 1im [[(Ls, — X)Ly, + X(Ly, ~ V)]

n—o0

<t (Lo, — X)Ly, |+ |X (L, ~ V)]

< | e, = X||Ly |+ 1X 012y, - Y]
T (1L, = XLy, 1+ Jim XL, =Y

=0
since L,, converges to Y. Similarly
nlgl;g | Ly, 2, — Y X| =0.
Then we have

tr(XY) = tr (th )

n—oo

= lim tr(Lg,y,)

n—oo

= hm tr(z,yn)
n—o0

(
= hm tr(ynan)
(

= lim tr(L
s tr(Lye,)

= tr (Jim L,,.,)
— (Y X)

iii) Note that
lim ||L, — X*|| =0
n—oo
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hence
lim ||Lg,.: — XX™[| = 0.

n—o0

Then
tr(XX™) =tr ( lim anx;)

n—oo

= lim tr(Lg,q)

n—oo

= lim tr(xz,z;) >0
n—oo

Now suppose that tr(X X*) = 0, i.e., lim,,_,« ||2,]|2 = 0. Then lim,, ., ||z.]lo = 0.

If we show that Xg = 0 for all g € G, then since any element of C|G] is a finite linear
combination of g € G, and CIG] is dense in H, then X = 0.

Let g € G be arbitrary. We have
1Xgllo = I lim L., )gll

n—o0

= || lim 2gllo
n—o0

= lim [lz,g[lo

n—oo

= 1im [z, ollgllo

= lgllo - Jim Jz.ll

=0

Hence Xg =0forall g € G.

Now, if e is an idempotent in C[G], then we have the following:
Claim. - tr(e) =0 = e = 0;
-trle) =1 = e=1;
- 0<tr(e) <1.

Proof.  Since e is an idempotent in C[G], we find that L. is an idempotent in 2. Therefore,
L. = A~'PA with P a projection. Then tr(P) = tr(L.) = tr(e). Since P is a projection, we have
P = PP* (see Lemma|l.1.18).

- Now if tr(e) = tr(P) = 0, then tr(PP*) = 0 and hence (by iii) of the previous claim) P = 0, i.e.
L.,=0and e =0.

- Iftr(e) = 1, then tr(1 — e) = 0, hence tr(1 — P) = 0. Then
tr(1—P)(1—-P"))=tr(l1—P—-P*"+PP")=tr(1—-P)=0

Now by part iii) of the previous claim, 1 — P =0, hence 1 — L, =0and e = 1.
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- If tr(P) # 0, then tr(PP*) # 0, hence tr(P) > 0. If P # 1, then since 1 — P is also a projection
(see Lemma|1.1.18), we have tr((1—P)(1—P*)) # 0, hence 1 —tr(P) = tr(1—-P) = tr((1-P)(1—
P*)) > 0. Therefore 0 < tr(P) < 1. Together with P =0and P =1, we find 0 < tr(P) < 1.

A
Now suppose that =,y € C|G] are such that zy = 1. Then since yx is an idempotent, we find that
tr(yz) = tr(xy) = 1, hence yx = 1, by the previous claim. This completes the proof. H

Then the essential theorem of this section will be a direct corollary of the following theorem:

Theorem 1.1.25. Let G be a group and x,y elements of Mat,,(C)[G] such that xy = 1, then yx = 1.

Proof. This proof is similar to the proof for n = 1, where the maps on Mat,,(C)[G] are:

%2 Mat,(C)[G] — Mat, (C)[G], 3 Agg s Y Atg™!

geG geG

and
tr: Mat,(C)[G] = C, Y Ayg — Tr(Ay).
geG

O
Corollary 1.1.26. Let G be a group and X, Y elements of Mat,,(C[G]) such that XY = I, then Y X = I,,.

Proof. This is a direct corollary of Theorem [1.1.25/and Propositionm AN

1.2 Fox-calculus
Fox-calculus is essentially just calculus on free group rings. We start by defining what a derivation

on a group ring is and apply this to free group rings. We will ultimately arrive at the chain rule for
Fox-calculus, which is needed in the proof of the Inverse Function Theorem for Free Groups.

1.2.1 Derivations on group rings

Let G, H be groups and ¢: G — H be a group homomorphism. Then this ¢ extends to a ring homo-
morphism ¢: R[G] — R[H]| by
Z Qg9 Z agP(g).
g g
For example, let ¢: G — 1 be the trivial group homomorphism. Thene: R[G] — R
Zagg > Zage(g) = Zag.
9 9 9

Definition 1.2.1. We define a derivation D on R[G] as an R-linear map D: R|G] — R[G] that satisfies:
D(uv) = D(u)e(v) + uD(v)  forall u,v € R|G]. (1.2)
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Remark. The last equation simplifies for group elements as
D(gh) = D(g) + gD(h) forall g,h € G. (1.3)

Since D(0) = D(0 + 0) = D(0) + D(0) we have D(0) = 0and D(1) = D(1-1) = D(1)-1+1-D(1) =
D(1) + D(1), hence D(1) = 0. By R-linearity we then have D(r) = rD(1) = 0 forall r € R.

We list some properties:

Lemma 1.2.2. Let R be a ring and G a group. We have
D (Z agg> = Z%D(g). (1.4)
g g

D(uyus - Zm Uiy - Dug - e(uigr) - - e(un) (1.5)

D(g‘l) =—g 'D(yg) (1.6)

Proof. (1.4) is just another way of stating the R-linearity of D.
(1.5) follows inductively from (1.2). For n = 1, we have nothing to prove. For n = 2 it is precisely

(1.2). Assume it holds for n — 1. Then
D(ujug -+ up) = D((uy---tp_1)up)
= D(uy-up_1)e(un) +uy - up_1D(uy)
= D(uy-Up_1) +uy - uUp_1D(uy,)

n—1

= Up--- un_lD(un) + Z Uy~ - Ui_lD(ui)E(UH_l) Tt E(Un_l)

i=1

= Zul ~ui D UZ) (Ui+1) e 5(UN)
then follows from 0 = D(1) = D(gg™") = D(g)e(g~") +gD(g~") = D(g) +gD(g7"). L

Proposition 1.2.3. Let Derg(G) be the set of derivations on R[G]. Then Derg(G) is a right R|G]-module,
with operations defined as:
(Dl + DQ)(U) = Dl(U> + DQ(U),

(Dv)(u) = D(u)v.
Proof. We have

(D14 Dy)(u+v) = Di(u+wv)+ Dy(u+v)
= Di(u) + D1(v) + Do(u) + Dy(v)
= (Dl -+ Dg)(u) + (Dl + DQ)(U)

and

(D1 + Dy)(uv) = Di(uv) + Do(uv)

27



= (w)e(v) + uD1(v) + Dy(u)e(v) + uDsy(v)

= Di(u)e(v) + Da(u)e(v) + uD;(v) + uDsy(v)

= (Di(u) + Dy(u))e(v) + u(Di(v) + Da(v))
(D1 + D2)(u)e(v) + u(Dy + Ds)(v)

Hence D; + D, is a derivation.

Since
(Dv)(ul + UQ) = D(Ul + UQ)U
= D(u1)v + D(ug)v
= (Dv)(w1) + (Dv)(u2)
and

(Dv)(uug) = D(ujug)v
= D(uy)e(uz)v 4+ uy D(usz)v
(Dv)(u1)e(uz) + ur (Dv)(uz)

we find that Dv is a derivation.
Then Derg(G) is a right R[G]-module, with operations defined as above. O

Remark. We cannot bestow upon Der g (G) the structure of a left R[G]-module by setting (vD)(u) = vD(u),
for we have

(vD)(ugug) = vD(ugusg)

= v(D(ur)e(ug) + ur D(uz))
vD(uy)e(ug) + vuy D(us)
= (vD)(uy)e(uz) + vus D(uz)

Since v does not necessarily commute with u,, we see that v D is not necessarily a derivation.

1.2.2 Derivations on free group rings

We begin with an example of a free group, that should explain the terminology and the properties of
the free group.

Example 1.2.4. Let A = {a, b}, then A* is the set of all finite sequences consisting of a’s and b’s, e.g.,

1 a b ba aa abb babb abababbabab abababaaa

Here we write 1 for the empty sequence, this is clearly finite and only contains a’s and b’s (even though it
doesn’t contain any of those).

We can add a binary operation of concatenation to this set A*. We write that here (in this example only) as <,

e.g.,
alGb=ab adl=a ada=aa
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If we add the relations ab — 1 and ba — 1, i.e., construct
A*) <ab—1,ba —1>
while still using < as multiplication, we find e.g.,
ababbabaabaaa = 1$aaa = aaa aaaabbaab = aaaabbaab = aaa

One may easily verify that this structure A*/ < ab — 1,ba — 1 > yields a group with multiplication {) and
unit 1. We call this group the free group on one variable or free group on one generator. The elements of
a free group are called words.

Let X be a free group with a set (z;);c; of generators. Every u € X is an equivalence class of elements
in X, represented by a unique reduced word
el _.e2

Ly Ljp =X

Er

o, where ¢; = +1 and e; + e;11 # 0 when j; = ji

The length of u is the number .
The inverse of a (reduced) word is represented by

—€r .. pT€2,.7C1
Lj, Ljy " Tjy

and the unit element 1 is represented by the empty word of length 0.
The following example is to clarify these notations on the free group with two elements.

Example 1.2.5. Now, let A = {a,b, x,y} and consider
A"/ <ab—1,ba —1,zy — L,yz — 1 >
i.e. the free group on two generators. The following words aren’t reduced
axbay abraayabx aaaaab

Their reduced forms are respectively
a raa aaaq

For the following word, we list its inverse word
aaxxaybrb — ayaxbyybbd.
If we want, we can write a~* for b and x~* for y to obtain
1

aazrar o lza™t = artaza e e e e

If w = 2125 2377 " is a word in the free group X with generators (;);en, then we can speak of initial
segments of w. Here, the initial segments are

—1 —1
1, z, mzy, w1725 13, W.

A word w of length 1 has only two initial segments: 1, w. A word of length r has exactly » + 1 initial
segments.
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Let R be aring, then elements of R[X] canbe considered as } _, .y a,u, with at most finitely many a,, €
R nonzero. With 7 as the double sequence ((z;)ics, (7; ' )icr), we write f(¥) for such an expression

7
to indicate that we can consider f(7) := >, .y a,u as a “polynomial” in the variables (z;);c; and
(27 ier-

As before, the homomorphism ¢: R[X| — R gives f(z) — f(1), ie.
Z Ay U Z Q-
ueX ueX

Example 1.2.6. Let U be the free group on three variables: x,y, z. Let R = Z be the ring of integers. Then

1

f(@) = oy + 2202 + wzawe™t —dya 4oty

is an element of Z[U] and e(f(T)) =1+2+1—-4+1=1.

We now can characterize all derivations on R[X] for an arbitrary ring R and free group X:

Theorem 1.2.7. There exists a derivation % for each generator x; of X with the property that

8xk

— =0
8xj gk

Furthermore, there exists only one derivation D that maps (x;);e; to given elements (h;(Z));er of R[X],
T ]’Lj (ZZ’)
This is given by

pf@) =3 2y @), L7)

Proof. For each j € I and every element u € X we define

, 1 if u starts with z;
<J ) u> =
0 else

For instance (1, z,25) = 1, (2, 7175) = 0 and (1, 2] 2,) = 0.
We extend this definition linearly in the second component for elements of R[X]:

<]af(:f)> = <]7 Zauu> = Z CLU<jv u>

ueX ueX

We then define foreach j € I and w € X
(J,w, f(2)) = (G,w™ f(2)) = (G, ) f(D).
Remark that for f(z) = u € X we have
(Jw,u) = (jw™ ) — (w1

which equals 0 if w is not an initial segment of w.

For if it is, then z; is the first letter of w™'u if and only if z; is the first letter of w™'.
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The first letter of w™! only disappears in w™'u if w™! disappears entirely in w~'u, which happens
only if w is an initial segment of w.

Given j and f(z) we have

(Gow, f(2)) = (Gw ' f(@) = Gw "))
= (ow > awu) = Gw ) (1)

= Y auliow ) - G ()
= D (o) = o)
= Zau<j,w,u>

Obviously, (j,w, f(Z)) is nonzero for only finitely many w € X, for w has to be an initial segment of
all u € X for which a, # 0in f(z) =Y a,u.
Define 94 (s
W) _ S Gw s
J weX
This is a finite sum.
We check that it is a derivation:

of(@) +g(@) _ S Gow, f(z) + g(@)w

ox;
J weX

= > Gw Y au+ > buyw
weX ueX ueX

— Z (J,w, Z(au + by )uyw
weX ueX

- Z Z(au + bu) {J, w, u)w
weX ueX

— Z Z ay(j, w, u)yw + Z bu(J, w, uyw
weX ueX ueX

= Y Gow, f@))w+ (Gw, g(7))w
weX
wEX 'LUGX

_ @) |, 99(@)

N 827]' al‘j

and
ONf (@) ; 7
al’jx = wEZX<]7w7)‘f(x)>w
weX
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=AY Gow, f@)w

weX

af( )
Oz,

hence % is R-linear.
J

For the other property of derivations (see (1.2)), we first prove it for elements u,v € X:

ouv )
% = Z <ja w, UU)U)
j

weX

= Y (Gowtw) — o)) w

weX

— Z ((j,w_luw - <]7 w_1u> + <.]7 w_1u> - <]7 U}_1>) w

weX

= > (Gowluwy =G w+ D (Gww) = Gwu)) w

weX weX

J— _|_u—
&cj 8:1;]-

Now, let f(z) = > ayu and ¢g(Z) = > _ b,v. Then since a - is linear and we have the above, we get:

- Z %(@uu)e(bvv) + Z auua—(bw)
= o (S (Tr) + S (o)

= S U)e(ol@) + )5 6(a)

Indeed, % is a derivation. Now we show that % = 0k
j J

% = S Gow, f@)w

weX

= <], 1axk> + <]7 xkaxk>xk
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<jv xk> - <]7 1> + (<]7 1> - <]a ‘/L‘I;1>)xk
= 6j,k -0 + (0 - O)l‘k

= Ojk

Note that in (*) we have used that only 1 and z;, are initial segments of xy.

We have % f(z) # 0 for only finitely many j. This is due to the fact that f(z) = ) .\ a,u, where
there at most finitely many a, # 0 and where each u has only finitely many different z;’s (and z; '’s).
If u does not contain an z; or an ;' we have 8871; = 0, by (L.5) and the fact that

81’];1 1 6azk
=1, — =0
8.Tj T 8.%’]-
for j # k.
Hence the sum -
0f(z)
jel Oz,

is a finite sum. Since Derg(G) is a right R[G]-module, we find that

is a derivation for any given (h;(Z));e;.

Note that Do(zx) = 3¢, gix’;hj(x) = hy(x) as required.

Suppose lastly that D is a derivation of R[X] for which we also have z; — h;(z).

Consider the derivation D = D — Dy. This is a derivation for which z;, — 0 for each k& and hence
z;' — 0 as well. Hence we have

b = B(Fan)

Therefore, D = D, and we have uniqueness. O

Corollary 1.2.8. We can obtain f(Z) from the information f(1) and 6%]_ f(z), as in the following (fundamental)
formula

@)= 1)+ 3 T 1),

jeI

Proof. The linear map D given by D(f(z)) = f(z) — f(1) is a derivation.
D(f(z)g(z)) = f(x)g(x)— f(1)g(1)
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= f(@)g(x) + f(2)9(1) = f(2)g(1) = F(1)g(1)
= (f(@) = f(1)g(D) + f(@)(9(z) — 9(1))
= D(f(2)g(1) + f(z)D(9(7))

as required. As we have D(z;) = x; — 1 for every j € I, we obtain by Theorem 1.2.7]

f@) - 1) =3 2D

T
jer J

as required. A

Example 1.2.9. Let f(Z) = «} for some p. By the fundamental formula we obtain

oxt
=1 —L(z; —1)
j L
jel 8%
. ox? . .
Since 5.t = 0 for all i # j, we have
Ot

Hence )
0’ 4P 1 L+mwj+... +af ifp>1;
J j .
Ox;  w;—1 p ptl ~1 -fp < 71
—xy - —... -z ifp< -1l

We already know that given a homomorphism ¢: Y — X where X and Y are free groups, that ¢
induces a ring homomorphism between the free group rings R[Y] and R[X| given by

(Se) T

uey ueyY

Theorem 1.2.10. For free groups X generated by (x;),c1, and Y generated by (y;);cr, and a homomorphism
©:Y — X we have the chain rule of Fox calculus:

do(f(y)) of(y)\ 9¢(yx)
oz :Zw(ayk) ox;

kely

Proof. We apply Corollary to f(7)

do(f@) 9% ((f(l) + Cery By (i — 1))

axj 8a:j
e | 9% (Sier, B0 D)
dz; oz;
O (<88q§f)> (yr — 1))
) ; Oz,
ely

34



k L
cly
oy (%2) (el - 1)
kely Oz;
0 (52 2F(5)\ 0
_ Z (8 Y, >5((P(@/k_1))+290( g(i”) g(yk)
kely Ly kely Yk Ly
Since p(yx) € X we have e(o(yx) — 1) = e(p(yx)) — (1) = 1 — 1 = 0, hence the result. O

1.2.3 Inverse Function Theorem for free groups

In this section, we repeat the proof of Birman in [2] of the Inverse Function Theorem for free groups.
Therefore, our answer to the Jacobian Conjecture in this context is affirmative.

The following definition and lemma are from elementary group theory (see [3]), we will use it in the
proof for the Inverse Function Theorem.

Definition 1.2.11. Let G be a group and R a ring. The augmentation ideal I of G is the kernel of the
homomorphism ¢: R|G] — R. Note that I is a free R-module with set of generators {g —e | e # g € G}. If
H < G, then we write Jy for the right ideal Iy of R[G].

Lemma 1.2.12. Let G be a group and Raring. Let H, K < G and g € G. Then
i.g—e€c Jyifandonlyifg e H;

ii. Ju CJkiffHCK;

iii. Jy = Jx iff H=K.

Proof.

i. If g € H, then clearly g — e € Jy. Conversely, since Jy is generated by {h —e | e # h € H}, if
g—e € Jy wecan write g —e = Y ny,(h —e) with the ny, € Z. Since h — e € H, we find that indeed
g—e € H and hence g € H.

ii. Itis clear thatif H C K, that Jy C Jx. Now suppose that Jy C Jx and let h € H. Then by (i),
we have h — e € Jy, hence h — e € Jg. By (i) again, we have h € K. Hence H C K.

iii. This follows immediately from (ii).

JAN
Theorem 1.2.13. (Inverse Function Theorem for Free Groups) Let {y1, ..., yx} be a set of k < n elements
of the free group on n generators F,. We write Jy,, for the k x n matrix
oy .. dn
o1 OTn
ox1 0y

with elements in Z|[F,].
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i. If k=mn,then {yi,...,y,} isa generating set for F,, if and only if .J,,,, has a right inverse.

ii. Ifk <nand{y.,...,yr} extends toa generating set {y1,...,yn}, then Jy, has a right inverse.

Proof. i. («): Suppose that B = (;;) is a right inverse of .J,,,,. Then by Corollary|1.1.26/we see that
it is also a left inverse of J,,,,. Hence we have

n

dys .
E s | =— | = 0;; forall 1,...,n}
2 Bis (axj) g;jforalli,j e {1,....,n}
If we multiply both sides by z; — 1 and then summing over j, we get

ZZ@S (83/3) (z; —1) = Z:;CSM(%

j=1 s=1

i.e.

Zﬁzszgij _1 —xz_]-

By the fundamental formula of Fox calculus (Corollary [1.2.8) we have (setting f(Z) = ys)

Zays —1)=y,—1foralls=1,.
81‘]

Hence
Zﬁzs ys— 1) =ax; —1foralli=1,.

Now write (y1,...,y,) = H < F,. Then Iy is the two-sided ideal of Z[F},| generated by y; —
1,...,y, — 1.

We have shown that for each i = 1,...,n we have z; — 1 € Iy. Then by Lemma|1.2.12) we have
x; € H. Hence H = F,,.

(=): Suppose that {y,...,y,} is a generating set for F,,. Then we have z; = X;(vy1,...,y,) and
y; = Yi(x1,...,x,) (We can write z; as a word in the y; and each y; as a word in the z;).

Combining these, we find
YiXa(y1, -5 Un)y s Xn(y1, - yn)) =ys foralli=1,....n
We then get

V(Ko yn)s oo K, 9n)) = %forallz‘j: 1,...,n.
ay] ay] ) ) 9

Or, using the chain rule (Theorem (1.2.10) we get

zn: 8}/2'('7717' < 75Cn) aXs(:gla s 7yn) _ 5 'fOI' allz ] -1 n
axs ] ©,] ) gy lly

s=1 ay]
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l.

i.e.,

Hence J,,, = (@) ~has a right inverse, namely <8i> .
7/7] Z?]

Oz dy;

Suppose that {yi, ..., yx} extends to a generating set {y, . ..

of J,, formed by taking the first k rows of .J,,,,.

" [ Oy, Oxg .
= 0. =1,...,n.
E (8%) <8yj> d;,; for all 4, j N )

,Yn}. Then Jy, is the k x n submatrix

A right inverse is then given by the n x k submatrix of .J,,' formed by taking the first & columns

of J L.
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Chapter 2

Mathieu-Zhao spaces

In this section we will talk about the general notion of Mathieu-Zhao spaces that Zhao introduced
from the various conjectures regarding the Jacobian Conjecture.

As discussed in the introduction, we have various Conjectures which imply the Jacobian Conjecture.
Particular examples are

Conjecture. (Mathieu Conjecture) Let G be a compact connected real Lie group with Haar measure o. Let
f be a complex valued G-finite function on G such that [, f™do = 0 for all m > 1. Then for every G-finite
function g on G, also [, gf™do = 0 for all large m.

See [11] for discussion about the Mathieu Conjecture and the proof that it implies the Jacobian Con-
jecture.

Conjecture. (Vanishing Conjecture) If f € k[ Xy, ..., X,] is homogeneous and such that A™ f™ = 0 for all
m > 1, then for every g € k[ X, ..., X,] we have A™(gf™) = 0 for all large m.

These conjectures imply the Jacobian Conjecture, and can be formulated in terms of MZ-spaces, we
will do so in Section[2.T|after we have defined MZ-spaces. In this text we do not discuss the above two
conjectures, but only note that just one special case of (MC) is proven by the theorem of Duistermaat
and Van der Kallen in [5], which we will discuss in Chapter 3| For more about these conjectures see

7.

2.1 Definition and Examples

Let R be a commutative ring with identity (all rings will be as such from now on) and A an associative
unital R-algebra (all algebras in this chapter will be as such). Recall that a (left) ideal I of A is a
subalgebra of A such that for all a,b € A we have

a€l — bacl.

Hence in particular, if a™ € I for all m > 1, then ba™ € I for all m > 1.
For (left) Mathieu-Zhao spaces we relax this criterion to:
If ™ € M for all m > 1, then ba™ € M for all m > 0.

That is, there exists some N > 0 (depending on b) such that ba™ € M for allm > N.
Below, we define Mathieu-Zhao spaces a little more rigorous and give some examples.
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Definition 2.1.1. Let R be any commutative ring and A an associative (unital) R-algebra. For any subset M
of A we define the radical of M by

r(M) ={ac A|¥Ym>0:a" € M}
with m > 0 meaning all m > N for some N > 1.

Remark. For an ideal I of R, this coincides with the usual definition of the radical of I, being:
VI={a€R|3n:a" €I}
1t is well-known that the radical of an ideal is an ideal itself, and hence all ™" are elements of I for i > 0.

Definition 2.1.2. Let R be any commutative ring and A an associative (unital) R-algebra. For any subset M
of A we define the (left) strong radical of M by

sr(M) :={a€ A|Ybe AYVm > 0:ba" € M}.

Remark. Note that if a € sr(M), then 1 -a™ € M for all m > 0, hence a € r(M). So we always have
sr(M) C r(M).

Definition 2.1.3. Let R be any commutative ring and A an associative (unital) R-algebra. We say that an
R-submodule M of A is a Mathieu-Zhao space of A if and only if sr(M) = r(M).

A little less is needed in practice. Define (M) = {a € A | Vm > 1 : a™ € M}. It is clear that
(M) C r(M). We now show that if /(M) C sr(M), then r(M) = sr(M).

Proposition 2.1.4. If /(M) C sr(M), then r(M) C sr(M) and M is an MZ-space.

Proof. Let a € r(M) be arbitrary. Then there exists some N > 1 such that «™ € M forallm > N. In
particular we find (a’¥)™ € M for all m > 1. Let b € A be arbitrary. Then since a" € 7'(M) we know
that ¥ € sr(M). Hence for every 0 < i < N — 1 there exists some N; such that (ba’)(a™¥)™ € M for all
m > N;. Write N’ = max; N;. It follows that ba™¥™+* € M forallm > N’ and all0 < i < N — 1. Now
note that every n > NN’ can be written as Nm + i for some m > N'and 0 < i < N — 1 by division
with remainder. Hence ba" € M for alln > NN’, and a € sr(M). O

The above proposition shows that the introductory definition of Mathieu-Zhao spaces is correct. It is
immediate that ideals are Mathieu-Zhao spaces.

Example 2.1.5. Let R be a commutative ring and A an associative (unital) R-algebra. Let I be an ideal of A.
Then I is an MZ-space.

Proof. By Proposition we only need to prove /(1) C sr(I). Therefore, let a € r’'(I) be arbitrary,
thatis, a™ € I for all m > 1, in particular a € I. Since I is an ideal, we have for all ¢ € A that ca € I.
In particular, for any b € A and any n > 0 we have ba"a € I. Hence indeed, a € sr(I). A

The converse is not true:

Counterexample 2.1.6. The finite field F4 has only two (trivial) ideals, while it has much more Mathieu-Zhao
spaces, for example the set {0, x} is one. For a proof of this result, see Example
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For non-commutative rings we have distinctions for left- and right- Mathieu-Zhao spaces and we
reserve the notion of Mathieu-Zhao space for the (two-sided) Mathieu-Zhao space for which a €
r(M) implies that ba™c € M for all b,c € A and m > 0. We have stated above the definition of a
left- Mathieu-Zhao space and leave the definition for a right- Mathieu-Zhao space to the reader. For
commutative rings there is no such distinction necessary.

Now that we have defined MZ-spaces, we can write the Mathieu Conjecture in terms of MZ-spaces:

Conjecture. (Mathieu Conjecture) Let G be a compact connected real Lie group with Haar measure o and
let A be the set of C-complex G-finite functions on G. Then

{f€A|/Gfda:O}

This reformulation of the Mathieu Conjecture and further generalizations of the Vanishing Conjec-
ture made by Zhao, motivated Zhao to define and investigate what he called Mathieu subspaces. See
also [16]. Later Van den Essen renamed Mathieu subspaces to Mathieu-Zhao spaces, to honor him
for his founding of this field of study and his many great contributions to it.

is an MZ-space of A.

2.1.1 Non-trivial Example
For the first (highly) non-trivial example we note that the following theorem is of high importance.

Theorem 2.1.7. (Zero-Traces Theorem) Let M be an n x n matrix with coefficients C. If Tr(M™) = 0 for
all m > 1, then M is nilpotent.

We have two different versions of this theorem, each with an interesting proof. Note that they are all
a little bit stronger than the above theorem, so either proof is a proof of the above, verbatim.

Theorem 2.1.8. Let M be an n x n matrix with coefficients in C. If there exists an N such that Tr(M™) =0
forall m > N, then M is nilpotent.

Proof. (1. Generating series) It is well-known that Tr(M™) = A" 4+ ... + A\, where \,..., ), are
the eigenvalues of M. Suppose that M is not nilpotent, that is, there is some eigenvalue of M that
is nonzero. Choose any such eigenvalue \;,. Define ¢ = #{i € {1,...,n} | \; = \;,}. Order the
eigenvalues such that \;; = A\;and A\, = ... = A,

Define -
W(z) = Z Tr(M™)=".
m=0

By our hypothesis W (z) is a polynomial and we find

= Z Z()\jz)m

j=1 m=0
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Consider multiplying IV (2) by the other polynomial 1—\;z. We find (1—-\12)W (2) = £+> 1, | =512

i:£+1 l—)\iz :
If we evaluate at z = A%’ we get 0 on the left-hand side, while the right-hand side equals ¢ > 0. This
is a contradiction. Hence there is no nonzero eigenvalue, hence M is nilpotent. O

Theorem 2.1.9. Let M be an n x n matrix with complex coefficients. If Tr(M*) = 0 for all 1 < k < n, then
M is nilpotent.

Proof. (2: Vandermonde-determinant) Suppose that M is not nilpotent, then M has some non-zero
eigenvalues )y, ..., \.. Suppose they are all distinct and have multiplicities n;. Then by a well-known
fact we have Tr(M*) = ny A} + ... + n, A\F. Hence we have the following system of equations:

77/1)\1 —+ ... —|—n,,)\r =0
mA? +... 4nA2 =0

which we can write as

)\1 /\2 c. )\r nq 0
Ar A o) A\, 0

By Vandermonde’s identity for determinants we find

)VEED VD W 11 .1
A2 A2 L N2 ) VIR VN
R F Y VPP W R 2}
DD VD DU D Vi

Therefore, the system as a unique solution in the n,. Hence n; = 0 for all ¢, a contradiction. Hence M
is indeed nilpotent. O

We now consider the aforementioned non-trivial example of Mathieu-Zhao spaces.

Example 2.1.10. Let G be a finite group. Then the following subset of C[G] is a Mathieu-Zhao space:
{f e ClGT| fe =0}

Proof. For f € C|G] define A\(f): C[G] — C|G] as A(f)(h) = fh. This a C-linear map:
Let hy, he € C|G] and i € C be arbitrary. Then

A(f)(hy + hg) = f(h1 + hg) = fhi + fhy = A(f)(h1) + A(f)(h2)

and
AP (h) = £ uh 2 pfh = pA(f)(h)
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where we have used that C[G] is an C-module in (*).

Note further that dimec C[G] = #G =n < .
Since A(f) is linear, we can compute the trace of this map. Note that Tr(A\(g)) = 0 when g # e :
Write G = {e, ¢2, . . ., g} and suppose that g # e. Then

1 if ggi = gj;
)\ i = J .
(9):s { 0 otherwise

Since g # e we have gg; # g; when i = j. So A(g);; = 0 for all i, hence Tr(\(g)) = 0.
Then Tr(A(f)) = Tr(AQC fo9)) = Tr(X2 foA(9)) = 22 fo Tr(Ag)) = n- fe.

Now if (f™). = 0 for all m > 1, then we have
Te(A(f)™) = Tr(A(f™)) = n(f™)e =0 forallm > 1.

Then \(f) satisfies the condition of the Zero-Traces Theorem (2.1.7), hence A(f) is nilpotent.

Hence A(f)" = 0 for some n > 1 and hence A\(f") = 0 for some n > 1. So " = 0. In particular, for all
h € C|G] we have f*h = 0. Thus {f € C[G] | f. = 0} is a Mathieu Zhao space. A

The last lines of this proof can be generalized to the following important but easy result:

Lemma 2.1.11. Let R be a commutative ring with identity and A an R-algebra. Let M be an R-linear subspace
of A such that r(M) is contained in the set of nilpotent elements, then M is an MZ-space of A.

Proof. Leta € r(M). Then there exists some N € N such that «”¥ = 0. Then ba™ = (ba™ ")a" = 0 for
allm > N. Hence a € sr(M) and M is an MZ-space. A

Corollary 2.1.12. Let R be a commutative ring with identity and A an A-algebra. Let M be an R-linear
subspace of A. Then

r(M) Cn(R) < (M) C n(R).
Proof. Since r'(M) C r(M), the implication = is clear. Conversely, let a € r(M) be arbitrary. Then

there exists some N > 1 such that a* € M for all £ > N. Hence in particular (a”)" € M forall i > 1.
Therefore a™¥ € /(M) C n(R), hence a” is nilpotent. But then « is nilpotent, as required. A

Another highly non-trivial example is the one-dimensional theorem of Duistermaat and Van der
Kallen, see Theorem We end this section with another non-trivial example due to Mitya Bo-
yarchenko, his proof can be found in [9].

Example 2.1.13. Let V' be the set

{feC[X]\/Olf(:c)dx—O}.

Then V is an MZ-space of C[X|.
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2.2 General Results

In this section we discuss results on MZ-spaces that we need for this thesis. Further reading can be
done in [4], [16].

Lemma 2.2.1. Let R be a commutative ring and A an associative (unital) R-algebra. Let M be a Mathieu-Zhao
space of A and e € M an idempotent. Then Ae C M. In particular, if 1 € M, then M = A.

Proof. Since ¢ = e for all m > 1, we find that e € r(M). Then for all b € A we have be™ € M for all
m > 0, hence be € M forallb € Aand Ae C M. A

Proposition 2.2.2. Let R be a ring and A, B be R-algebras. Let f: A — B be a ring homomorphism. Let
M C Aand N C B be arbitrary subsets. Then

i) r(f7HN)) = f7Hr(N));
(i) f~1(sr(N)) C sr(f~H(N));
(iii) f(r(M)) Cr(f(M));
If f is surjective, we have
(iv) f~(sr(N)) = sr(fH(N));
(@) fsr(M)) C sr(f(M));
If M is additive and Ker(f) C M, then (without f necessarily being surjective):
(vi) f~H(r(f(M))) C r(M);
(vii) f~(sr(f(M))) C sr(M);
Now assume that f is surjective and M is an additive subset of A such that Ker(f) C M:

(viii) f(r(M)) = r(f(M));
(ix) f(sr(M)) = sr(f(M)).

Proof. (i) Note that the following are equivalent for a € A:

a€r(fT(N))
Ym >0 a™ € fHN)
Vm>0  f(a")eN
Vm >0 fla)™ e N

f(a) € r(N)

a€ f7H(r(N))

Hence indeed, 7(f~'(N)) = f~*(r(N)).
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(ii)

(iii)

(iv)
(v)

(vii)

(viii)

(ix)

Note that the following are all equivalent for a € A:

a€ [~ (sr(N))

f(a) € sr(N)
Vbe B VYm >0 bf(a)™ € N
Vbe B VYm >0 bf(a™) € N

This last expression trivially implies (but is not equivalent to) the first of the following equiva-
lent expressions for a € A:

Vb e f(A) Ym>0  bf(a™) € N
Vee A Ym >0 fle)f(a™) e N
Vee A Ym >0 f(ca™) € N
Vee A Vm >0 ca™ € f71(N)
a e sr(f (V)

Letb € f(r(M)) be arbitrary. Then there exists some a € (M) with f(a) = b. Let N be such that
a" € M foralln > N.Since f(a) = band f is a ring homomorphism, we have f(a") = f(a)" = b"
forall n > N. Then for all n > N we have 0" = f(a™) € f(M), hence b € r(f(M)).

Here the implication mentioned in (ii) is in fact an equivalence, since f(A) = B.

Letb € f(sr(M)) be arbitrary. That is, there exists some a € sr(M) with f(a) = b. Furthermore
let ' € B be arbitrary. Since f is surjective, we know that there exists some c € A with f(c) =b'.
Since a € sr(M) we find that ca™ € M for all m > 0. Hence f(ca™) € f(M) for all m > 0. Note
that b'0™ = f(c)f(a)™ = f(ca™) € f(M) forall m > 0, hence b € sr(f(M)) as required.

Leta € f~!(r(f(M))) be arbitrary. Then f(a) € r(f(M)). Hence f(a)™ € f(M) for all m > 0.
Since f(a™) = f(a)™ € f(M) for all m > 0, there exists a y,, € M such that f(a™) = f(u.) for
all m > 0. Hence for all m > 0 we have " — pu,, € Ker f C M. Hence ™ € M for all m > 0.
Therefore a € r(M).

Let a € f~!(sr(f(M))) and ¢ € A be arbitrary. Since a € f~'(sr(f(M))) we have f(a) €
sr(f(M)). Thatis, bf(a)™ € f(M) for all b € B and all m > 0. Hence in particular f(c)f(a)™ €
f(M) for all m > 0. Then f(ca™) € f(M) for all m > 0. Therefore, for every m > 0 there exists
some i, € M such that f(ca™) = f(un), hence ca™ — p,,, € Ker f C M for all m > 0. Therefore
ca™ € M for all m > 0. Since ¢ € A was arbitrary, we find a € sr(M).

Due to (iii) we only have to prove the converse inclusion. Note that by (vi) we already have
f~Hr(f(M))) € r(M). Hence we obtain f(f~'(r(f(M)))) C f(r(M)). Since f is surjective we
have f(f~'(N)) = N for every subset N of B, hence r(f(M)) C f(r(M)) as required.

Due to (v) we only have to prove the converse inclusion. For that, let b € sr(f(M)) be arbitrary.
Since f is surjective, we may write b = f(a) for some a € A. If we show that a € sr(M), then
b= f(a) € f(sr(M)), as required.

Therefore let ¢ € A be arbitrary. Since f(a) € sr(f(M)) we know that V' f(a)™ € f(M) for all
m > 0and all &’ € B. Therefore, in particular it holds for ' = f(c¢). Hence f(ca™) € f(M) for
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all m > 0. Therefore, for every m > 0 there exists some /1, € M such that f(ca™) = f(um). So
ca™ — pm € Ker f C M for all m > 0. Thus ca™ € M for all m > 0. Since ¢ € A was arbitrary,
we find a € sr(M).

]

Corollary 2.2.3. Let R be a commutative ring and A, B be R-algebras. Let f: A — B be surjective and let
M be an additive subset of A such that Ker(f) C M. Then M is an MZ-space of A if and only if f(M) is an
MZ-space of B. In particular, isomorphisms preserve MZ-spaces.

Proof. 1If M is an MZ-space of A, then sr(M) = r(M). Hence f(sr(M)) = f(r(M)). By (viii) and
(ix) of Proposition 2.2.2) we find that sr(f(M)) = f(sr(M)) = f(r(M)) = r(f(M)) and f(M) is an
MZ-space of B.

Conversely, if f(M) is an MZ-space of B, we need to show that r(M) C sr(M). Therefore let
a € r(M) be arbitrary. Then f(a) € f(r(M)) = r(f(M)) C sr(f(M)) since f(M) is an MZ-space.
Thena € f~'(sr(f(M))) C sr(M) by (vii) of Proposition[2.2.2] A

Corollary 2.2.4. Let R be a commutative ring and A an associative (unital) R-algebra. Let M be an additive
subset of Aand I C A an ideal of A such that I C M. Then M is an MZ-space of A if and only if M /I is an
MZ-space of A/I.

Proof. Apply Corollary2.2.3lwith B := A/Iand f: A — A/I the canonical map. ThenKer f =1 C M
and f is surjective by definition. A

2.2.1 Zhao’s Theorem

One of the most important theorems regarding MZ-spaces is Zhao’s Theorem about idempotent
elements:

Theorem 2.2.5. (Zhao’s Theorem) Let k be a field and A an associative k-algebra. Let M be a k-linear
subspace of A such that all elements of r(M) are algebraic over k. Then M is an MZ-space of A if and only if
Ae C M for all idempotents e which belong to M.

Proof. (=) : This is already proven earlier in Lemma
(<) : Let a € r(M) be arbitrary.
Claim: There exists e € M with e? = e and n > 1 such that a™ € M for all m > n with a"e = a™:

Proof. Since a € r(M) we find that for some N we have a™ € M for all m > N. Since a is
algebraic over k, there exists some 0 # f(X) € k[X] with f(a) = 0. Define g(X) = X" f(X) and
write g(X) = X"h(X) with n > N and h(0) # 0. Since k[X] is a Euclidean domain we can find
w(X),v(X) € k[X] with

w(X)X" +v(X)h(X) = 1. (2.1)

Set e = e(a) where e(X) = u(X)X". If we multiply by X" and subsitute a for X we get
u(a)a® +v(a)h(a)a™ = a™.

2

Since h(a)a™ = 0 we find e(a)a™ = u(a)a®" = a™ as required.
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If we multiply by e(X) and substitute a for X we get
u(a)a"e(a) + v(a)h(a)e(a) = e(a).

Since h(a)e(a) = h(a)u(a)a™ = 0 we get e(a)? = e(a), hence e? = e.
Lastly, since n > N we find that e = u(a)a™ € M. A

So we choose e and n accordingly. If b € A and m > n, then ba™ = ba™ "a" = ba™ "a"e € Ae C M
and M is an MZ-space of A. O

We have two corollaries from this theorem that are worth mentioning explicitly.

Corollary 2.2.6. With notations as in Zhao’s Theorem, if every element of (M) is algebraic over k, then M
is an MZ-space of A if and only if for every a € r(M) there exists some n > 1 such that Aa"™ € M.

Proof. The implication <«=: is clear, while the implication =: follows as in the last line of the proof of
Zhao's Theorem. A

Corollary 2.2.7. Let A be commutative and suppose that all elements of (M) are algebraic over k. Then M
is an MZ-space of A if and only if r(M) is an ideal of A.

Proof. =:)Leta,b € r(M). Thenby Corollary there exists n, m such that Aa™ C M and Ab™ C M.
Hence A(a+b)"*™ C M. Itis also clear that for every ¢ € A we have A(ca)” C Aa™ C M. Hence r(M)
is an ideal.

«:) Let e € M be an idempotent. By Zhao’s Theorem we need to show Ae C M. Write M, for the
set {a € A | ae € M}. Then we need to show that A = M.. We only need to show r()M.) = A by the
following claim.

Claim. Let M be an additive subset of A such that 1 € M. If r(M) is additive, then r(M) C M. In
particular if r(M) = A, then M = A.

Proof. Suppose that there exists some a € (M) with a ¢ M. Choose r > 1 such that a" ¢ M.
and "™, a"*2 ... € M. Then in particular a" € r(M). Since 1 € M, we find 1 € r(M). Hence
1 +a" € r(M). Hence there exists some N such that (1 + a")¥ € M and (1 + a")V' € M.
Therefore 1 + Na" € M and 1 + (N + 1)a” € M. Then a” € M by substracting these elements, a
contradiction. Hence (M) C M. A

Let b € A be arbitrary, then since e € (M) and r(M) is an ideal, we find be € r(M). Hence for all
large m we have b™e = (be)™ € M. But this means that b € r(1/,). Therefore A C r(M.). JAN
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Chapter 3

Duistermaat and Van der Kallen’s Theorem

In this chapter we discuss the one-dimensional version of the theorem of Duistermaat and Van der
Kallen and prove a generalized version of this theorem. In this chapter rings are commutative and
have an identity.

3.1 Prerequisites from Commutative Algebra

The first two lemmas are for reference only, they are easy exercises for anyone learning basic algebra.

Lemma 3.1.1. The only idempotents in a local ring R are 0, 1.

Proof. Suppose that e # 0,1 is another idempotent of A. Then e? = ¢, hence ¢(1 — e¢) = 0. Since
e # 0,1, we find that e, 1 — e are zero-divisors, hence not invertible. Then they are elements of the
same unique maximal ideal m of R, but then also 1 = (1 — ¢) + e is an element of m, a contradiction
to m being maximal. A

Lemma 3.1.2. (Euclidean lemma) In a ring R, if p is a prime ideal and a, b are ideals in R, then if ab C p,
thena C porb C p.

Proof. Suppose that ab C p and a ¢ p. Choose any a € a such that a ¢ p. Let b € b be arbitrary. Then
ab € ab C p. Since p is a prime ideal, we find that b € p. Hence b C p. A

The Euclidean lemma can be used as another way of defining prime ideals. Suppose that p is an ideal
such thatif ab C p, thena C por b C p. Then consider any a, b such that ab € p. Then (a)(b) = (ab) C p,
hence (a) C p or (b) C p. Therefore a € porb € p.

The following proposition uses the Euclidean lemma and is essential in Commutative Algebra, this
chapter 4nd the following.

Proposition 3.1.3. Let R be a ring and m a maximal ideal of R. Then R/m" is a local ring for every k > 1.

Proof. We know that ideals of R/m” are of the form a/m* with m* C a. If we want maximal ideals in
R/m* we need a maximal ideal a in R with m* C a. Since a must be a prime ideal, we find by the
Euclidean lemma that m C a must hold, hence by maximality of m we find m = a. Therefore, the only
maximal ideal of R/m" is m/m* and hence R/m* is a local ring. O
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Definition. Let R be a ring and A an R-algebra. An element a € A is called algebraic over R if there
exists a non-zero univariate polynomial f(X) € R[X] such that f(a) =

Lemma 3.1.4. Let V be a finite field-extension over k. Then every element a € V' is algebraic over k.

Proof. Write dimy, V = n. Let a € V be arbitrary. Then consider the set {a’}!" ,, which is a set of n + 1
elements. Hence there exists some linear dependence:

co+tca+...+c,a”=0
where there exists at least one ¢ € {0,...,n} for which ¢; # 0. Then «a is a root of the polynomial
F(X) =2 X" € k[X]\ {0} A
Furthermore, we have the partial fractions decomposition of rational maps:

Theorem 3.1.5. (Partial Fractions Decomposition) Let k be a field, ai,...,a, € k disinct and o € k*.
Define U(X) = a(X —ay) - (X — ay,) and let V(X) € k[X] with degy V(X) < n be arbitrary. Then

V) g A

UX) X—CL,'

=1

; . V(a)
with A; = Ty
Proof. Note first that U’(a;) # 0 foralli = 1,...,n. This is since all g; are distinct and we know that if
both U(a;) = 0 and U’(a;) = 0, then a; is a double root of U. Since this is not the case, and we know
that U(a;) = 0, we must have U’(a;) 7é Oforalli=1,...,n

Then consider the set Vi (x) := { 75 L | deg V(X) < } as a subset of k£(.X), the field of rational func-

tions. Since degV(X) < n, we see that the set {U(X), Uf;), o ‘g& } spans Vy(x). It is clearly a

T T BT ; are k-linearly mdependent as

k-linear subspace of k(X). Indeed, the elements
well. Hence dimy, Vy(x) = n.
Now consider the elements X+&1’ e X . One easily verifies that they belong to Vi (x). We show

that they are linearly independent, and “hence form a basis. Therefore, suppose that there exist
A, ..., A, € ksuch that

Then also

By substituting a; for X, we find A\; = 0. (Note that we nowhere divide by zero, as all a; were distinct.)

Then ), 2 — = 0 and we repeat this procedure. We find that indeed - = AR X+an are linearly
independent.
Since now these elements constitute a basis for Vi (x), given any V(X) with deg V' (X) < n, we can
write

V(X) = A

U(x) Z X —aq

=1
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for some A, ..., A, € k. We now determine those A;. By multiplying both sides with (X —a;) we get

V(X) _ Ai(X —ay)
m.<x_aj)_Aj+; X—a

Note that the X — a; cancels with the X — a; that occurs in U(X). So we can substitute a; for X and
obtain

Vi(a;)
Ua;)
as required. Note that we used that U'(a;) = o [],;(a; — a:). O

3.2 The Theorem of Duistermaat and Van der Kallen

In this section we state the Theorem of Duistermaat and Van der Kallen in one dimension. We shall
prove a more general theorem later on, using a technique by Paul Monsky. Before we do that, we
need to discuss some theorems, all of which are self-contained and needed for our proof, at the end,
we shall state the Theorem of Duistermaat and Van der Kallen. The first necessary theorem is the
Newton-Puiseux Theorem, which is well-covered in the literature, (see: [13], [14], [15]) hence we
omit the proof.

Theorem 3.2.1. (Newton-Puiseux) Let k be an algebraically closed field of characteristic zero and f(X) =
Yo o)X € k((¢)[X] with n := degy f(X) > 1. Then there exists some p > 1 such that f(X) splits
completely in linear factors over k((t/?)).

Next, we need a special ring for our proof:

Theorem 3.2.2. Let k be a field and v a valuation on k such that k is complete with respect to v. Define
k[[X, X ] to be the set of formal series y - ¢, X" such that lim,_, ¢, = 0. Then k[[X, X ']] can be
made into a ring.

Proof. We define addition point-wise, that is

[e.9]

i an X" + i X" = ) (an +b) X"

n=—oo n—=—oo n=—oo

For multiplication, we define it as we do for polynomials, i.e.,

SPRED SR b SN 8

n=—0oo n=—oo n=—oo m=—00

We show that this multiplication is well-defined, i.e., that the product of two elements of k[[ X, X ]| is
again an element of k[[X, X !]]. That k[[X, X ~!]] is then a ring with these operations, is then straight-
forward.

Let> > _a,X"and > 2 _ b,X"beelements of k[[X, X ']]. We define

N

Cn,N ‘= E 6Lmbn—m

m=—N

foralln e Zand all N > 1.
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Claim. The sequence c,, o, Cp1, Cn2; - - - is a Cauchy sequence in k for every n € Z.

Proof. Since lim,|—00 @ = 0 = limyy|—0 by, there exists some C' > 0 such that |a,|, [b,| < C for

alln € Z.
Let ¢ > 0 be arbitrary. Then there exists some M > 0 such that |a,,| < C~'e and |b,,| < C7 e if
|m| > %M *)
Furthermore, let p > ¢ > M. Then
—(q+1) P
Cnp — Cng = Z ambn—m + Z ambn—m~
m=—p m=q+1

Since now |m| > ¢ > M > 1M, we have |a,,| < C~'e. Hence |anb,—| < C7'e - C = e. Indeed,
|Cnp — Cnygl < €, hence (¢, ;)52 is a Cauchy sequence. A

Now, since £ is complete, we find that (cw)j?’io converges. Write ¢, := limy_,» ¢, v. Notice that

o

Cp = E A bn—m.-

m=—00

All that we need now, is to show that lim,, . ¢, = 0.

Proof. ~ With notations as above, let |n| > M. Consider ¢, x as above, with N > 1. Since
n=m+ (n —m), we find that |m| > M or |n — m| > $ M. Hence

|Gmbp-m| < C e C =¢.

Here we use (*). So |c, n| < € for every N > 1.
Then | limpytoo | < €, €., |cn| < €, as required. A

Hence multiplication is well-defined and k[[X, X ~!]] is indeed a ring. O

Proposition 3.2.3. Let k = C((2'/?)) and v the valuation of k such that v(z*/?) = 1/p. Then C[X, X ~1][[z]]
is a subring of k[[X, X ).

Proof. Note that C((z!/?)) is complete with respect to v, one could write z*/? = ¢, then k = C((t)) and
v(t) = 1. Hence k[[X, X '] is defined.

Let f(2) = ao(X) + a1(X)z + a2(X)z? + ... be an arbitrary element of C[X, X !][[z]] and let ¢ > 0 be
arbitrary. Write this element f(z)as > - _ ¢, X"

We want to determine N such that |c,| = 2°*") < ¢ for all |n| > N. This is equivalent to determining
N such that v(c,) > log,(e).

Write N () := [log,(g)]. Then determine N := maxo<;<n(){dega;(X),dega;(X')}. Then clearly, for
all ¢, with |n| > N we have v(c,) > log,(¢). Hence |c,| < e.

Hence indeed, f(z) € k[[X, X '], as required. O

For completeness, we also state the higher-dimension theorem of Duistermaat and Van der Kallen
here, a proof can be found in [5].
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Theorem. (Duistermaat-VanderKallen) Let X, ..., X, be n commutative variables and let M be the sub-
space of the Laurent polynomial algebra C[X1, ..., X,,, X; ', ..., X,] consisting of those Laurent polynomi-
als with no constant term. Then M is an MZ-space of C[ X1, ..., X,,, X; ..., X 1.

We now state Duistermaat Van der Kallen in dimension one. Which is just taking n = 1 :
Theorem 3.2.4. (Duistermaat-VanderKallen) The set

{feClX, X7 fo=0}
is an MZ-space of C[X, X ~1].

We omit the proof, as we prove a more general theorem in the next section, see[3.3.2,

3.3 Kernels of linear maps: A generalisation of Duistermaat - Van
der Kallen in dimension one

In this section we will discuss a generalisation of Duistermaat-Van der Kallen. Note that
p: CIX, X' = C,f— fo

is a linear map of C-vector spaces.
We now take an arbitrary C-linear map, L: C[X, X '] = Cor L: C[X] — C.

Remark. 1. If L is injective, i.e., Ker L = 0, then Ker L is an MZ-space.
2. If L =0, i.e., the trivial linear map, then Ker L = C[X, X '] (or indeed Ker L = C[X]), an MZ-space.

We may assume that linear maps we consider are no longer injective or trivial. So from now on,
when we write L is a linear map, we mean a non-trivial non-injective linear map. If we use linear
maps in a more general way, we will write: possibly trivial linear map, or possibly injective linear map.

Lemma 3.3.1. Let L: C[X| — C be a C-linear map for which there exists an N > 1 such that L(X") = 0
foralln € Z>y. Then Ker L is an MZ-space of C|.X| if and only if L(1) # 0

Proof. =-:) Suppose that L(1) = 0, then 1 € Ker L. Since Ker L is an MZ-space of C[X], we find that
Ker L = C[X], i.e., L = 0, a contradiction. So L(1) # 0.
«:) Note that L(X™) = 0. So forany f = Y, a;X" we have

fXN <Z&1X1+N> :iazL(XHN):O
=0

hence (X”) C Ker L. Then by Corollary it suffices to show that Ker L/(X") is an MZ-space
of C[X]/(X?"). We will also use Zhao’s Theorem. We therefore need to show that all elements in
r(Ker L/(X™)) are algebraic over C and that C[X]/(X")e C Ker L/(X") for all idempotents e in
Ker L/(X").

Note first that Ker L/(X") c C[X]/(X"), hence any idempotent of Ker L/(X?") is an idempotent of
C[X]/(X™N). We start by determining the idempotents of C[X]/(X?"). Since (X) C C[X] is a maximal
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ideal, we find that C[X]/(X?") is a local ring, by Proposition A local ring has only idempotents
0,1 by Lemma Since L(1) # 0, we see that 0 is the only idempotent in Ker L/(X"), and we
trivially have 0 C Ker L/(X?").

Hence it remains to show that every element in r(Ker L/(X")) is algebraic over C. Note that
r(Ker L/(X™)) C C[X]/(X™Y),

and every element of C[X]/(X") is algebraic over C due to its dimension being finite and Lemma

B.14

Since we now satisfy the hypotheses of Zhao’s Theorem, we find that Ker L/(X") is an MZ-space of
C[X]/(X"™) and hence Ker L is an MZ-space of C[X]. JAN

Note that the above lemma can be generalized to an arbitrary field %, with identical proof.

Theorem 3.3.2. Let L: C[X, X '] — C be a C-linear map for which there exists an N > 1 such that
L(X™) = 0foralln € Zsy and all n € Z<_y. Then Ker L is an MZ-space of C[X, X '] if and only if
L(1) #0.

The proof of this theorem relies on the following lemmas.

Lemma 3.3.3. Let L: C[X, X '] — C be a C-linear map for which there exists an N > 1 such that L(X™) =
Oforalln € Zsyandalln € Z«_n. If L(1) # 0and f € v'(Ker L), then f € C[X]or f € C[X].

Proof. Suppose f ¢ C[X]and f ¢ C[X!],ie. f=aX *+...4+BX" witha, # 0and s,7 > 1. Then
consider the power series

W(z) = ZL(fj)zj.

We will show that W (z) # 1. Thatis, L(f™) # 0 for some m > 1. This contradicts f € r'(Ker L).
Write U(X) = X*(1 — 2f(X)) € C(2)[X] C C((2))[X] and n := r + s. Then by the Newton-Puiseux
Theorem (see Theorem [3.2.1) there exists some p > 1 such that

U(X) = (=B2)(X —a1) - (X — ay), withall ¢; € C((z7)).

Write k£ := C((z%)) There we have the valuation v defined by I/(Z%) = = and k is complete with

respect to this valuation. Furthermore k[[X, X !]] is a ring, by Theorem Extend L to k[[X, X ']
as
L:K[[X, X =k

by

L ( i ch”> = Nzl cnL(X™).

n=-—00 —(N-1)

Since C[X, X !|[[z]] is a subring of k[[X, X ~!]] (see Proposition 3.2.3), we have

e e K[[X, X

m>0
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Then 1 — zf is invertible in k[[X, X ~!]] and so is U(X). Write

1 X
o= (=) =+ (5)
We will now use the partial fractions decomposition of X*/U(X). Therefore, note that since we have
(—=)"ay---a, = a/B, we find that a; # 0 foralli = 1,...,n. From U(a;) = 0 we find then that
fla;))=1/zforalli=1,...,n
So f'(a;)a; = —z7% Also U'(X) = sX* (1 — 2f(X)) + 2%(—2)f(X) and U'(a;) = —zaif'(a;) # 0.
Hence all g, are distinct. Then by Theorem [3.1.5we get a partial fractions decomposition of the form

X LA
Ux) Zl X —ay

with A4; = m = — f,(a . Therefore

n

1 X4 1
1—2zf(X) - U(X) - Zl_zf/<ai>(X —a) (3.1)

i=

We now compute the inverse of each factor X — a; in k[[X, X !]]. Observe that f(a;) = 1/z implies
that v(a;) # 0. Then v(a;) > 0 or v(a;) < 0.

If v(a;) > 0, then we have
(X —a) ' =X"1—aX ) t=X" me E[[X, X1
while if v(a;) < 0, then
(X —a) = —ar (1 — a7 X) " = —at S (X" € KX, X1
m=0

So we find that
1 1 1
1—2f(X) (Z;; 2f'(ai)(X — a;) +i§ 2 f'(ai) (X — ai))
1 - -1 m —1
-3 (57 (D“i Y ) )

(E @) Gz

where St = {i | v(a;) > 0}en S~ = {i | v(a;) < 0}.
Then

o - (=)

2 (o)) o
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€St =0 €S m=0
1 N-1 1 N-1
_ Z Z aZmL(X—(m-H)) + Z al—(m-i-l)L(Xm)
est Zf/(ai) m=0 €5~ Zf/(ai) m=0
Since f'(a;)a;, = —z~% we have
B ) SRS 33 SRR
€S+t m=0 icS— m=0

We want to show W (z) # 1, i.e. we need to show that

Z Z a’amL m+1) Z Z Cl/ 7(m+1 m) 7& 2 (32)

ieS+ m=0 i€S— m=0

To prove this inequality, we study the q; at infinity, i.e. we sett = 1. Now fix an i. Then f(a;) = ¢.
Since C(z) = C(t) we find that a; is algebraic over C(¢) and hence also over C((¢)). Then again by
the Newton-Puiseux theorem we can regard a; inside C((t%)) for some p > 1. Since a; # 0 we can
write a; = Yo7 ¢,t"/? for some ¢; € C with ¢,, # 0. Write w for the valuation on C((t'/?)) defined
by w(t'/?) = 1/p. Then w(a;) = m/p.

Suppose that w(a;) > 0, then w(f(a;)) = w(ac,t™™/?) = —ms/p = —sw(a;) < 0 since s > 1. But
since f(a;) =t we also have w(f(a;)) = w(t) = 1, a contradiction.

Similarly, if w(a;) < 0, then w(f(a;)) = w(c",t™/P) = mr/p = w(a;)r < 0, a contradiction.

Hence w(a;) = 0and a; = Y o7, ¢,t"™/? with ¢y € C*.

Note that t = 1, and w(t) = 1. So if we show that w(aja]") > 1 for all m € Z we have shown our
inequality 3.2} and hence that 7 (z) # 1. Note that since f(a;) = t we have a; ¢ C. Hence there exists
some j > 0 with ¢; # 0. Choose such j minimal and write a; = ¢ + ¢;t//? + R with w(R) > j/p. Then

w(&)=i-1

’ da;
Also % = —-4¢*> and w(a;) = 0, therefore we have
w(aal™) = w(— daltz al') = J _ 1+2>1
17 dt p Y

which concludes the proof. A

Lemma 3.34. Let L: C[X, X '] — C be a C-linear map for which there exists an N > 1 such that L(X") =
Oforalln € Zsyandalln € Z<_n. If L(1) # 0and f € C[X|Nr(Ker L), then f € XC[X].

Proof. Let f € C[X]Nr(KerL), then f € r(Ker Lic|y)). By Corollary and Lemma we
know that r(Ker L|c[x)) is an ideal of C[X]. Since L(1) # 0 we find that Ker Lcx] # C[X], and hence
r(Ker Licx)) # C[X]. As r(Ker Lic[x)) is a principal ideal (C[X] is Euclidean), it is generated by some
monic g € C[X]\ C. Since it is clear that X € r(Ker Licx]) we find (X) C r(Ker Lic(x]). Hence X is a
multiple of this g. Hence g = X. So r(Ker Licix]) = (X) and f € (X) = XC[X]. A

We will use the following definition(s):

56



Definition 3.3.5. For f € C[X, X ']\ {0} we have the following quantities:

deg, f=max{i: f; # 0}

and

deg_ f =min{i: f; # 0}.
Examples 3.3.6. 1. If f=X"2+1+ X, thendeg, f=1anddeg_ f = —2.
2. Ifg= X, thendeg, g =1and deg_g = 1.

3. Ifh=1+ X + X?, then deg, h = 3 and deg_h = 0.

Remark that we have deg, (fg) = deg, f + deg, g and deg_(fg) = deg_ f + deg_ g. Also, note that if
deg_g >0, then g € C[X] and if deg, g <0, then g € C[X']. We always have deg_ g < deg, g.

Proof. (of Theorem [3.3.2) =:) Suppose that L(1) = 0, then 1 € Ker L. Since Ker L is an MZ-space of
C[X, X!, we find that Ker L = C[X, X !],i.e., L = 0, a contradiction. So L(1) # 0.

«:) Suppose that L(1) # 0 and f € r(Ker L). We want to show that ¢f™ € Ker L for all m > 0. If
f € r(Ker L), then by Lemma [3.3.3we find that f € C[X] or f € C[X!].

Assume that f € C[X], the argument is similar when f € C[X!|. Then f € C[X] N r(Ker L). By
Lemma 3.3.4/we then find f € XC[X]. Hence L(f™) = 0 for all m > N.

Then L(gf™) =0forallm > N — deg_ g. O]

Theorem is false in characteristic p > 0 as we see in this counterexample taken from [17].

Counterexample 3.3.7. Let k = F, be the base field of characteristicp > 0 and f = X' 4+ XP~1 €
F,[X, X 1). Define L: F,[X,X '] — F, by L(f) = fo, being the constant coefficient of f. Then L(f™) =0
forall m > 1, while L(X ' f™) = (=1)™ for all m of the form p™ — 1 with n. > 1. In particular

{f € F,[X, X' | L(f) = 0} is not an MZ-space of F,[X, X '].

Proof. Letm > 1. Then L(f™) is the sum of all (") with 0 <4 < m such that —(m — ) +i(p — 1) = 0.
Solving this equation for 7 (in terms of m, p) yields i« = m/p when p divides m. So when p does not
divide m, we find that L(f™) = 0. If p does divide m, we find that L(f™) = (") with i = m/p, hence
L(f™) = (). We will show that () = 0 forall i > 1.

Claim. We have (*) = 0 foralli > 1inF,,.

Proof. Write i = p"n with r > 0 such that p"*! 1 i. Note that the coefficient of X* in (X + 1) in
F,[X] equals (). We also have

7'+1n r+1

(X+D?P =X+ "= (X" +1)"

If () # 0, then X* appears in (X + 1) with a nonzero coefficient. Hence it also appears in

(X7 +1)" with a nonzero coefficient. But then i is of the form p"*'j for some 1 < j < n,a
contradiction to p"*! {i. Hence () = 0. JAN

Hence L(f™) =0 forall m > 1.
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Now letn > 1 and m = p" — 1. We are concerned with L(X~!f™), so interested in the coefficient of
X in f™. Note that this is again the sum of all (") where 0 < i < m such that —(m — i) +i(p—1) = 1.

Solving this for 7 in terms of m, p we get i = (1 Z—|— m)/p = p"'. So the coefficient of X in f™ is equal
to () with i = p"~'. We show that (") = (—1)" forall 0 < i < m.
Claim. When m = p™ — 1 for some n > 1, we have (") = (—1)" forall 0 < i < min F,.

Proof. If we use Newton’s binomial formula, we find that (1 — X)™ = > (=1)"("7) X*. How-
ever, since m = p" — 1, in F,[X] we also have

' pn—l m

. m _ . p”—1:<1_X)p :l_Xp": i _ i
(1—-X)"=(1-X) — — ;X ;X
If we compare coefficients, we find that (—1)*("") = 1 foralli = 0,...,m, hence () = (—1)’ for
alli =0,...,m. A

Hence the coefficient of X in f™ is equal to (—1)”"" # 0 and L(X ' f™) # 0 for all m > 1 of the form

n—1
P
Combining these two results shows that indeed {f € F,[X, X '] | L(f) = 0} is not an MZ-space of
F,[X, X 1. 0

3.4 Encore: Generalizations

In this section we discuss generalizations of various theorems we have seen in this chapter. The first
is a generalization of Lemma [3.3.1]

Lemma 3.4.1. (Generalization of Lemma 3.3.1) Let L: C[X;,...,X,] — C be a C-linear map for which
there exists an N > 1 such that (Xy,...,X,)" C KerL foralll > N. Then Ker L is an MZ-space of
C[Xy,...,X,] ifand only if L(1) # 0.

Proof. =) Suppose that L(1) = 0, then 1 € Ker L. Since Ker L is an MZ-space of C[X], we find that
Ker L = C[X], i.e., L = 0, a contradiction. So L(1) # 0.

<:) Suppose that L(1) # 0. Note that by hypothesis (X,..., X,,)¥ C Ker L. Then by Corollary
it suffices to show that Ker L/(Xj, ..., X,,)" is an MZ-space of C[ X1, ..., X,)]/(X1,..., X,)".

Note that every element in r(Ker L/(X7, ..., X,,)") isalso an element of C[ X1, ..., X,,]/(X1, ..., X.)",
a finite-dimensional C-vector space, hence algebraic over C. (See Lemma )

To apply Zhao’s Theorem we need to determine the idempotents in Ker L/(X, ..., X,,)". Note that
C[X1,...,X,]/(X1,...,X,)" is a local ring, as (X3,...,X,) is a maximal ideal of C[X{,...,X,].
Hence its only idempotents are 0, 1. (See Proposition and Lemma [3.1.1}) Since L(1) # 0, we
find that 0 is the only idempotent of Ker L/( X, ..., X,,)".

Hence the requirements of Zhao’s Theorem are trivially satisfied.
Thus we find that Ker L/(X;, ..., X,,)" is an MZ-space of C[ X7, ..., X,]. A

What we can’t do is prove
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Let L: C[Xy,...,X,] = Cbe a C-linear map for which there exists an NV > 1 such that L(X[") =
0 for all m € Z>y. Then Ker L is an MZ-space of C[ X}, ..., X, ] if and only if L(1) # 0.

For this we have the following counterexample:

Counterexample 3.4.2. Take n = 2and N = 2 in the following form. Let L: C[X;, X,] — C be the C-linear
map given by
o | ifieloriei—
L(XIXE) = ifi ori=75=0
0 else

Then we have L(1) = 1, and L(X[") = 0 for all m > 2. It is then clear that X, € r(Ker L) by construction,
but X1 X5* & Ker L for all m > 1. Therefore Ker L is not an MZ-space.

While it is technically not a generalization, we also have the following lemma, which uses the same
method-of-proof:

Lemma 3.4.3. Let k be a field, A a finite-dimensional k-algebra and w a maximal ideal of A. Let L: A — k
be a k-linear map for which there exists an N > 1 such that m' C Ker L for all | > N. Then Ker L is an
MZ-space of A if and only if L(1) # 0.

Proof. =) The proof of this is obvious.

<:) Again, we apply Zhao’s Theorem. Since A is finite-dimensional as a k-algebra, then so is A/ m'.
Hence every element in r(Ker L/m') is algebraic by Lemma Since A/m' is a local ring, we only
have idempotents 0, 1. So the hypotheses of Zhao are easily satisfied. A

The crucial part here is that there are examples of k-algebras with maximal ideal m such that A/m' is
not finite-dimensional, and not every element of A/m' is algebraic:

Example 3.4.4. Let k = Cand A = C(X). Then its only maximal ideal is m = (0), as it is a field. Then
A/m! = C(X) forall | > 1, while X is clearly transcendental over C.

3.4.1 Generalized Zhao Theorem
In this section we discuss a generalization of Zhao’s Theorem (Theorem [2.2.5).

Definition 3.4.5. Let R be a commutative ring, S a multiplicatively closed subset of R and A an R-algebra.
An R-submodule M of A is called S-saturated if we have a € M for all a € A for which there exists some
s € S such that sa € M, i.e.,

{a € A|3s e S[sa e M|} C M.

Example 3.4.6. Let A be a domain, d a natural number and S = A\ {0}. Let L: A[X] — A? be an A-linear
map. Then Ker L is S-saturated.

Proof. Lets € A\ {0} and a € A[X] be arbitrary. We then have the following equivalent statements:

sa € Ker £
L(sa) =0
sL(a) =0
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L(a) =0
a € Ker L

In particular we have sa € Ker L = a € Ker L. Hence Ker £ is S-saturated. A

Proposition 3.4.7. Let R be a commutative ring, S a multiplicatively closed subset of R and A an R-algebra.
Let M be an S-saturated R-submodule of A. Then

(i)
(ii)
(iii)

S7r(M) = r(S™IM);
S~sr(M) = sr(S™'M);
M is an MZ-space of A if and only if S~ M is an MZ-space of S~ A.

Proof. (i) Letx € S~'r(M)be arbitrary. Then x is of the form £ with s € S'and ;1 € r(M). Therefore

(i)

(iii)

1 is such that p™ € M for all m > 0. Choose N > 0 such that " € M for all n > N. Then since
2" = - and s" € S for all n > 1 we find that 2" € S~*M for alln > N, hence x € r(S~*M).

Conversely, let 2 € r(S7'M) be arbitrary Then Y2 € S7'M forallm > 0. Let N > 0 be such that
Y ¢ S~'M for all n > N. Then we have % 7 = ”" W1th tn, € M and t,, € S. Then for every n > N
there exists u,, € S such that wu, (t,b" — s"u,) = ) Hence Unty b” € M. Since M is S-saturated, it
follows that " € M foralln > N. Hence b € (M) and & € S~'r(M).

Let z € S7'sr(M), then = £ for some p € sr(M) and some s € S. We need to show that
r € sr(STIM),i.e., thataz™ € S~'M foralla € S™*A and all m > 0.

Therefore, let a € S7'A be arbitrary. Then a = ¢ forsomec € Aand ¢ € S. Let N > 0 be such
that cu” € M foralln > N. (Since p € sr(M).) Then aa" = ¢ (£)" = %= € S™'M foralln > N

since ts" € S. Hence, since a € S~ A was arbitrary, we find that = € sr(S™'M).

Conversely, let ¢ € sr(S™'M) be arbitrary. Let b € A be arbitrary and N > 0 such that 2% €
S~'M for all n > N. That means that for every n > N there exist u,, € M and t,, € S such that
%‘;—Z = ’:—: Hence there exists some u,, € S such that u,(t,ba" — s"u,) = 0. Hence u,t,ba"™ € M.

Since M is S-saturated, we find ba™ € M for all n > N. Hence a € sr(M) and ¢ € S~"sr(M).

Let M be an MZ-space of A. That means that (M) = sr(M). Hence r(S™'M) = S~'r(M) =
S~tsr(M) = sr(S™'M) by (i) and (ii) and S~ M is an MZ-space of S~ A.

Conversely, let S~' M be an MZ-space of S™'A. Thatis r(S™'M) = sr(S~'M). We need to prove
that r(M) C sr(M). Therefore, let a € (M) be arbitrary. Then a™ € M for all m > 0. Let N > 1
be such that ™ € M for all n > N. Then since (%)n = ‘;—: € S7'M for all n > N, we find that
4 ¢ sr(S7'M), since S~' M is an MZ-space of ST A.

Hence y (2)" € S™'M forally € S~'A and all m > 0. Let b € A be arbitrary. We need to show
that ba™ € M for all m > 0. Consider for some t € S the element y = 2. By the above, we find
that b(a)™ e S'M forall m > 0. Let N’ > 1 be such that 2 (2)" € S~'M for all n > N'. Then

E S~IM foralln > N', with s’ = ts" € S. Hence %~ = “" for some p,, € M and t,, € S. Then
there exists u,, € S such that u,(t,ba" — p,s") = 0. Hence unt ba™ € M. Since M is S-saturated,
we find that ba” € M for all n > N’. Therefore we have a € sr(M).

Thus M is an MZ-space of A.
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Definition 3.4.8. Let R be a commutative ring, S a multiplicatively closed subset of R and A an R-algebra.
Then e € A is an S-idempotent if there exists some s € S \ {0} such that e* = se.

Theorem 3.4.9. (Generalized Zhao Theorem) Let R be a domain, S = R\ {0} and A an R-algebra. Let
M be an S-saturated R-submodule of A such that all elements of r(M ) are algebraic over R. Then M is an
MZ-space of A if and only if for every S-idempotent e of A which belongs to M we have that for every a € A
there exists an s € S such that sae € M.

Proof. =:) Let M be an MZ-space of A and e an S-idempotent of A that belongs to M. Write ¢? = se
for some s € S. Then e™ = s™ e € Re C M for all m > 1. Hence e € r(M). Since M is an MZ-space,
we find that e € sr(M), i.e. for every a € A there exists some N € N such that ae™ € M forallm > N.

In particular sV tae = asV e = ae’ € M. Since S is multiplicatively closed, we have sV ! € S.

«:) Now assume that for every S-idempotent e of A which belongs to A/ we have the required
property. By (iii) of Proposition it suffices to show that S~'M is an MZ-space of S~'A. By (i)
of Proposition[3.4.7, we have r(S~'M) = S~'7(M), hence all elements of r(S~' M) are algebraic over
the field K = S™'R.

Now let é = e/t be an idempotent of S~'A withe € M and ¢ € S. Then €? = (e/t)* = e*/t* = e/t = ¢,
since ¢ is an idempotent. Then e? = te and e is an S-idempotent. Then by hypothesis: for every a € A
there exists an s € S such that sae € M. Hence S~'A4¢é C S™'M and by Zhao's Theorem we find that
S~1M is an MZ-space of S~ A. O

Using this Generalized Zhao Theorem, we can prove the following generalization of Lemma 3.3.1}

Lemma 3.4.10. Let R be a domain and L: R[Y| — R be a linear map such that there exists an N > 1 for
which L(Y™) = 0 for all n > N. Then Ker L is an MZ-space of R[Y| if and only if L(1) # 0.

Proof. <:) We have (Y") C Ker L. So it is again sufficient to show that Ker L/(Y") is an MZ-space
of R[Y]/(YN).

We now aim to use the Generalized Zhao Theorem. Let R be the domain and R[Y]/(Y") the R-
algebra.

Then Ker L/(Y") is an R\ {0}-saturated R-submodule of R[Y]: Let b € R[Y]/(Y") be arbitrary such
that sb € Ker L/(Y") for some s € R\ {0}. We have 0 = L(sb) = sL(b). Since s # 0, we find that
b € Ker L/(Y") as required.

Furthermore all elements of r(Ker L/(Y?")) are elements of R[Y]/(Y") which is a finitely generated
R-module of R[Y]. Hence all of its elements are algebraic over R.

We now study S \ {0}-idempotents of Ker L/(Y"). All ¢ € R\ {0} are R\ {0}-idempotents in
R[Y]/(Y"),aswehave ¢? = c-cand ¢ € R\ {0}. Also 0 is clearly an R \ {0}-idempotent.
Conversely, each R \ {0}-idempotent e is of the form ¢ + (V) with ¢ € R. Namely, let ¢* = se for
some s € R\ {0}. Writee = co + 1Y + ... + ey 1 YV L If ¢y = 0 it follows easily from e? = se that all
¢; = 0, hence e = 0.

Therefore assume that ¢, # 0. Then (e?), = (se)o implies that ¢ = sco. Hence ¢y = s (since ¢y # 0). If
eisnot of the form c+ (YY), thene =s+¢,Y" + ... + ey 1YV L forsome 1 <r < N —1landc, # 0.
Then (e?), = (se), implies 2s¢, = 0, hence ¢, = 0, a contradiction.

Since L(1) # 0 we find that L(c) = ¢- L(1) # 0 for all R — {0}-idempotents e that are nonzero. Hence

the condition as stated in the Generalized Zhao Theorem is satisfied and Ker L/(Y") is an MZ-space
of R[Y]/(YN). JAN
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Chapter 4

Mathieu-Zhao spaces of finite rings

If we consider MZ-spaces of (finite) rings, we regard the ring as a Z-algebra. In particular, an MZ-
space M of a ring R is additive, closed under scalar multiplication by integers (we call this Z-linear)
and for all a € R, if a™ € M for all m > 1, then for every b € R there exists some N € N such that for
all n > N we have ba™ € M.

Note that for a Z-linear subset it is sufficient that for every element « € R we have —a € R, for
scalar multiplication by integers is defined as repeated addition (of course addition still needs to be
checked on itself).

The main results of this chapter are Theorem [4.3.13|and Proposition which give a reduction to
finite local rings for classifying MZ-spaces of finite rings. We start with some examples and some
discussion.

4.1 Some special cases

The first example is the one that got me thinking about classifying MZ-spaces of finite rings.

Example 4.1.1. (The rings Z/nZ) Let n be a positive integer and let R be the ring Z /nZ. Then all Z-linear
subspaces of Z /nZ are actually ideals. Since ideals are MZ-spaces (see Example , we have now classified
all the MZ-spaces of Z /nZ.

Proof. Let M be a Z-linear subspace of Z/nZ. Letb € Z/nZ and a € M be arbitrary. Then ba = ba € M
as M is Z-linear. Hence M is an ideal. A

A next class of examples are the finite fields. A bit more involved, but a nice proof on itself:

Lemma 4.1.2. Let p be a prime, n > 1 an integer and q = p". Then all Z-linear subspaces of F, that do not
contain 1 are MZ-spaces of IF,,.

Proof. Let M be a Z-linear subspace of F, that does not contain 1. Then /(M) = {m € M | Vn > 1:
m" € M} = {0}, as since the multiplicative group of F, is cyclic, there exists some N,, € N such that
m™m =1 for all m # 0, while 1 ¢ M. Hence each such Z-linear subspace of F, is an MZ-space, by

Lemma2.1.11] O]

As we have seen in Counterexample there exist subspaces of this form. Altogether, noting
Lemma we have
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Example 4.1.3. (Finite Fields) Let p be a prime, n > 1 an integer and ¢ = p™. Then the MZ-spaces of F, are
precisely I, itself and all Z-linear subspaces that do not contain 1.

Next, we give a way of easier detection of MZ-spaces.

Definition 4.1.4. Let R be a ring. We define an orthogonal basis of idempotents E in R as follows:

- Each element e € E is an idempotent.
- Ife, f € E are distinct elements, then ef = 0.

- Each (non-zero) idempotent e € R can be written as a sum of elements from E.

We will later see that for finite rings such an orthogonal basis of idempotents always exists. For
infinite rings there are at least some examples known.

Lemma 4.1.5. Let R be a ring with orthogonal basis of idempotents E and M an MZ-space of R. Then for each
idempotent e € M, when written as a sum of idempotents from E, each of the summands of e is an element of
M. In particular, if M N E = (), then 0 is the only idempotent in M.

Proof. Let e be an idempotent in M. Then by Lemma we have Re C M. Now let ¢’ be any of the
summands of e. We have e¢’e = (¢/)> = ¢/, hence ¢’ € Re C M. A

Lemma 4.1.6. Let A be an associative k-algebra with orthogonal basis of idempotents E. Let M be a k-linear
subspace such that all elements of (M) are algebraic over k. Then M is an MZ-space if and only if Ae C M
foreverye € M NE.

Proof. We only need to prove: if Ae C M for every e € M N E, then Af C M for all idempotents
f € M. The result then follows from Zhao’s Theorem.

So suppose that Ae C M forevery e € MNE andlet f € M be anidempotent. Write f = " __,, e with
E' C E. Then since Ae C M and M is additive, hence ) __,, Ae C M. Then,since Af = A} . pe) C
Y e Ae,wefind Af C M. A

We now consider rings of the form (IF,)". We are interested in idempotents of (IF,)” with » > 1 and
p a prime. Since [, is a field, the only idempotents of (IF,)" are elements in {0,1}". If we define
e; '=(0,...,0,1,0,...,0) where the 1 is in the ith place, then the set £ := {ey, ..., e, } is an orthogonal
basis of idempotents of (F,)".

Corollary 4.1.7. Let p be a prime number and let r > 1. Let M C (F,)" be a Z-linear subspace of (IF,)". Then
M is an MZ-space if and only if for each idempotent e in M, when written as a sum of idempotents from &,
each of the summands of e is an element of M.

Proof. =:) This follows directly from Lemma

«:) Since (IF,,)" is finite, it is a finite-dimensional F,-algebra. Therefore, by Lemma every ele-
ment of (IF,)" is algebraic over I, and so is every element of (/).

Now let e € £ N M be arbitrary. Since M is Z-linear, we find that me € M for all m € Z. Note
that since e is of the form e;, we find that this implies 0 x ... x 0 x F, x 0 x ... x 0 C M. Since
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F)e;,=0x...x0xF,x0x...x0we are done by the previous lemma. A
P P y P

The above Corollary holds more generally for finite fields F,, where the proof carries over verbatim.
Note that we use here that we consider them as F,-algebras, so we may also consider the following,
for which the proof also carries over verbatim.

Corollary 4.1.8. Let p be a prime number and n > 1. Write ¢ = p®,q2 = p®,...,q, = p°* where each
e; > 1. Then with R = F,, x F,, x ... x F,, we have that a Z-linear subspace of R is an MZ-space if and
only if for each idempotent e in M, when written as a sum of idempotents from &, each of the summands is an
element of M.

When the finite fields are not all of the same characteristic, e.g. F, x F3, we cannot apply Zhao's
Theorem and hence we need more.

4.2 Necessary Commutative Algebra

In this section we discuss results from Commutative Algebra, which are well-known. In some form
they can be retrieved from [1]], although some of the proofs may be different.

Proposition 4.2.1. Let A be a commutative ring and N its nilradical. Then the following are equivalent:

(i) A has exactly one prime ideal;
(ii) Every element of A is either a unit or nilpotent;
(iii) A/ is a field.

Proof. i — ii : Write p for the prime ideal in A. Then 91 = p and A is a local ring. Then A \ 91 = A*
and by definition 91 is the set of all nilpotent elements.

it — it : Consider the quotient map A — A/9. This is surjective. Any = € A that is nilpotent is
mapped to 0, while any x € A* is mapped to a unit. Therefore A/MN is a field.

ite — i : For all prime ideals p of A we have 91 C p. Since A/91is a field, we find that 91 is maximal.
Hence p = 91 and there is only one prime ideal.

]

Corollary 4.2.2. Let A be a commutative ring with exactly one prime ideal. Then A has no non-trivial
idempotent elements.

Proof. By Proposition we find that every element of A is either nilpotent or invertible. Suppose

thate? = eand e # 0, 1. Then e(e — 1) = 0, hence e is a zero-divisor. Then e is not invertible and must
be nilpotent. But e = e for all n > 1, a contradiction. So A has no non-trivial idempotents. A

Corollary 4.2.3. Let A be a commutative ring and m a maximal ideal of A. Then for every k > 1 each element
in A/m" is either a unit or nilpotent.
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Proof. In the proof of Proposition we actually show that A/m* has a unique prime ideal. Hence
condition (i) of Proposition is satisfied. A

Definition 4.2.4. Let A be a ring that satisfies the descending chain condition on ideals, i.e., if a; D ay D
as O ... s a chain of ideals, then there exists some n € N such that a,, = a,, for all m > n. Such a ring is
called an Artin ring.

Since in a finite ring there are only finitely many ideals, every finite ring satisfies the descending
chain condition, hence is an Artin ring. We now start working on properties of Artin rings, until we
arrive at the structure theorem for Artin rings. This structure theorem is essential in classifying the
MZ-spaces of finite rings. For most of the properties, we shall explain why it also holds for finite
rings.

Corollary 4.2.5. Let A be an Artin ring and a be an ideal in A. Then A/a is an Artin ring.

Proof. Leta; D ay D az D ... be a descending chain of ideals in A/a. Then ¢~ *(a;) D ¢ *(a2) D
¢ '(a3) D ...is a descending chain of ideals in A, where ¢ is the quotient-map. Hence this becomes
stationary as A is an Artin ring. Say ¢~ '(a,) = ¢~ '(a,,) for all m > n. Since ¢ is surjective, this implies

a, = qq '(a,) = qq¢ N (ay) = ap.

Hence A/ais an Artin ring. JAN

Obviously, if A is a finite ring and a is an ideal in A, then A/a is also finite. A finite ring A has only
finitely many ideals, hence only finitely many may be prime (or maximal). This holds more generally
for Artin rings, see Proposition If a happens to be a prime ideal, then A/a is a finite domain,
and hence a field. Therefore a is a maximal ideal. This also holds more generally for Artin rings:

Lemma 4.2.6. Let A be an Artin ring. Any prime ideal in A is maximal.

Proof. Let p be a prime ideal of A. Then B := A/p is an Artin domain by Corollary Letz € B
be nonzero. Then when considering the sequence

(x) D (2*) D (%) D ...

we find that (2") = (z"*!) for some n € N, since B is an Artin ring. Hence z" = 2"y for some
y € B. Then zy = 1 by the cancellation law in a domain. Since x was arbitrary nonzero, we find that
B is a field and hence p is maximal. JAN

This lemma has two nice corollaries:

Corollary 4.2.7. Let A be an Artin ring. Then 2t = R, i.e., the nilradical of A equals the Jacobson radical of
A.

Proof. Since M is the intersection of all prime ideals and R is the intersection of all maximal ideals,
this follows directly from Lemma[4.2.6] A

Corollary 4.2.8. In a local Artin ring every element is either a unit or nilpotent.
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Proof. Since a local Artin ring has only one maximal ideal m, this is also the only prime ideal, by
Lemma Hence by Proposition we find that every element is either a unit or nilpotent. A

Proposition 4.2.9. The nilradical in an Artin ring is nilpotent.

Proof. Let Abe an Artin ring and N its nilradical. Consider the descending chain 9t > 9? > 9° O .. ..
Since A is an Artin ring, there exists some n € N such that 21" = 2™ for all m > n.

Suppose that 91" # 0. Let I' denote the set of ideals a such that 91"a # 0. Then I is non-empty, since
M7+ =£ 0. Then I' has a minimal element. Write b for such a minimal element.

Then there exists some x € b for which 20" # 0. Since (z) C b, we have (z) = b by minimality of b.
Then (z91)MN" = 20" = 29" # 0 and 2N C (z). Hence 2N = (). Therefore zy = x for some y € N.
Hence we find

r=ay=ay’ =1y’ = ...

Since y is nilpotent, we find that there exists some k € N such that zy* = 0. But then z = 0, a
contradiction to the choice of z. Hence 0" = 0 and 91 is nilpotent. O

Proposition 4.2.10. Let A be an Artin ring, then A has only finitely many maximal ideals.

Proof. Consider the set of all finite intersections m; N ... N m,, of maximal ideals. Then this set has
a minimal element, for every decreasing sequence of ideals becomes stationary, and all elements in
this set are ideals.

Write m; N ... N'm, for the minimal element of this set. Then for any maximal ideal m of A we have
mNm;N...Nm, DmN...Nm,since m;N...Nm, is minimal. Hencem D myN...Nm,, D mymy---m,,.
Therefore by the Euclidean Lemma (3.1.2), we have m D m; for some i = 1,...,n. Hence m = m; since
m; is maximal. l

Artin rings, and hence finite rings, have a particularly nice structure, as seen in the following theo-
rem. In its formulation, we use Proposition

Theorem 4.2.11. (Structure theorem for Artin rings) Let A be an Artin ring, with maximal ideals my, ... m,,.
Then for some k € N we have A =[]}, A/m¥.

Proof. Note that [[;_, m¥ = (T], m)" ¢ (N, m)* = N* = 0 for some k € N by Propositionm
Since the m; are pairwise coprime, we find that the m} are also pairwise coprime.

Claim. Ifideals I,.J in a ring R are coprime, then I" + J™ = R for any n,m € N.

Proof. Since I, J are coprime, we can find x € I, y € J such that  + y = 1. Then consider
(x+y)*" =12V =1,

where N := max{n, m}.

By expanding, we find
2N N-1 2N
2N 2N 2N
1= § i, 2N—1 _ E i, 2N—1 § 1, 2N—1
1=0 ( L )x ! =0 < ’ >x ! i=N L i



Note that 2 € I"if i > N and y?V % € J™if i < N. Hence indeed I" + J™ = R. A

Hence [ m} = mf = 0. Therefore,
A= [[a/mi)

is an isomorphism by the Chinese Remainder Theorem. O

Remark. Note that this description is the unique way (up to isomorphism) to express an Artin ring as a
product of local Artin rings. For a proof, see Thm 8.7 in [1]].

Note that R/m? is a local ring, and that every element in R/m/ is either a unit or nilpotent (see
Corollary 4.2.3). If R is finite, then R/m} certainly is finite.

4.3 Classifying Mathieu-Zhao spaces of finite rings

By the Structure Theorem for Artin rings, we are interested in rings of the form R/m* and products
of such rings. Hence the following lemma is useful:

Lemma 4.3.1. Let R be a commutative ring with identity and let A, B be R-algebras. If M C Aand N C B
are MZ-spaces of A, B respectively, then M x N is an MZ-space of A x B. In particular M x {0} and {0} x N
are MZ-spaces of A x B.

Proof. Suppose that (a,b)™ € M x N for all m > 1. Then (a™,b™) € M x N for all m > 1 and hence
a™ e M,b™ € N forallm > 1.

Letx = (2/,2") € A x B be arbitrary. Since M, N are MZ-spaces of of A, B respectively, there exist N,/
and N, such that 2’a™ € M for all n > N, and 2”b" € N for all n > N,». Write N, = max{N,,, N, }.
It follows that (2'a”, 2"b") € M x N for all n > N,. Since = was arbitrary, we find that M x N is indeed
an MZ-space of A x B. A

The converse of this lemma is false as we see in the following counterexample.

Counterexample 4.3.2. Consider the ring R := Z/27Z x Z/4Z and M := {(0,0), (1,2)}. Clearly, M is not
of the form M,y x Ms, but it is an MZ-space of R.

Proof. Since (1,2)+(1,2) = (0,0) we find that M is Z-linear. Furthermore, (1,2)* = (1,0) ¢ M. Hence
(M) = {(0,0)} and by Proposition Lemma 2.1.11|and Corollary 2.1.12)we are done. A

Now we study rings of the form R/m"* where R is finite. Note that for every a € R/m* the set
{a™ | m > 0} contains 0 or 1, but not both. For if it contains 0, then « is nilpotent, hence a zero-
divisor, while if it contains 1, then a is a unit.

Conversely, if a € R/mF is nilpotent, then 0 € {a™ | m > 0}, while if a« € R/m" is a unit, then there
exists some m € N with a™ = 1, since (R/m*)* is finite.

The following proposition is the first step in characterizing MZ-spaces of finite rings. We introduce
the notations E(R) for the set of idempotent elements of R and n(R) for the set of nilpotent elements
of R. Then we have:
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Proposition 4.3.3. (Classification Theorem) Let R be a finite ring. Let M be a Z-linear subspace of R. If
MNE(R) =0, then r(M) = n(R) and M is an MZ-space.

Proof. Suppose that 7(M) # n(R). Then there exists some a € r(M) \ n(R). Write R = R/m} x

. X R/mF using the Structure Theorem for Artin Rings (see Theorem . We can now write
a=(ay,...,a,). Since by Corollary all elements of R/m? are either a unit or nilpotent, and since
a & n(R), we find that there must exist some q; that is a unit by the following lemma (see Lemma
[4.3.4). Then since R/m¥ is finite, we find that there exists some m; € N such that a/* = 1. Consider
all a; in (ay, . .., a,) that are units and determine the corresponding m; € N. Define m := [[ m;. Then
we have a/" = 1 foralli € {1,...,n} such that q; is a unit.

For all nilpotent elements a; we determine N; € N such that ;" = 0. Write N = max{N;}. Then
al¥ = 0 for all nilpotent a;. Then

(ar,...,a,)™N € {0,1}".

The 1’s occur on the places where we had a unit, and the 0’s where we found a nilpotent element.
But this element is a non-zero idempotent contained in )M, a contradiction. Therefore (M) = n(R)

and by Lemma 2.1.11| M is an MZ-space. O
Lemma 4.3.4. Let Ry X ... X R,, be a commutative ring with identity. Then (r1,...,r,) is nilpotent iff r; is

nilpotent in R, forall i € {1,...,n}.

Proof. =:) Suppose that (ry,...,7,)Y = 0 for some N € N. Then (r¥¥,...,r7Y) = 0, hence r{¥ =
0,...,7Y = 0. Hence all r; are nilpotent.

<:) Suppose that all r; are nilpotent, that is, there exist N; such that rfv " = 0. Write N = max{N,}.
Then of course v = 0 foralli € {1,...,n}. Hence (ry,...,7,)N = (rV,....,rY)=0and (ry,...,r,) is

r'n

nilpotent. A

Note that Counterexample provides an example of an MZ-space that satisfies the conditions of
the previous proposition.

The following theorem is the closest converse to Lemma that we have for finite rings.
Theorem 4.3.5. Let R be a finite ring of the form
R = Ry /m}' x Ry/mf?,

where the m; are maximal in R;. If M is an MZ-space of R, then (M) = n(R) or M is of the form My x M,
where each M is an MZ-space of R;/m}".

Proof. Write S; := R;/m}" and S, := R,/m}>. Let M be an MZ-space of R and suppose that there
exists some (r, s) € (M) \ n(R). Then we distinguish three cases:

1. r € Sfand s € S5;
2. re Siand s € S;
3. r¢ Sfand s € S;.
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Observe that since (7, s) & n(R), the case r ¢ S} and s ¢ S; cannot occur (see Corollary 4.2.3).

In the first case, by considering m,, m, € N such that v = 1 = s™+, we find that (r, s)™"™ = (1,1) €
M. Hence by Lemma M = S x S5, hence M is of the required form.

In the second case, note that s is nilpotent, by Corollary Determine m € N such that r™ =1
and N € N such that s = 0. Then (r, s)¥™ = (1,0) € M. Since M is an MZ-space, we then find that
R(1,0) = S; x {0} € M by Lemma[2.2.1} since (1,0) is an idempotent.

Then by Corollary we find that M/(S; x {0}) is an MZ-space of (S; x S3)/(S1 x {0}) = Ss.
Let My := {my € Sy | 3s; € Si: (s1,ma) € M}. Then one readily verifies that M = S; x M, and
My = M/(S, % {0}).

The third case is of course similar to the second case. O

Note that there are MZ-spaces that satisfy both (M) C n(R) and M = M; x M,. For example
M =n(R), as then M is an ideal and we know that M = I x I, for ideals Iy, I5.

To show the usefulness of this theorem, we shall give an example that explains how we can determine
all MZ-spaces. Before that, we have another proposition, of which part (i) is a partial converse to

Proposition

Proposition 4.3.6. Let R be a ring and M a Z-linear subspace of R. Write n(R) for the set of nilpotent
elements of R and E(R) for the set of idempotents of R. Then

(i) Ifr(M) C n(R) then M N E(R) = 0.
(ii) If r € M is such that there exist e € E(R) \ {0} and n € N such that nr = e then r(M) # n(R).

Proof. (i) If r(M) C n(R), then e & r(M) for every non-zero idempotent. Suppose M N E(R) # 0.
Determine e € M idempotent and non-zero. Then e” = e for all n € N. Hence e € (M), a
contradiction.

(ii) Suppose that there exists an r € M such that nr = e as described. Then since M is additive, we
have e € M. But then by (i), we find that (M) ¢ n(R).

O]

Now we have all the tools we need for our example.

Example 4.3.7. Let R := Z/2Z x Z/AZ be our ring of interest. Since it is a product of two local rings, we
have four idempotents:
(0,0),(0,1),(1,0),(1,1)

and nilpotent elements
(0,0), (0,2).
By Lemma4.3.1and Example we find that MZ-spaces are:

0=0x0
0 x 27 /4Z
0 x Z/4AZ
Z/27 x 0
7/27 x 27./AZ
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R =7/27 x 7./AZ

From Counterexample we know that M = {(0,0), (1,2)} is an MZ-space. It is clear that M ¢ n(R) and
(M) C n(R), since (1,2)? = (1,0) & M.
From Theorem we know that we are only interested in MZ-spaces M of the form:
M ¢ n(R);
o r(M) Cn(R).
So by Proposition (i) we are not interested in idempotent elements. So the remaining elements are
(0,3),(1,2),(1,3).

Note that 3-(0,3) = (0,1) and 3 - (1,3) = (1, 1), hence by Proposition (ii) we know that they cannot be
elements of our MZ-space. The only remaining elements are (1,2), (0,0) and (0, 2). Note that (0,2)+(1,2) =
(1,0) so we cannot have both as element of our MZ-space. So the following possibilities remain:

M = {(0,0)},
M ={(0,0),(0,2)},
M = {(0,0), (1,2)}.
The first two are product spaces, while we have also already met the third. So R has exactly 5 MZ-spaces.

We further remark that it is essential in Theorem that all groups of units are finite. A general-
ization could be found in the following theorem:

Theorem 4.3.8. Let R = R, /mt" x R,/mb?> be an Artin ring such that R* is finite. If M is an MZ-space of
R, then either r(M) = n(R) or M is of the form M, x My where each M; is an MZ-space of R;/m"".

The proof would carry over verbatim. However, since there are no infinite Artin rings with a finite
unit group, as we prove in the following lemma, it is actually equivalent to the previous theorem.

Lemma 4.3.9. Let R be an Artin ring such that R* is finite. Then R itself is finite.

Proof. By the Structure theorem for Artin rings, we may assume that R is a local Artin ring. Let m be
its maximal ideal. Note that R \ m = R* is finite. Also, by Corollary we find that any element
r € m is nilpotent. Since 1 + « € R* for every nilpotent x, and R* is finite, we find that m is finite.
Hence R = (R \ m) Um is finite. JAN

A true generalization can be found by relaxing the conditions a little further.

Theorem 4.3.10. Let R = R, /m{* x Ry/mb?> be an Artin ring such that every element in R* has finite order.
If M is an MZ-space of R, then either r(M) = n(R) or M is of the form M, x M, where each M, is an
MZ-space of R; /m".

Certainly, the proof carries over verbatim again. However in this case we do have infinite rings that
satisfy the hypothesis.
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Example 4.3.11. Consider the chain of inclusions
]FQCF4CF64C...

Then we define Fy := | J°°, Fyn:. This is the algebraic closure of Fy. This is an infinite field, so it is certainly a
local Artin ring. Furthermore, it is infinite, hence it has an infinite number of units. For every unit x we can
determine n such that x € Fyu, hence the order of n is a divisor of 2™ — 1, thus finite.

Note that for any p prime we can determine all MZ-spaces of F, with the same argument as we did
for F,n. Precisely, /(M) = {0} for any Z-linear subspace M of F, that does not contain 1 by the same
argument as in Lemma hence all Z-linear subspaces of [, are MZ-spaces, as well as the entire
ring I, itself.

Next, we shall prove a theorem that generalizes Theorem [4.3.5by means of larger products. But first,
we need some discussion. Recall the structure theorem for Artin rings, that says that we can write
any finite ring R as:

R R/mf x ... x R/mE,

So if we can prove a general theorem for rings of the form
R Ry/mM x ... x R,/m"" (4.1)

where the m; C R, are maximal, then this is a lot more general than needed. Itis very useful, however,
to prove it in this form. For if we have a ring like in Example then it is not of the first form. Or
for example if

R = 7Z/4Z x F,[X]/(X?).
Then we can immediately apply the theorem, which saves a lot of work.

Secondly, if M is an MZ-space of R (when written in the form of and we have an element

(r1,...,m) € r(M) \ n(R), then we can again (like in the proof of Theorem |4.3.5) determine some

natural number N such that (ry,...,7,)Y = (x,...,*) where * € {0,1} depending on whether r;

nilpotent or invertible. By Corollary we may then as well assume that the 1s occur in the first
positions, while the 0s occur in the last positions, i.e.

(ri,.. )N = (%,...,%) = (1,...,1,0,...,0)

as we can interchange the factors of R.
Lastly, we have the following example, to show that we cannot generalize Theorem trivially as:

False Theorem. Let R = R, /mi* x ... x R, /m; be a finite ring. If M is an MZ-space of R, then either
r(M) = n(R) or M is of the form M, x ... x M, where each M; is an MZ-space of R;/m}".

Counterexample 4.3.12. Let R := Z /27 x Z/AZ x Z/AZ. Then the Z-linear subspace M defined by
M = {(0,0), (1,2)} x Z/4Z

is not of the form M, x My x Mz and it is not of the form r(M) C n(R), since (0,0,1) € M. By Lemma[4.3.1]
we see that it is indeed an MZ-space.

Now for the true theorem and afterwards, we will correct the previous counterexample.
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Theorem 4.3.13. (Classification-Reduction Theorem) Let R = R, /mi* x ... x R,,/mF! be a finite ring, with
them; C R; maximal. Write S; := R;/m" . If M is an MZ-space of R, then M is of one of the following forms:

o (M) Cn(R);

° (;071<Si X ... X Sil X Mjl+1---jn)
where p: R — S;, x ... x S;, xS, x...x S, isacanonical isomorphism and M,

i is an MZ-space of
Sj X ... X Sjn'

I+1---Jn

+1

Proof. Suppose that M is an MZ-space of R such that (M) ¢ n(R). Let x € (M) \ n(R) be arbitrary.
Write x = (21, ...,,). Since x &€ n(R), there exists some ¢ such that x; & n(S;).
Write i; < ... < 4; for the 0 < | < n positions where z; ¢ n(S;) and j;11 < ... < j, be the remaining
positions. Write

R =S, x...x 8, xS, x...x85]

Ji+1 n°

Let ¢: R — R’ be the canonical isomorphism.

Determine (as in Theorem N such that o(z)Y = (1,...,1,0,...,0) where there are precisely [ 1s
andn —10s. Then R'(1,...,1,0...,0) = S;, x ... x S;, x0x ... x0C M by Lemma[.2.1]

Hence by Corollary 2.2.4 we find that M/(S;, x ... x S;, x 0 x ... x 0) is an MZ-space of R'/(S;, X
X Sy X0 x Lo x0) =S, x .. xS,

Then M = 5;, x ... xS;, x M;

So (S, X ... x S;, X M;

Jl+1~~jn

where M;,_ ;. is some MZ-spaceof Sj,,, x ... x S}, .

) is an MZ-space of R. O

I+1---Jn>

The above proof gives a method to determine the MZ-spaces of a certain ring, that are (images of)
MZ-spaces of factors. We call those MZ-spaces productwise MZ-spaces. The MZ-spaces that have
r(M) C n(R) are determinable by the procedure stated in Example using Proposition [4.3.6]

To demonstrate the above theorem, we work out the example of Z/2Z x Z/4Z x Z/AZ.

Example 4.3.14. Let R := Z /27 x Z/4Z x Z/AZ. Then we have MZ-spaces of the form My, x My x Ms
where M, € {0,Z/2Z}, My, My € {0,2Z/4Z,Z/AZ}, i.e., 18 MZ-spaces (by Example[4.1.1). Note however,
that for M, arbitrary we have

My x 2ZJAZ x Z/AZ = My x Z/AZ x 27 /AZ

and more "isomorphic” MZ-spaces.

Next, we have MZ-spaces of the form M' x Ms where M' = {(0,0),(1,2)} and M; € Z/4Z by Examples
Y1Tlandd.3.7
Trusting that the MZ-spaces of Z /AZ x Z/AZ with r(M) C n(R) are:

{(07 0)’ (07 2)7 (27 ]‘)7 (27 3)}7

{(07 0)’ (17 2)7 (27 0)7 (37 2)}7
{(0,0),(1,3),(2,2), (3, 1)},
{(0,0),(2,2)}

we have MZ-spaces of the form My x M", where M" is one of the above four MZ-spaces of Z/AZ x Z/AZ.
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Then lastly, we have MZ-spaces
My = {(0,0,0),(1,0,2)}

M, = {(0,0,0),(1,0,2),(0,2,0),(1,2,2)}
M; = {(0,0,0),(1,0,2),(0,1,0), (1,1,2), (0,2,0), (1,2,2), (0,3,0), (1,3,2)}

where, under the isomorphism ¢: R — Z/4Z x Z/2Z x Z./4Z we have o~ (M) = 0 x M’, ¢~ ' (M) =
97 /AZ x M’ and o~ (Ms) = Z/AZ x M’
We have now determined the productwise MZ-spaces. The remaining spaces are of the form (M) C n(R). The
procedure that we need to follow to obtain them is as in Example[4.3.7) We list here the MZ-spaces obtained in
that fashion:

M; = {(0,0,0),(0,0,2),(0,2,1),(0,2,3)}

M ={(0,0,0),(0,1,3),(0,2,2),(0,3,1) }
M ={(0,0,0),(0,0,2),(1,2,1),(1,2,3)}
My, = {(0,0,0),(0,2,2),(1,1,3),(1,3,1)}
My = {(0,0,0),(0,1,2),(0,2,0),(0,3,2)}
My = {(0,0,0),(0,2,0),(1,1,2),(1,3,2)}

My ={(0,0,0),(1,2,0)}

My =4(0,0,0),(1,0,2)}

M;x ={(0,0,0),(1,2,2)}
Mx = {(0,0,0),(1,0,2),(1,2,0),(0,2,2)}
Mx; =1{(0,0,0),(1,2,0),(1,2,2),(0,0,2)}
Mx;r ={(0,0,0),(1,0,2),(1,2,2),(0,2,0)}

Even though many MZ-spaces can be seen to be “isomorphic,” we have at least managed to find them all. There
are now 44 MZ-spaces of Z/2Z x Z/AZ x Z/AZ.

We now define two MZ-spaces M;, M, of a ring R isomorphic, if there exists some ring R’ and a
ringisomorphism ¢: R — R’ such that My = ¢(M;). So for example in the previous example, the
spaces My ; and My are isomorphic by the isomorphism (z,y, 2) — (z,2,y). Counting the MZ-
spaces of Z/2Z x Z/AZ x Z /AZ up to isomorphism, we arrive at a number of 29 MZ-spaces of Z /27 x
7/AZ x Z./AZ.

All-in-all, if we are able to determine for all finite local rings what their MZ-spaces are, with these
two procedures, we can determine all MZ-spaces of finite rings.

For classifying MZ-spaces of finite rings of the form R/m* the following known example (see [16]))
cannot be omitted.

Lemma 4.3.15. Let K be a field and f(X) € K[X]| be an irreducible polynomial. Then every K-linear
subspace V of K[X]/(f)"* that does not contain 1 is an MZ-space of K[X]/(f)*.
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Proof. By Lemma all elements of K[X]/(f)* are algebraic over K. By Corollary we find
that K[X]/(f)* has only units or nilpotent elements. By Lemma K[X]/(f)* has no nontrivial
idempotents.

Let V be a K-linear subspace of K[X]/(f)* with 1 ¢ V. Then 0 is the only idempotent of K[X]/(f)" in
V. Now since K[X]/(f)* -0 = (0) C V, we find that this subspace satisfies the hypotheses for Zhao’s
Theorem (2.2.5). Thus V' is an MZ-space of K[X]/(f)*. A

Lastly, we note that the generalizations of Theorem carry over to Theorem [4.3.13|as well. So we
have:

Theorem 4.3.16. Let R = R, /mt" x ... x R, /mk be an Artin ring, with the m; C R; maximal, such that
every element in R* has finite order. Write S; := R, /). If M is an MZ-space of R, then M is of one of the
following forms:

o r(M) Cn(R);
o o (S, X ... xS x M

z+1--~jn)
where p: R — S;, x ... xS, xS;,,, x...x 8, isacanonical isomorphism and M,

i is an M Z-space of
Sj X ... X Sjn'

l+1---jn

+1
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