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Preface

This theses has come from a research project during the last years. It is very
technical in nature and not written as a novel. Nonetheless I have done my
best to make it interesting for non-specialists as well, for chapters 1 and 2
and appendix B are meant for mathematicians in general. Section 1.3 does
even have a narrative style. In between chapter 2 and appendix B, it is
really technical for mathematicians outside the area of specialization, but
maybe there is still a piece that appeals to the reader. At last, there is a
Curriculum Vitae that can be read by everyone.

When I started as a Ph.D. student under the supervision of Arno van den
Essen, it was not because the Jacobian conjecture was very appealing to
me. Furthermore, I had specialized myself more in discrete mathematics,
computer algebra and algorithmics in my previous education. No, the reason
that I started working with Arno was that he was known as a very good and
stimulating advisor. This was supported by my experiences with him during
my study. As a matter of that, he had good contact with his students and
during the breaks of his lectures, he was able to narrate very enthousiastically
about the newest developments concerning the Jacobian conjecture, like the
enormous calculation by his former Master student Engelbert Hubbers.

Arno has more than fulfilled his reputation as an animating supervisor, and
for that I wish to thank him very much indeed. Besides of that, I wish to
thank three other persons especially much. At first my coach Kees-Harm
Korrelboom, who has supported me and stood by me all these years. Un-
fortunately, this is not possible any more, for he is no longer with us. Next
I wish to express the utmost gratitude to my parents, Koos de Bondt and
Irene Boon, because they both have supported me very much, in their own
ways, with the creation of this thesis. Furthermore, I wish to thank my
brother Pepijn de Bondt and his wife Bernadette Janssen for their moral
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support.

In addition, my gratitude goes to the following persons, in alphabetical or-
der: Harm Derksen, Engelbert Hubbers, Drew Lewis, Stefan Maubach, Roel
Willems, David Wright, Gaetano Zampieri, and last but not least, Wen-
hua Zhao, who took the efforts of reading this thesis, for their exertions
and the valuable comments they provided. Besides of that, I wish to thank
my roommates, former roommates and other colleages of the department of
mathematics for the pleasant time during my research.

At last, I wish to thank He Tong for sharing some of his preprints, which
have led to some of the results in this thesis.



Voorwoord

Dit proefschrift is voortgekomen uit een onderzoeksproject gedurende de
afgelopen jaren. Het is erg technisch van aard en niet geschreven als een
roman. Toch heb ik mijn best gedaan het ook interessant te maken voor
niet-specialisten, want hoofdstuk 1 en 2 en appendix B zijn bedoeld voor
wiskundigen in het algemeen. Paragraaf 1.3 heeft zelfs wel een verhalende
stijl. Tussen hoofdstuk 2 en appendix B in is het erg technisch voor wiskundi-
gen buiten het vakgebied, maar misschien zit er nog wel een stukje bij dat
de lezer aanspreekt. Tot slot is er een Curriculum Vitae dat voor iedereen
te lezen is.

Toen ik begon als junior onderzoeker bij Arno van den Essen, was dat
niet omdat het Jacobivermoeden (eigenlijk het Jacobiaanvermoeden) me zo
aansprak. Verder had ik me in mijn vooropleiding meer gespecialiseerd in dis-
crete wiskunde, computeralgebra en algoritmiek dan in affiene algebraische
meetkunde. Nee, de reden dat ik bij Arno begon was dat hij bekend stond als
een zeer goede, stimulerende begeleider. Dit werd onderschreven door mijn
ervaringen met hem tijdens mijn studie. Zo had hij goed contact met zijn
studenten en kon hij gedurende de pauzes van de colleges heel enthousiast
vertellen over de nieuwste ontwikkelingen aangaande het Jacobivermoeden,
zoals de enorme berekening door zijn toenmalige doctoraalstudent Engelbert
Hubbers.

Arno heeft zijn reputatie als animerende begeleider meer dan waargemaakt
en daarvoor wil ik hem heel erg bedanken. Daarnaast wil ik nog drie andere
mensen extra bedanken. Ten eerste mijn coach Kees-Harm Korrelboom, die
mij in al die jaren gesteund en bijgestaan heeft. Helaas is dit niet meer
mogelijk, want hij is niet meer bij ons. Vervolgens wil ik mijn ouders, Koos
de Bondt en Irene Boon, enorm bedanken, omdat ze mij allebei op hun eigen
manier heel erg gesteund hebben bij de totstandkoming van dit proefschrift.
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Verder wil ik mijn broer Pepijn de Bondt en zijn vrouw Bernadette Janssen
bedanken voor hun morele steun.

Ook gaat mijn dank uit naar volgende personen, in alfabetische volgorde:
Harm Derksen, Engelbert Hubbers, Drew Lewis, Stefan Maubach, Roel
Willems, David Wright, Gaetano Zampieri en ‘last but not least’ Wen-
hua Zhao, die zich de moeite hebben getroost om dit proefschrift door te
lezen, voor hun inspanningen en de waardevolle aanmerkingen die ze hebben
geleverd. Daarnaast wil ik mijn kamergenoten, oud-kamergenoten en andere
collega’s van de afdeling wiskunde bedanken voor de prettige tijd tijdens
mijn onderzoek.

Tot slot wil ik He Tong bedanken voor het mij doen toekomen van enkele
van zijn preprints, welke hebben geleid tot enkele van de resultaten in dit
proefschrift.



Summary

The Jacobian conjecture

The Jacobian conjecture has been formulated by O.H. Keller in 1939. To
describe it, let A be a commutative ring and assume F = (Fy, Fy, ..., F},)
such that F; € A[x] = A[z1,x2,...,zy] for all i. Define the Jacobian JF' of
F by

0 ol 0
o) o) o)

Since JF' is a square matrix, one can compute its determinant. We say that
F' is a Keller map or that F' satisfies the Keller condition if det J F' is a unit
in Afz]. If A is a reduced ring, then the units in A[z] are exactly those in
A. Now the Jacobian conjecture asserts that F' is an automorphism in case
F is a Keller map, i.e. there exists a polynomial map G = (G1,Ga,...,G,)
such that G; € Alz] = Az, z2,...,x,) for all i and the composition map
G(F) is the identity map.

Keller’s orginal formulation was for the ring A = Z only. Later on, the
question was generalized to rings A that are contained in a commutative
ring with Q, and nowadays, a field of characteristic zero is taken for A in the
above formulation in most cases, especially A = C. This is only a matter
of taste, because it has already been proved that the Jacobian conjecture is
equivalent for all rings A that are contained in a commutative ring with Q.

The Jacobian conjecture does not hold for commutative rings A in general.
For instance F' = z1 — z{ is a Keller map in dimension 1 over Fy, the finite
field of ¢ elements, but F'(F,;) = 0. For more information about the Jacobian
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Conjecture, I refer to section 1.2 in the introduction.

Results of this thesis

Most of the results are over the base ring C, although many of them can
easily be generalized to arbitrary fields of characteristic zero. Some results
are proved for other base rings as well, but all results listed below are over
C unless specified otherwise.

In chapter 2, the Jacobian conjecture is reduced to the case that the Jacobian
of the map at hand has some symmetry. It is shown for instance that it
suffices to prove the Jacobian conjecture for maps F = x + H such that the
symmetry group of JH is the full dihedral group of the square. Over the
field R, the symmetry group may be any subgroup of the full dihedral group
of the square that contains a reflection, however not one that contains the
reflection in the main diagonal. For some other types of symmetries of JH,
it is shown that the Jacobian conjecture is trivially satisfied for polynomial
maps F' = x + H. If for example F' = z + H such that JH is symmetric
in horizontal direction and antisymmetric in vertical direction or vice versa,
then F' is invertible. In fact, F' is a so-called quasi-translation in that case.

In chapter 3, quasi-translations are studied. Quasi-translations are poly-
nomial automorphisms = + H with inverse * — H. Furthermore, quasi-
translations are unipotent Keller maps, i.e. JH is nilpotent, and there is
a connection between quasi-translations and singular Hessians. Especially
linear dependence between the components of H is investigated. All quasi-
translations « + H in dimensions < 3 and all quasi-translations « + H with
rkJ H =1 are classified. It is shown that for these quasi-translations = + H,
the components of H are linearly dependent over C. But in dimension 4 and
up, examples of quasi-translations x + H are given for which the components
of H are not linearly dependent over C.

For homogeneous H, all quasi-translations = + H in dimensions 3 and 4 and
all quasi-translations x + H with rk7H = 2 are classified. It is shown that
for these quasi-translations x + H, there exists even two independent linear
relations over C between the components of H. But for dimension 6 and up,
homogeneous H with linearly independent components over C are given such
that x + H is a quasi-translation. Furthermore, quasi-translations x + H in
dimension 5 with H homogeneous are studied. Those with tk7H > 3 are
classified into three existing types and for two of these types, the components
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of H are linearly dependent over C.

In chapter 4, the existence of linear dependences between the components
of homogeneous H with J H nilpotent is investigated. It is shown that the
components of such H are linearly dependent over C in case the dimension
is at most 4 and tkJ H < 2. Furthermore, it is shown that homogeneous H
in dimension 3, such that J H is nilpotent, are linearly triangularizable over
C. In order to obtain these results, a formula is given for homogeneous H
such that tkJH < 2.

But for dimension 5, a homogeneous H of degree 6 with linearly independent
components over C, such that 7 H is nilpotent, is constructed. For dimension
9 and up, cubic homogeneous H with linearly independent components over
C, for which JH is nilpotent, are given. The first such H in dimension
9 was made by Gaetano Zampieri, out of a similar H in dimension 10 by
the author. The latter H was the first counterexample of degree 3 to the
dependence problem.

Furthermore, all quadratic homogeneous maps H in dimension 5 with JH
nilpotent are being classified. In particular, it is shown that x + H is tame
and that the components of H are linearly dependent over C. For a large
part, this is done with computations in Maple, a computer algebra program.
How the computations are performed is described in appendix A. Another
computation that is described is that of maps H of degree 4 in dimension 3
such that J H is nilpotent.

In chapter 5, Hessians of small rank and nilpotent Hessians are investigated.
It is shown that homogeneous h for which Hh has rank r can always be ex-
pressed as a polynomial in 7 linear forms, if and only if » < 3. Furthermore,
all h for which Hh has rank r < 2 are being classified, as well as all homoge-
neous h in dimension 5 for which det Hh = 0. In addition, singular Hessians
in dimension 4 are studied. The results about quasi-translations are used
to obtain these results, by way of the connection between quasi-translations
and singular Hessians mentioned previously.

For nilpotent Hessians in dimensions < 4 and homogeneous nilpotent Hes-
sians in dimensions < 5, it is proved that the corresponding gradient map is
linearly triangularizable. Similar results are obtained for nilpotent Hessians
of rank < 2, homogeneous nilpotent Hessians of rank < 3 and homogeneous
nilpotent Hessians in dimension 6 from which the rows are linearly depen-
dent over C. For all n > 5 and all r with 3 < r < n — 1, h with nilpotent
Hessians of rank 7 in dimension n, such that VA is not linearly triangular-
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izable, are given. For all n > 7 and all » with 4 < r < n — 1, homogeneous
h with nilpotent Hessians of rank r in dimension n, for which VA is not
linearly triangularizable, are constructed.

In chapter 6, maps of the form

(A121 + Ajazg + -+ + Arpay)?
(Ax)* = (Ag1x1 + Agoxg + - - - + Agpay,)?
(An1$1 + Apoxo+ -+ Annwn)d

are studied, where A is a matrix over the base ring. We call these maps
power linear (of degree d). A cubic linear map with nilpotent Jacobian and
linearly independent components over C is constructed. Furthermore, Gorni-
Zampieri pairing is studied, especially the connection with linear (in)depen-
dence of the components of the maps involved. It is shown that if the
components of H are linearly dependent over C and H and G are GZ-
paired, then the components of G are linearly dependent over C as well.
Furthermore, it is proved that H is linearly triangularizable, if and only if
G is, in case H and G are GZ-paired.

For large d compared to the corank of A, it is shown that power linear maps
(Az)*® with nilpotent Jacobians are symmetrically triangularizable, i.e. that
there exists a permutation P such that P~'(APz)*¢ has a lower triangular
Jacobian. Under similar conditions, it is shown that Zhao graphs, graphs
from which the vertices are the rows of A, are totally disconnected. Zhao
graphs were introduced by W. Zhao to describe homogeneous nilpotent Hes-
sians. In order to obtain these results, a generalization of Fermat’s last
theorem for polynomials is used. This result is obtained from a version of
Mason’s theorem in appendix B. For all n, all » and all d, it is determined
whether linearly triangularizable power linear maps (Az)*? in dimension n,
with nilpotent Jacobians and rkA = r, are always symmetrically triangu-
larizable or not. Furthermore, similar results with ‘ditto linearly triangular-
izable’ instead of ‘symmetrically triangularizable’ are derived, where ‘ditto
linearly triangularizable’ means that some of the linear conjugations with a
triangular Jacobian are power linear as well.

In chapter 7, it is proved that power linear Keller maps (Aa:)*d with d > 3
and corkA = 3 are ditto linearly triangularizable. Furthermore, it is proved
that for any d > 1, power linear maps (Az)*? over C with nilpotent Jacobians
are linearly triangularizable in case n < 7. For d = 3, this result is extended
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to n < 8. Furthermore, all Zhao graphs (from which the vertices are the
rows of A) are characterized for the case that d > 3 and rkA > N — 3, where
N is the number of rows of A. Similar results are obtained for the case d = 2
and rkA > N — 1.
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Samenvatting

Het Jacobivermoeden

Het Jacobivermoeden, of eigenlijk het Jacobiaanvermoeden, is geformuleerd
door O.H. Keller in 1939. Voor de beschrijving ervan, zij A een commu-
tatieve ring en neem aan dat F' = (Fy, Fy,...,F,) zodat F; € Alx] =

Alzy,x2,...,zy] voor alle i. Definieer de Jacobiaan JF van F' als
a o) o)
0 2] e)

Aangezien J F een vierkante matrix is kan men de determinant ervan bereke-
nen. We zeggen dat F' een Kellerafbeelding is of dat F' voldoet aan de Keller-
voorwaarde, indien det JF' een eenheid in A[z] is. Als A een gereduceerde
ring is, dan zijn de eenheden in A[x] precies die van A. Nu houdt het Jaco-
bivermoeden in dat F' een automorfisme is in het geval dat F' een Kelleraf-
beelding is, d.w.z. er bestaat een veeltermafbeelding G = (G1,Ga,...,Gy)
zodat G; € Alx] = Alz1,x2,...,xy,) voor alle i en de samengestelde afbeel-
ding G(F) de identieke afbeelding is.

Kellers oorspronkelijke formulering was alleen voor de ring A = Z. Later
werd de vraag veralgemeniseerd tot ringen A die bevat zijn in een com-
mutatieve ring met Q, en vandaag de dag wordt meestal een lichaam van
karakteristiek nul genomen in bovenstaande formulering, in het bijzonder
A = C. Dit is slechts een kwestie van smaak, omdat al bewezen is dat
het Jacobivermoeden equivalent is voor alle ringen A die bevat zijn in een
commutatieve ring met Q.
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Het Jacobivermoeden geldt niet voor commutatieve ringen A in het alge-
meen. Bijvoorbeeld F' = z1—x is een Kellerafbeelding in dimensie 1 over F,
het eindige lichaam van ¢ elementen, maar F'(F;) = 0. Voor meer informatie
over het Jacobivermoeden verwijs ik naar paragraaf 1.2 in de introductie.

Resultaten van dit proefschrift

De meeste resultaten zijn over de grondring C, alhoewel veel ervan gemakke-
lijk kunnen worden veralgemeniseerd tot willekeurige lichamen van karakte-
ristiek nul. Sommige resultaten worden ook bewezen voor andere grondrin-
gen, maar alle resultaten die hieronder opgesomd staan zijn over C, tenzij
anders wordt vermeld.

In hoofdstuk 2 wordt het Jacobivermoeden gereduceerd tot het geval dat
de Jacobiaan van de beschouwde afbeelding een of andere symmetrie heeft.
Er wordt bijvoorbeeld bewezen dat het volstaat om het Jacobivermoeden
te bewijzen voor Kellerafbeeldingen F' = x + H zodat de symmetriegroep
van J H de volledige diédergroep van het vierkant is. Over het lichaam R
mag de symmetriegroep elke ondergroep van de volledige diédergroep van
het vierkant zijn die een spiegeling bevat, maar juist niet de spiegeling in
de hoofddiagonaal bevat. Voor enkele andere typen symmetrieén van JH
word aangetoond dat het Jacobivermoeden op een triviale wijze geldt voor
veeltermafbeeldingen F' = x + H. Als bijvoorbeeld F' = x + H zodat JH
symmetrisch is in horizontale richting en antisymmetrisch in verticale rich-
ting of andersom, dan is F' inverteerbaar. In feite is F' in dat geval een
zogenaamde quasi-translatie.

In hoofdstuk 3 worden quasi-translaties bestudeerd. Quasi-translaties zijn
veeltermautomorfismen x + H met inverse x — H. Verder zijn quasi-transla-
ties unipotente Kellerafbeeldingen, d.w.z. JH is nilpotent, en is er een
verband tussen quasi-translaties en singuliere Hessianen. In het bijzonder
wordt lineaire afhankelijkheid tussen de componenten van H onderzocht.
Alle quasi-translaties  + H in dimensie < 3 en alle quasi-translaties x + H
met tkJH = 1 worden geclassificeerd. Er wordt aangetoond dat voor deze
quasi-translaties x + H de componenten van H lineair afhankelijk zijn over
C. Maar in dimensie 4 en hoger worden voorbeelden van quasi-translaties
x + H gegeven waarvan de componenten van H niet lineair afthankelijk zijn
over C.

Voor homogene H worden alle quasi-translaties z + H in dimensie 3 en 4 en
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alle quasi-translaties z + H met rkJH = 2 geclassificeerd. Er wordt aan-
getoond dat er voor deze quasi-translaties z + H zelfs twee onafhankelijke
lineaire relaties over C bestaan tussen de componenten van H. Maar voor
dimension 6 en hoger worden homogene H met lineair onafhankelijke com-
ponenten over C gegeven zodat x4+ H een quasi-translatie is. Verder worden
quasi-translaties x + H in dimension 5 met H homogeneen bestudeerd. Die
met tk 7 H > 3 worden geclassificeerd in drie bestaande typen en voor twee
van deze typen zijn de componenten van H lineair afhankelijk over C.

In hoofdstuk 4 wordt het bestaan van lineaire afhankelijkheden tussen de
componenten van homogene H met JH nilpotent onderzocht. Er wordt
aangetoond dat de componenten van zulke H lineair afhankelijk zijn over
C in het geval de dimensie ten hoogste 4 is en tk7H < 2. Verder wordt
aangetoond dat homogene H in dimensie 3 zodat J H nilpotent is, lineair
op driehoeksvorm te brengen zijn over C. Om deze resultaten te verkrijgen
wordt een formule gegeven voor homogene H zodat rkJ H < 2.

Maar voor dimensie 5 wordt een homogene H van graad 6 met lineair onaf-
hankelijke componenten over C, zodat J H nilpotent is, geconstrueerd. Voor
dimensie 9 en hoger worden homogene H van graad 3 met lineair onafhan-
kelijke componenten over C, waarvoor J H nilpotent is, gegeven. De eerste
dergelijke H in dimensie 9 werd gemaakt door Gaetano Zampieri, uit een
soortgelijke H in dimensie 10 door de auteur. De laatste H was het eerste
tegenvoorbeeld van graad 3 tegen het afthankelijkheidsvermoeden.

Voorts worden alle kwadratisch homogene afbeeldingen H in dimensie 5
met J H nilpotent geclassificeerd. In het bijzonder wordt aangetoond dat
x + H tam is en dat de componenten van H lineair athankelijk zijn over
C. Voor een groot deel wordt dit gedaan met berekeningen in Maple, een
computeralgebra-programma. Hoe de berekeningen worden uitgevoerd staat
beschreven in appendix A. Een andere berekening die wordt beschreven is
die van afbeeldingen H van graad 4 in dimensie 3 zodat J H nilpotent is.

In hoofdstuk 5 worden Hessianen van kleine rang en nilpotente Hessia-
nen onderzocht. Er wordt bewezen dat homogene h waarvoor Hh rang r
heeft altijd kunnen worden uitgedrukt als een veelterm in r lineaire vor-
men, dan en slechts dan als » < 3. Verder worden alle h waarvoor Hh rang
r < 2 heeft geclassificeerd, en evenzo alle homogenene h in dimensie 5 waar-
voor det Hh = 0. Bovendien worden singuliere Hessianen in dimension 4
bestudeerd. De resultaten over quasi-translaties worden gebruikt om deze
resultaten te verkrijgen, door middel van het eerder vermelde verband tussen
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quasi-translaties and singuliere Hessianen.

Voor nilpotente Hessianen in dimensie < 4 en homogene nilpotente Hessia-
nen in dimensie < 5 wordt bewezen dat de overeenkomende gradiéntafbeel-
ding lineair op driehoeksvorm te brengen is. Soortgelijke resulten worden
ook verkregen voor nilpotente Hessianen van rang < 2, homogene nilpotente
Hessianen van rang < 3 en homogene nilpotente Hessianen in dimension 6
waarvan de rijen lineair afhankelijk zijn over C. Voor alle n > 5 en alle r
met 3 < r < n—1 worden h met nilpotente Hessianen van rang r in dimensie
n, zodat Vh niet lineair op driehoeksvorm te brengen is, gegeven. Voor alle
n > 7 en alle r met 4 < r <n — 1 worden homogene h met nilpotente Hes-
sianen van rang r in dimensie n, waarvoor VA niet lineair op driehoeksvorm
te brengen is, geconstrueerd.

In hoofdstuk 6 worden afbeeldingen van de vorm

(An1z1 + Apza + -+ + Appz)?
(Az)* = (Ag121 + Agoxo + - -+ + Agpzy,)?
(Ap1x1 + Apawy + - + Appay)?

bestudeerd, waar A een matrix over de grondring is. We noemen deze afbeel-
dingen machts-lineair (van graad d). Er wordt een machts-lineaire afbeelding
van graad 3 met nilpotente Jacobiaan en lineair onafhankelijke componen-
ten over C geconstrueerd. Verder wordt Gorni-Zampieri-paring bestudeerd,
vooral het verband met lineaire (on)afhankelijkheid van de componenten van
de betrokken afbeeldingen. Er wordt aangetoond dat indien de componen-
ten van H lineair onafhankelijk zijn over C en H en G GZ-gepaard zijn,
de componenten van GG ook lineair onafhankelijk zijn over C. Verder wordt
bewezen dat H lineair op driehoeksvorm te brengen is, dan en slechts dan
als G dat is, in het geval dat H and G GZ-gepaard zijn.

Voor grote d vergeleken met de corang van A wordt aangetoond dat machts-
lineaire afbeeldingen (Az)*? met nilpotente Jacobianen symmetrisch op drie-
hoeksvorm te brengen zijn, d.w.z. dat er een permutatie P bestaat zodat de
Jacobiaan van P~!(APz)*® een benedendrichoeksmatrix is. Onder soort-
gelijke voorwaarden wordt aangetoond dat Zhao-grafen, grafen waarvan de
punten de rijen van A zijn, totaal onsamenhangend zijn. Zhao-grafen wer-
den geintroduceerd door W. Zhao om homogene nilpotente Hessianen te
beschrijven. Om deze resultaten te bereiken, wordt een veralgemenisering
van de laatste stelling van Fermat voor veeltermen gebruikt. Dit resultaat
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wordt verkregen uit een versie van de stelling van Mason in appendix B.
Voor alle n, alle r en alle d wordt bepaald of machts-lineaire afbeeldingen
(Az)*® in dimensie n met een nilpotente Jacobiaan en rkA = r, die lineair
op driehoeksvorm te brengen zijn, altijd symmetrisch op driehoeksvorm te
brengen zijn of niet. Verder worden soortgelijke resultaten met ‘lineair op
ditto-driehoeksvorm’ in plaats van ‘symmetrisch op driehoeksvorm’ afgeleid,
waar ‘lineair op ditto-driehoeksvorm’ betekent dat sommige van de lineaire
conjugaties met een Jacobiaan op driehoeksvorm tevens machts-lineair zijn.

In hoofdstuk 7 wordt bewezen dat machts-lineaire Kellerafbeeldingen (Ax)*?
met d > 3 en corkA = 3 lineair op ditto-driehoeksvorm te brengen zijn.
Verder wordt bewezen dat voor welke d > 1 dan ook, machts-lineaire afbeel-
dingen (Az)*? over C met een nilpotente Jacobiaan lineair op driehoeksvorm
te brengen zijn in het geval dat n < 7. Voor d = 3 wordt dit resultaat uit-
gebreid tot n < 8. Verder worden alle Zhao-grafen (waarvan de punten de
rijen van A zijn) gekarakteriseerd voor het geval dat d > 3 en rkA > N — 3,
waar N het aantal rijen van A is. Soortgelijke resultaten worden ook bereikt
voor het geval d =2 en kA > N — 1.
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Chapter 1

Introduction

1.1 About this thesis

When you look at this thesis, you will probably think it is quite large, at
least for a Ph.D. thesis in mathematics. This is because we met many results
on our journey for the Jacobian conjecture. See section 1.3 for a travel story.
The second chapter, appendix B and this introduction are meant for a wide
audience of mathematicians, like a plenary talk, but the rest of the thesis is
quite technical. However, most of it is elementary.

On one hand, the subject of my thesis makes that things are elementary. On
the other hand, I have chosen to have my thesis as elementary as possible
without unnecessary fancy things. Therefore, I did not introduce derivations
in my thesis, because they are not needed for the presentation.

But against my principle of not using fancy things, I do use some geome-
try in chapter 3, because I need it to get certain results, especially about
homogeneous quasi-translations in dimension 5.

There are several notations that are likely not to be understood. Omne of
them is to denote x1,x2,...,2, by x, so ¢ depends on n implicitly. The
same holds for y and z.

Another thing is the reverse of a matrix or vector. The reverse of a vector v =
(v1,v2,...,Um) is V' = (Um, Vm—1,...,v1) and with the reverse of a matrix
M, we see M as a vector of its rows, so M* has rows M,,, M,,_1,..., M if
m is the height of M.

Other notations are more likely to be understood. See section 1.4 for more
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notations.

This chapter has its own list of references, namely to articles that are part
of the content of this manuscript and hence not included in the general list
of references. All of the references are articles by Arno van den Essen and
the author, with two exceptions: Van den Essen cheated with S. Washburn
and the author with H. Tong. In this thesis, some of the results are proved
with different methods than in those articles, mostly because some results
of this thesis are stronger and therefore require another proof.

Appendix B has its own reference list as well, because it is not about the
Jacobian conjecture. Some of the results in it are used in chapter 6, though.
As contrasted to the other reference lists, the reference list of this chapter is
chronological instead of alphabetical.

1.2 Some history of the Jacobian conjecture

1.2.1 Keller’s Jacobian conjecture

Let A be a commutative ring and assume F = (Fy, Fy,..., F,,) such that
F; € Alx] = A[z1,x2,...,xy,) for all i. Define the Jacobian JF of F by

0 0 ol
gr. | T et ot

9 9 o)

a_xlFm 8_902Fm mFm

If m = n, then JF is a square matrix, whence one can compute its deter-
minant. We say that F' is a Keller map or F' satisfies the Keller condition if
det JF' is a unit in Afz].

If A is a reduced ring, i.e. A has no nilpotent elements other than zero,
then the units of Afx] are exactly those in A. This is because f € Afz] is
a unit in Alz], if and only if the constant term of f is a unit in A and all
other coefficients are nilpotent. See [2, Ch. 1, Exc. 3 i)]. The term ‘Keller
condition’ or ‘Jacobian condition’ is due to Gary Meisters, but since he only
considered fields, he did not need to distinguish between det JF € A* and
det JF € (A[z])*. The reason for allowing units in A[z] will be given later.

In 1939, Keller asked the following question for A = Z. Assume m = n
and det JF' is a unit in A7 Is F' an automorphism? In other words, does
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there exist a polynomial map G = (G1,Ge,...,G,) such that G; € Afy] =
Aly1,y2, .. .,yn) for all i and G(F) = z is the identity map? Later on, the
question was generalized to rings A contained in commutative rings with Q.

This question is still unsolved for A = Z, except the case n = 1. But for
commutative rings A # {0} that are not contained in a commutative ring
B containing , the answer is no in general. More precisely, we will show
below that the answer is no if A/n is not contained in a commutative ring
with @, where n = t(0) is the ideal of nilpotent elements of A, the so-called
nilradical of A.

The characteristic of an arbitrary ring is the smallest positive integer that
is zero in the ring if such an integer exists, and 0 otherwise. For rings of
characteristic ¢ > 1, the polynomial map F' = x; —z{ in dimension 1 satisfies
the Keller condition, but F'(0) = F'(1). For that reason, Pascal Adjamagbo
has formulated extra conditions for F'in case A is a finite field. See [24] above
Proposition 10.3.17 or [1]. For a fixed dimension n, the adapted Jacobian
conjecture over [, for all primes p implies the Jacobian conjecture over Z.
In [24, Prop. 10.3.17], all dimensions n are taken together, but its proof gives
the stronger result that one can take the dimension n fixed.

In order to prove the Jacobian conjecture for a ring A of characteristic zero,
we may divide out the nilradical of A on account of [24, Lm.1.1.9] and
a variant of [24, Lm.1.1.9] for the Keller condition instead of invertibility.
After dividing out the nilradical of A, we obtain a reduced ring. The variant
of [24, Lm. 1.1.9] for the Keller condition instead of invertibility is only
satisfied in case units in A[z] are allowed in the definition of Keller condition.
So the Jacobian conjecture is not affected by allowing units in A[z] in the
definition of Keller condition, and that is the reason why we choose this
definition as such.

We show now that the Jacobian conjecture is not satisfied over commutative
rings A DO Z if A/n is not contained in a commutative ring with Q, where
1 = t(0) is the ideal of nilpotent elements of A, the so-called nilradical of A.
As mentioned above, we may replace A by the reduced ring A/n. So assume
A D Z is not contained in a ring B D Q. Now make B from A by way of
localization with respect to Z* = Z\{0}. If A > a — ¢ la € B is injective
for all ¢ € Z*, then B D Q. So A 3 a — ¢ 'a € B is not injective for some
ceZ”.

Now one can show that there exists a ¢ € Z* that is a zero divisor in A (the
latter ¢ is divisible by the one above), say that ca = 0 for some nonzero
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a € A. By removing factors of ¢ and migrating factors of ¢ to a, we can
obtain that c is prime. Take F' = z1 — ax{ to obtain that %F =1, just
as in [24, (1.1.17)]. Using that a(§) = 0 in case i { ¢, one can show that the
inverse power series of F' is equal to

ia 1)/01

k=0

which is a proper power series, because A is reduced.

If A has characteristic 1, then A = {0} = {1} is the trivial ring and the
Jacobian conjecture is satisfied over A for every n because every polynomial
over A is the same. So we can restrict ourselves to reduced rings of charac-
teristic zero that are contained in a ring B O Q. Now we have the following
remarkable result for such rings.

Theorem 1.2.1. Assume both A and A are commutative rings contained
in rings B 2 Q and B D Q respectively. Then the Jacobian conjecture over
A for all dimensions n is equivalent to the Jacobian conjecture over A for
all dimensions n! Furthermore, the Jacobian conjecture over C for a fized
dimension n implies the Jacobian conjecture over A for dimension n.

Proof. The first assertion follows from [24, Th. 1.1.18], which is based on [24,
Prop. 1.1.19], a result from Edwin Connell and Lou van den Dries in [11].
That this assertion is even valid if the exclamation point after n is read
as taking faculty is left as an exercise to the reader. The second assertion
follows from [24, Prop. 1.1.12], which comes originally from [4] by Edwin
Connell, Hyman Bass and David Wright. O

The Jacobian conjecture appears as problem 16 of a list of 18 mathematical
problems for the 21st century by Steve Smale. This list is an analog of David
Hilbert’s list of 23 problems for the 20-th century. See [49].

1.2.2 Partial results of the Jacobian conjecture

One of the partial results of the Jacobian conjecture is that in dimension 2,
it is satisfied for maps F' of degree 101 at most. This is due to Tzuong Tsieng
Moh in [42]. For more results on the Jacobian conjecture in dimension 2, I
refer to [24, §10.2].
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Another result is that the Jacobian conjecture is satisfied for maps F' of
degree 2 at most. This was proved by Stuart Sui-Sheng Wang at first in [51].
Theorem 1.2.3 below generalizes this result somewhat. The proof of the
theorem 1.2.3 is based on the following lemma.

Lemma 1.2.2. Assume A is an integral domain such that the integer d > 2
is nonzero in A. Assume t is a single indeterminate and let F' € A[t]" such
that deg F' < d and assume that F(a1) = F(ag) = -+ = F(aq) for distinct
a; € A.

Assume in addition that polynomials in Alt] of degree d—1 with leading coef-
ficient d have a root in A. Then there exists a b € A such that (T F)|i=p = 0.

Proof. Say that F(a;) = c for each i. Notice that deg(F; — ¢;) < d for each
1. Since F; — ¢; has d distinct zeros in A in addition, it follows that F; — ¢;
is linearly dependent over A of the monic polynomial

f=0{t—a)(t—a2) - (t —aq)

for each 7. Consequently, %F@' is dependent of % f for each 7. Since deg % f=
d — 1 and the leading coefficient of %f is equal to d, we have (%f)’t:b =0
for some b € A by assumption. This gives the desired result. O

Theorem 1.2.3. Assume A is an integral domain and d > 2 an integer.
Let F € A[z]" such that deg ' < d and assume that F(p1) = F(p2) = --- =
F(pq) for distinct collinear p; € A™. Then there exist a g € A™ on the same
line as the p;’s, such that (JF)|,—q has determinant zero, in each of the
following cases:

i) d =2 1is a unit in A,
it) A =T and d is even,

i11) A is an algebraically closed field and d is a unit in A.

Proof. Notice that in each of the cases i), ii) and iii), the condition that
polynomials in A[t] of degree d — 1 with leading coefficient d have a root in
A, is fulfilled. Now set

G = F(pl +t(p2 — pl))
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then by the above lemma, there exists a b € A such that (J;G)|;—, = 0. By
the chain rule, we obtain

TG = (JF)Z‘:p1+t(p2—p1) : (p? - pl)

So if we take ¢ := p1+b(p2—p1), then the columns of (J F')|,—4 are dependent.
This gives the desired result. O

Corollary 1.2.4. Assume A is an integral domain and the integer d > 2
is nonzero in A. Let F € Alz]™ such that deg F' < d and assume that
F(p1) = F(p2) = --- = F(pq) for distinct collinear p; € A™. Then F is not
a Keller map.

In particular, quadratic Keller maps over an integral domain with % are
mjective.

Proof. Let K be the algebraic closure of Q(A). From iii) of theorem 1.2.3
and the definition of algebraically closed, it follows that F' is not a Keller
map over K, as desired.

The last assertion follows from the fact that two points p; and py are always
collinear. O

In [12], the authors Kamil Rusek and Stawomir Cynk prove that in order
to show that a Keller map over C is invertible, it suffices to show that it is
injective. The authors prove a more general result, but the less general result
is easier to prove: see [46] and [24, §4.3]. But over fields of characteristic
zero in general, injective polynomial maps are not always invertible, even if
you assume that the Jacobian determinant does not vanish anywhere. Take
for instance
F= xi’ — 3axy

then F’ = 3(23 — a). Since a is arbitrary, the field at hand must be closed
under taking square root, in order to have a Jacobian determinant that
vanishes somewhere.

For the ring Z of Keller, it is sufficient to show that a Keller map is surjective
in order to prove that it is an automorphism. This was proved by Lou van
den Dries and Ken McKenna in [17], see also [24, Cor. 10.3.9].

Another question is whether maps for which the Jacobian determinant does
not vanish anywhere are automatically injective. But in 1994, Sergey Pin-
chuk gave a counterexample over R to this question in dimension n = 2.
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See [44] or [24, §10.1]. But for quadratic maps over integral domains with %,
the answer to this question is affirmative, as we have seen in i) of theorem
1.2.3.

An interesting question is whether those quadratic maps, that are injective
on account of corollary 1.2.4, are automatically automorphisms. I did not
have much time thinking about this question, since it just crossed my mind
writing this introduction. The map 3z; shows that the answer is negative
over the ring Z[3], so let us assume that the base ring is a field with 3.
Wang’s theorem shows that the answer is affirmative for algebraically closed
fields.

1.2.3 Reductions of the Jacobian conjecture

Several reductions have been made to the Jacobian conjecture. Assume A is
a commutative ring with nilradical 1, such that A/n C B O Q. Notice that
the Jacobian conjecture for all dimensions n is equivalent for all rings like

A.

The first reduction is that one may assume that in order to prove the Ja-
cobian conjecture over A for all n, it suffices to consider maps F such that
deg F' = 3. The next reduction is that in order to prove the Jacobian conjec-
ture over A for all n, it suffices to consider maps F' of the form FF' = x + H
such that H is homogeneous of degree d, where d is an arbitrary fixed integer
greater than 2. Both reductions can be found in [4] by Bass, Connell and
Wright and [58] by A. V. Yagzev. See also [24, §6.3].

A subsequent reduction is due to Ludwik Druzkowski in [18]. He shows that
in addition, one may assume that each component of H is a d-th power of a
linear form. Actually, he only shows the case d = 3, but the general case is
similar. See also chapter 6.

The homogeneity reduction is done after the degree 3 reduction, but the
homogeneity reduction can be separated from it. More precisely, for any
d > d, the Jacobian conjecture for maps of degree d in dimension n follows
from the Jacobian conjecture for maps x + H in dimension (d — 1)n + 1
with H homogeneous of degree d’. In order to describe the homogeneity
reduction, we make some definitions.

Definition 1.2.5. Let JC(A, n,d) denote the question whether the Jacobian
conjecture is satisfied for Keller maps F' over A in dimension n of degree < d.
Let UJC(A,n,d) denote the question whether the Jacobian conjecture is
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satisfied for Keller maps F' as above such that F'is the of the form F = z+ H,
where J H is nilpotent. The letter U stands for unipotent. Let HIC(A,n, d)
denote the question whether the Jacobian conjecture is satisfied for Keller
maps F' as above such that F' is the of the form F = x + H, where H is
homogeneous of degree d. The letter H stands for homogeneous.

Proposition 1.2.6. Let A be a commutative ring and taken > 1 and d > 2
fized. Then

i) UIC(A,n(d —1),d) implies JC(A,n,d),
it) HIC(A,n+ 1,d) implies UIC(A,n,d),

i11) UJC(A,n,d) implies HIC(A,n,d).
Proof.

i) By composition with translations and linear maps, we see that it suf-
fices to consider instances F of the form x4 H of JC(A, n, d), such that
H does not have terms of degree less than 2. In [24, Prop. 6.2.13], an in-
stance of UJC(A,n(d—1),d) is made out of (F, Tpt1, Tnt2,- -, T(d—1)n
by composition with tame maps. This gives the desired result.

ii) The case d = 3 follows from [24, Th. 6.3.1], and the general case is
similar.

iii) Assume F' = x — H is an instance of HJC(A, n,d). Since F is a Keller
map, it follows from Cramer’s rule that JF € GL,(A[z]). So the
inverse of JF' as matrix over A[[z]] must be a matrix over A[x], i.e.

(T ' =(I,-JH) ‘=1, + JH + JH*> + TH® + - .-

must have bounded degree. Since H is homogeneous of degree d > 2,
this is only possible if J H is nilpotent. It follows that F'is an instance
of UJC(A,n,d) as well. This gives the desired result. O

In [4] by Bass, Connell and Wright, it is shown that UJC(C,2,d) has an
affirmative answer for all d. HJC(C, 3, 3) is proved by David Wright in [55]
and HJC(C, 4, 3) by Engelbert Hubbers in [36]. They use computations to
obtain their results. See also chapter 4 and appendix A.
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1.2.4 The dependence problem

One problem that arose with the study of the Jacobian conjecture is the
linear dependence problem for homogeneous Jacobians, or shortly the de-
pendence problem. The problem was first formulated for quadratic maps by
Rusek in [46]. Later, Gary Meisters and Czestaw Olech formulated the cu-
bic variant of the problem, in [40] and [43] respectively. The latter offered a
bottle of Polish vodka for either a proof or a counterexample of this problem.

Definition 1.2.7. Let K be a field of characteristic zero. Then UDP (K, n,
d) is the question whether for maps H of degree < d in dimension n such
that J H is nilpotent, the rows of JH are dependent over K. HDP (K, n, d)
is the same question except that H is homogeneous of degree d instead.

Along with the affirmative answers for UJC(C, 2, d) for all d and HIC(C, n,
3) for n < 4, affirmative answers were given to UDP(C, 2, d) and HDP(C, n,
3) for n < 4 as well. In fact, showing UDP(C, 2,d) was the essential part
of showing the corresponding part UJC(C, 2, d) of the Jacobian conjecture.
HJC(C,3,3) and HDP(C, 3,3) were proved by David Wright in [55] by way
of a full classification of all cubic homogeneous H in dimension 3 respectively
such that J H is nilpotent. Hubbers did a similar thing to prove HJC(C, 4, 3)
and HDP(C, 4, 3).

Meisters and Olech showed in [39] that HDP(C, n,2) has an affirmative an-
swer for n < 4 as well. In fact, Meisters showed something stronger, namely
that for quadratic homogeneous H in dimensions n < 4, JH is so-called
strongly nilpotent. See chapter 5 for the definition of strong nilpotency.

Affirmative answers to both UDP(C, 3,2) and UDP(C, 3, 3) can be obtained
easily from the classification of cubic homogeneous maps in dimension 4 by
Hubbers that gave HIC(C, 4, 3) and HDP(C, 4, 3). The affirmative answer to
UDP(C, 3,2) can be derived easily from the above strong nilpotency result
in dimension 4 as well.

The dependence problem inspired Van den Essen and Hubbers to find a
class of polynomial automorphisms. Some polynomial maps of this class
are counterexamples to the Markus Yamabe conjecture. See [27] for more
information.
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1.2.5 Polynomial maps with Jacobian determinant zero

As contrasted to Keller maps, polynomial maps with Jacobian determinant
zero are better understood, at least for integral domains A O Q. For A =C,
we have proposition 1.2.9 below, and by way of Lefschetz’ principle, we can
obtain the same result for any integral domain A O Q. See for instance the
proof of [24, Lm. 1.1.14] for a demonstration of Lefschetz’ principle.

Lemma 1.2.8. Assume H € C[z]™. Then

0 S rkj(Hl,...,Hi,Hi+1)—I"kj(Hl,...,Hi)
< trdegeC(H, ..., Hy, Hyp) — trdegeC(Hy, ..., Hy)
< 1
for all i <m.

Proof. Notice that only the inequality in the middle needs explanation. This
inequality can only be violated if H; is algebraically dependent over C of
H,, ..., H;, say that

R(Hy,...,H;,H;+1) =0

for some R € Clyi, ..., ¥:,yi+1] such that R(Hy,...,H;,yi+1) # 0.

Choose R of minimal degree. Since R(H, ..., H;,yi+1) # 0 and R(Hq,...,
Hi, yiv1)|y, 1=, = 0, it follows that

OR
Hy, ... ,H;,vy; 0
<5yi+1>( ' y+1) #

and by the minimality of the degree of R,

OR
Hi,... Hi, H; 0
<8yi+1> (Hy 1) #

From the chain rule, it follows that
0 = J(R(Hu,...,H;,Hit1))
= (jy1,...,yi,y¢+1R)|y1=H1,...,yi:Hi,yi+1:Hi+1 . j(Hl, ey Hl', Hi+1)

so the last row of J(Hy,...,H;, Hiy1) is dependent of the other rows. This
gives the desired result. O
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Proposition 1.2.9. Assume H € C[z]™. Then
rk[](Hl,Hg, ce ,Hm) = trdegC(C(Hl, H2 ce 7Hm)

Proof. Put G := (0,H,z). Then G has 1+ m + n component and can be
made by adding m + n components to the map (0). Notice that rk7(0) =
0 = trdegcC(0), so by induction, it follows from the above lemma that

k7 G < trdegcC(G)

But both the left hand side and the right hand side are equal to n. It follows
from the above lemma that we have equality in the intermediate stages
as well, in particular after adding m components. This gives the desired
result. O

The above proposition generalizes [24, Prop. 1.2.9]. It seems that Paul Gor-
dan and Max No6ther already knew this proposition in 1876. They use it
for Hessians in [34]. Another thing Gordan and Nother already knew is the
following geometrical interpretation of trdegcC(H).

Proposition 1.2.10. Assume H € Clz]|™ and let W be the Zariski closure
of H(C™). Then

dim W = trdegcC(Hy, Ha ..., Hp,)

Proof. From the second part of [35, Th. 1.8A], it follows that dim C[H| =
trdegcC(Hy, Hy ..., Hy,). From [35, Prop. 1.7], it follows that it suffices to
show that C[H] is the coordinate ring of W.

Let t be theideal t = (R € Cly1,¥2,-.-,Ym| | R(H) = 0). Then one can show
that Cly1,y2,...,Ym]/t is the coordinate ring of W and that y; + v — H;
defines an isomorphism between Cly1,y2,...,ym|/t and C[H]. The details
are left as an exercise to the reader. This gives the desired result. O

1.3 The journey for the Jacobian conjecture

1.3.1 Quasi-translations from singular Hessians

Our journey started in the beginning of 2003, when Arno came up with an ar-
ticle from 1876, namely [34], which he had gotten from Sherwood Washburn.
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Although this article is older than the formulation of the Jacobian conjec-
ture by O.H. Keller, it plays a central role in our research. [34] is about
homogeneous polynomials for which the Hessian has determinant zero.

The Hessian Hh of a polynomial h is the matrix of second derivatives of h,
i.e.

9> o 0 o 0
92" B dm ' 7 Benderl
0 oy 22, s
Hh = Oz Oz2 Bx% Oxyn Oxo
o 0 o 0 9?2
a1 Dan ' Bz By ! ozl

Notice that Hessians are symmetric Jacobians. Over a commutative ring
with Q, the converse is true as well, i.e. every symmetric Jacobian is a
Hessian. See for instance [24, Lm. 1.3.53].

If g € Clx1,x2,...,2,-1], then the last row and column of Hg are zero and
hence det Hg = 0. Furthermore, one can prove that

Hg(Tz) =T" - (Hg)|s=rs - T

for all T € Mat,,(C), where (Hg)|y=7» means substitution of Tz for z in
Hg. So if h = g(T'z) for some g € Clzy,x2,...,2,—1] and a T' € Mat, (C),
then det Hh = 0. In [34], the authors Paul Gordan and Max Né&ther prove
that for dimensions n < 4, the converse holds as well, provided h € Clx] is
homogeneous.

So if h € C[z] is a homogeneous polynomial in n < 4 variables such that
det Hh = 0, then h = ¢g(T'z) for some g € Clz1,x2,...,2p—1] and a T €
Mat,, (C). But for dimensions n > 5, this statement is no longer true. In [34],
the authors classify all homogeneous polynomials in dimension 5 for which
the Hessian has determinant zero. One case is that g € Clz1, x2, z3, 24] as
above, but the other case is that ¢ is of the form

g = f(x1,22,a(x1,x2)x3 + (21, 22) 24 + (21, T2)T5)

where f, a, b, and ¢ are polynomials. Again, h = g¢g(Tz) for some T €
Mats(C). One can show that the example

2 2
h = x{x3 + x12274 + 2525

is not of the form ¢(T'z) with g € Clz1, 2, z3, z4] and T' € Mats(C).
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Now you might wonder what [34] has to do with the Jacobian conjecture.
The first step that shows a connection was made by Arno van den Essen
and Sherwood Washburn, when they showed that polynomial maps of the
form x + H with H homogeneous and JH symmetric satisfy the Jacobian
conjecture in case n < 4. Since symmetric Jacobians are Hessians, we have
that H is of the form

0 0 0
H=|(—h —h,...,—h | =:Vh
<8:L‘1 "Oxy T Oxy ) Vv

in case J H is symmetric. By the Keller condition on x + H, one can show
that J H is nilpotent. In particular, JH = Hh has determinant zero. Now
Arno van den Essen and Sherwood Washburn used that for n < 4, h =
g(Tx) for some g € Clzy,z9,...,2,-1] and a T € Mat,(C) to obtain that
polynomial maps of the form z+ H with H homogeneous and 7 H symmetric
satisfy the Jacobian conjecture in case n < 4.

After that, we advanced with n = 5. We started by trying to show that
h = g(Tzx) for some g € Clz1,x9,x3,24] and a T" € Mat,(C). This is not
automatically true if det Hh = 0, but we may assume that Hh is nilpotent,
which is more restricted than just det Hh = 0. An additional condition is
for instance

82 82 82 82 82

trtHh= —h+—Sh+—Sh+—h+—5h=0

Ox? + Ox2 + Ox3 + Ox? + Ox?
The trace condition is an easy condition to work with, whence we threw it
against the classification formula

g = f(z1,22,a(x1,x2)x3 + b(w1, T2) s + (21, 22)75)

of Gordan and Nother, but not directly, since linear transformations might
affect the nilpotency of the Hessian. However, we were able to understand
and to deal with this transformation problem.

But in some cases, the trace condition is not enough. If for instance
h = (zo +iz4)x3 + (21 + iz3)?2s + (21 + iz3) (22 + izg)z5

then det Hh = 0 and trHh = 0, but there does not exist 7" € Mat,, (C) such
that h = g(Tz) and g € Clz1, x2, x3,x4]. But we were able to reduce to the
case
g= f(xl +ixs, xo + x4, a(x1 + iz, T2 + izg) 23 +
b(xy + ixs, xo +ixg)xg + (1 + X3, 22 + ix4)$5)
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with deg,, f <1, using the trace condition and additional arguments.

Next, we solved the latter case with other arguments. These arguments
have lead to the discovery that the Jacobian conjecture for all dimensions
is equivalent to the Jacobian conjecture for symmetric Jacobians for all di-
mensions. More precisely, the Jacobian conjecture in dimension n follows
from the symmetric Jacobian conjecture in dimension 2n. This equivalence
is proved in chapter 2. You may additionally assume that the map F' is of
the form x + H with H homogeneous of an arbitrary fixed degree d > 3, as
we do here. With the above result that the Jacobian conjecture is satisfied
for homogeneous Keller maps in dimension 4 with symmetric Jacobians, we
obtain that the Jacobian conjecture is satisfied for homogeneous Keller maps
in dimension 2, which was already shown in [4].

The proof that h = g(T'z) for some g € Clzy,x2,z3,24] and a T € Mat,,(C)
if A is homogeneous and n = 5 can be found in chapter 5. Unfortunately, the
proof of the latter case above has been replaced by other arguments. But
the same argument still applies for the case

g = a(z1 +izr3, xo + ixg)xs + b(x1 +iw3, T2 + 1T4) 24 + (21 + iT3, T2 + 124)

in dimension n = 4, where we do not assume that h and hence g neither are
homogeneous. See the end of chapter 2 and subcase (5.15) in case 3 (of the
proof of theorem 5.7.1) in section 5.7.

So we proved that h = ¢g(Tx) for some g € Clxy,z2,23,24] and a T €
Mat,, (C) if h is homogeneous, Hh is nilpotent and n = 5. This was the first
step to obtain that polynomial maps of the form x+ H with H homogeneous
and JH symmetric satisfy the Jacobian conjecture in case n = 5. We
completed the proof of this result by using a theorem of Zhiging Wang, a
former Ph.D. student of Daniel Daigle. This theorem can be formulated in
several ways.

One way to put it is that for a quasi-translation = + H in dimension n = 3
over C, the components Hi, Ho, H3 of H are linearly dependent over C. A
quasi-translation z + H is a polynomial map such that x — H is the inverse
polynomial map, so H acts as the constant part of a translation.

But this is not the way Wang formulates his theorem. He formulates it as
follows. Assume

0 0 0
D= Hla—xl-i-HQa +H38x3
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is a derivation over C in dimension 3 such that
D2LL’1 = D2$2 = D2x3 =0

Then the components Hi, Ho, H3 of H are linearly dependent over C. Vari-
ants of this theorem in dimensions 1 and 2 are satisfied as well. In the
beginning of chapter 3, it is shown that the assumptions on H in both for-
mulations are equivalent.

Now you might wonder how Wang’s theorem helped us. In other words,
what is the connection between nilpotent Hessians and quasi-translations?
The connection is that nilpotent Hessians have determinant zero and that
polynomials h over C for which the Hessian has determinant zero, have a
quasi-translation associated to them, and I shall tell you how.

For polynomials h € Clz] for which the Hessian Hh has determinant zero,
we know by proposition 1.2.9 that there exists a nonzero R € Cly] such that

0 0 0
R{—h,—h,...,—h | =0
<8$1 833‘2 a~Tn )
Now one can differentiate the left hand side with respect to x;. By using the
chain rule and interchanging partial derivatives, one can show that for

o 0 0
Q := (V,R) (8—wlh’ sl @h)

and D :=>"" Qia%i, we have D?z; = 0. See chapter 3 for the details.

Now the quasi-translation x + @ tells a lot about h, so knowing things
about quasi-translations is very useful. In [34], Gordan and No6ther already
discovered the connection between Hessians with determinant zero and (the
D? formulation of) quasi-translations. A large part of their article [34] is
about such quasi-translations.

One thing they show is that for homogeneous quasi-translations = + H (i.e.
H homogeneous) in dimensions 3 and 4, there are two independent linear
relations between the components of H. Having proved that, it is not so hard
any more to show that if h is a homogeneous polynomial in n < 4 variables,
then h = g(T'z) for some g € C[x1,2,...,2,—1] and a T € Mat,(C).

The article [34] of Gordan and Né&ther is written in an old-fashioned style
that makes it hard to read. But Arno van den Essen more or less recon-
structed the proof that for homogeneous quasi-translations x + H (i.e. H
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homogeneous) with tk7H = 2, there are two independent linear relations
between the components of H. From this, one can derive that there are also
two independent linear relations between the components of H if the dimen-
sions is 3 or 4. The results for dimension n = 5 were harder to understand.

But let me first tell how Gordan and Nother classify homogeneous polyno-
mials in dimension 5 for which the Hessian has determinant zero. Their
classification is based on showing that for the associated quasi-translations
x + H, there are two independent linear relations between the components
of H. This is not true for homogeneous quasi-translations x + H (i.e. H
homogeneous) in dimension 5 in general, but we did not know this yet at
that time.

In order to show that for homogeneous quasi-translations x+ H in dimension
5 that come from singular Hessians, there are two independent linear rela-
tions between the components of H, Gordan and N&ther use geometrical ar-
guments to obtain crucial information about homogeneous quasi-translations
in dimension 5. But these arguments were very hard to follow. It is with
this thesis that I hope to have a reconstruction in modern language of their
arguments, that is less hard to follow.

Since quasi-translations are used to understand singular Hessians, in par-
ticular nilpotent Hessians, and not vice versa, the chapter about quasi-
translations (chapter 3) precedes that about nilpotent Hessians (chapter 5).
But let us continue with the story about homogeneous polynomials in di-
mension 5 for which the Hessian is nilpotent.

Wang’s theorem is about quasi-translations in dimension 3, so the question
is still how this theorem helped us to obtain that polynomial maps of the
form z + H with H homogeneous and JH symmetric satisfy the Jacobian
conjecture in dimension n = 5. The reason for that is that we reduced the
Jacobian conjecture for these maps in dimension n = 5 to maps x + H in
dimension n = 3 with JH symmetric and nilpotent, but H not necessarily
homogeneous.

Now Wang’s theorem seems more natural, since it is about quasi-translations
in dimension 3 that do not need to be homogeneous either. Using Wang’s
theorem, one can classify all polynomials i in dimension 3 for which the
Hessian has determinant zero, and again by threshing with the trace condi-
tion, one can prove that deg(h — g(T'z)) < 1 for some g € C[x1, x| and a
T € Mat3(C). We can only get deg(h — g(Tx)) < 1 instead of h = g(Tx),
because h is not homogeneous: linear terms of h are differentiated away
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when we take the Hessian.

Next we showed that the Jacobian conjecture is satisfied for maps = + H
in dimension n = 3 with JH symmetric and nilpotent. What about n =
4. Notice that Van den Essen and Washburn solved the case that H is
homogeneous. A first question that comes into mind is whether Wang’s
theorem extends to dimension 4. The answer to that question is no, but just
as above, we did not know this yet at that time.

However, I was able to prove that Wang’s theorem holds for quasi-transla-
tions in dimension 4 that come from nilpotent (singular) Hessians. So if h is
a polynomial in dimension 4 such that Hh is nilpotent, then for the quasi-
translation z + @ that can be made from h by virtue of det Hh = 0, the
components of () are linearly dependent over C. With additional arguments
that rely on the nilpotency of Hh, we obtained that deg(h — ¢g(Tx)) < 1
for some g € Clx1,z2,23] and a T" € Mats(C). Next we showed that the
Jacobian conjecture is satisfied for maps x+ H in dimension n = 4 with JH
symmetric and nilpotent.

Chapter 5 is called ‘Nilpotent Hessians’, but the first half of it is about Hes-
sians that are only singular. The results of chapter 3 about quasi-translations
are used to study these Hessians.

1.3.2 Quasi-translations and the dependence problem

Notice that in case g € Clzy,z2,...,2p—1], the last column and last row of
Hg are zero. If T' € Mat,,(C), then there exists a nonzero vector A such that
T\ is dependent of e,. Since

Hg(Tx) = T (Hg)|e=12T

it follows that Hg(Tz)\ = 0 and \*Hg(Tz) = 0. If h = g(Tx) or deg(h —
g(Tz)) < 1, then HhA = 0 = A'Hh as well. So both the rows and the
columns of Hh are dependent over C in case deg(h — g(T'z)) < 1 and g €
C[l’l, Ty v ,J:‘n_l].

On the other hand, if the rows of Hh are dependent over C, then the columns
are dependent over C as well due to the symmetry, and deg(h—g(T'x)) < 1 for
some g € Clzy,29,...,2,-1] and a T" € Mat,,(C). In other words, showing
that deg(h—g(Tz)) < 1 for some g € Clz1,x2,...,2,-1] and a T € Mat,,(C)
is nothing else than showing that Vh satisfies the dependence problem.
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So in chapter 5, which is described above, we showed for several gradient
maps that they satisfy the dependence problem. We proved the invertibility
of maps x4+ H in dimension 5 with H homogeneous and J H symmetric and
nilpotent, by showing the corresponding dependence problem and showing
the invertibility of maps  + H in dimension 3 with JH symmetric and
nilpotent, but H not necessarily homogeneous.

In a similar manner, the invertibility of maps = + H in dimension 6 with
H homogeneous and JH symmetric and nilpotent follows from an affirma-
tive answer to the corresponding dependence problem and the invertibility
of maps x4+ H in dimension 4 with J H symmetric and nilpotent, but H not
necessarily homogeneous. We already showed the latter assertion, but the
dependence problem for homogeneous H in dimension 6 with JH symmet-
ric and nilpotent is still open. Since this dependence problem implies the
dependence problem for homogeneous H in dimension 3 by way of corollary
2.2.6, we started studying this latter problem.

Notice that the dependence problem for homogeneous H in dimension 3 was
already proved by David Wright for the case d = 3 by computations. By
further computations we came as far as d = 7. We noticed that homoge-
neous H in dimension 3 of degree 7 at most with 7 H nilpotent are so-called
linearly triangularizable. Next, we proved that an affirmative answer to the
dependence problem for homogeneous maps in dimension 3 implies that such
maps are linearly triangularizable.

Definition 1.3.1. We call a map H over the base ring A linearly triangu-
larizable, if there exists a T € GL, (A) such that the Jacobian of T~1H(Tz)
is triangular, i.e. zero on one side of the main diagonal.

Assume the Jacobian of T~ H(Tz) = T~ (JH)p=1.T is triangular, then
the eigenvalues of (J H),—7, appear on the diagonal of J(T~'H(Tz)). So
the diagonal of J(T~1H(Tx)) is zero in case J H is nilpotent and the base
ring A is reduced.

Notice that for homogeneous quasi-translations £+ H in dimension 3 over C,
Gordan and No6ther already proved the the rows of JH are dependent over
C. So in order to show the dependence problem for homogeneous Jacobians
in dimension three, the case that x + H is not a quasi-translation remained.

A first step in showing this case was a classification theorem for homoge-
neous maps H over C such that rk7H < 2. We obtained this theorem
from Bertini’s irreducibility theorem, but the current proof uses Liiroth’s
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theorem. See section 4.3. Next, we proved the dependence problem for
homogeneous Jacobians in dimension three. The whole process of proving
this dependence problem took about a month, including the classification
theorem for homogeneous maps H over C such that rk7H < 2.

Months later, we got rid of the trace condition, that is, instead of assuming
that all three eigenvalues of JH are zero, we only needed that two eigen-
values are zero. With only two eigenvalues being zero, the quasi-translation
case JH - H = 0 becomes JH - H = trJH - H. For the other case, the
trace condition was already unused in the original proof of the dependence
problem for homogeneous Jacobians in dimension three.

So it was only the quasi-translation case that required another proof. At the
end, we got rid of the trace condition for all homogeneous quasi-translations
x + H over C with rtkJH = 2. For such quasi-translations, Gordan and
Nother already proved that there are two independent relations over C be-
tween the rows of J H, but the condition that z + H is a quasi-translation
can be replaced by JH - H = trJH - H. We use the above classification
theorem for homogeneous Jacobians of rank 2 to obtain this result.

Next, we started trying to find counterexamples to the dependence problem.
We first found a non-homogeneous quasi-translation x + H in dimension 4
over C for which the rows of J H are not dependent over C. See section 3.6.
Now it seemed interesting to find a way to homogenize quasi-translations in
order to get a homogeneous counterexample. One might be able to homoge-
nize a quasi-translation if it has homogeneous invariants (or kernel elements
if we see them as derivations).

A quasi-translation z + H of degree d with homogeneous invariants p and ¢
of degree 2 and 3 respectively can be homogenized because

t+H=x+¢"H <£x>
q

is another quasi-translation and H is homogeneous of degree 2d. Homoge-
neous invariants of degree 1 are not so desirable, since they correspond to
linear relations between the rows of JH.

So we started looking for quasi-translations with homogeneous invariants,
homogeneous invariants of degree 2 to be precise. Now having zixz92 as an
invariant is not such a good idea, because its factors z; and xo are auto-
matically invariants as well. So it is a better idea to take zixzo + a:% as a
candidate invariant. We took the general linear map L in dimension 3 and
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computed which solutions are possible for its coefficients if x + L must be
a quasi-translation with z1z2 + 23 as an invariant. This did not give any
solutions except the identity.

Next, we did the same thing in dimension 4 with z1x9 —z3x4 as an invariant.
This did give solutions besides the identity. Notice first that the above
invariant can be permuted to x1x4—x2x3. One of the solutions for x1x4—xox3
as invariant was

H := (b(azy — bxa), a(azy — bas), blaxs — bxry), a(azs — brs))
Then I saw (up to permutation) that the map

(z,y) + (H(z), H(y))|

in dimension 2n = 8 was a counterexample to the dependence problem for
homogeneous Jacobians. This was on July 20, 2004. Next, I glued x3 and
y3 on one hand and x4 and y4 on the other together to obtain

(,y1,92) + (H(z), Hi(y), H2(y)) |

which is the quasi-translation in dimension 6 of example 3.7.3. But that was
on July 21, 2004, because midnight had passed. This led to the results in
section 3.7.

a=21T4—T2%3,0=Y1Y1—Y2y3

a=x1T4—2223,b=y1T4—Y223

Now the question was whether our results were sufficient for a bottle of Polish
vodka, because is was not clear if the counterexample had to be cubic. But
new discoveries followed 40 days later.
With H as above and n = 5, z + (H|
quasi-translation. Now z+(H|
but (H‘a:$1I4—I2x3,b:x§7‘T?)
of its Jacobian are zero.

So the trace of the Jacobian of (H|
to avoid that, I tried to replace the last component :r:g by a power of x1x4 —
xox3: the other homogeneous invariant of = + (H| 2, 0). This

is impossible without preserving homogeneity because the degree of z2 is
odd. But a small variation on the idea lead to

2,0) is a homogeneous

5

is not a quasi-translation,

a=x1T4—x2x3,b=x

x2)
a:zlz4f:r213,b:x§7 5
is homogeneous and n — 1 of the n eigenvalues

is nonzero. In order

5
A=T1T4—T2X3 ,b:mg ) 175)

a=r1T4—T2T3,b=1

H = (x5H|a=xlx4fx2x3,b:z§7 (I1£C4 — $2$3)3)

So the trace of JH was zero. A computz}tion revealed that all other sym-
metric functions in the eigenvalues of JH were zero as well, i.e. that JH
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was nilpotent. After some thinking, I was able to prove with arguments that
J H is nilpotent. This was on August 30, 2004.

With the same arguments, I was able to prove corollary 4.2.2 in section 4.2.
Using this corollary, I found homogeneous counterexamples to the depen-
dence problem, of degree 4 in dimension 6 and up, and counterexamples of
degree 3 in dimension 10 and up. The cubic counterexamples were found on
August 31, 2004, because midnight had passed again. See section 4.2.

So the Vodka question was not relevant any more. The bottle of Vodka has
been passed to me by Arno van den Essen during his lecture on the A.M.S.
conference in Mainz on June 2005. It was passed to him during a sanitary
break of mine, so I was completely surprised.

So homogeneous quasi-translations play an important role in the counterex-
amples to the dependence problem for homogeneous Jacobians. Notice that
for homogeneous quasi-translations, the inverse map is homogeneous as well.
The converse is true as well: homogeneous Keller maps over a commuta-
tive ring that have an inverse map of homogeneous Keller type are quasi-
translations.

This is because for power series x + H such that H does not have terms of
degree less than 2, the inverse power series x — G, which exists on account
of [24, Th. 1.1.2], has the property that the lowest degree parts of G and H
are the same. The reader may show this.

1.3.3 Power linear Keller maps

Power linear maps are maps of the form (Axz)*? where A is a matrix over the
base ring. Power linear Keller maps are of the form z + (Ax)*¢ and satisfy
the Keller condition, with A as above.

After the results of the previous subsection, there was a period that I did not
find interesting new results. Then I met a preprint by He Tong about power
linear Keller maps. We wrote an article together where we showed that in
some situations, such maps are not only linearly triangularizable, but the
triangularization z + T~ (ATz)*? can be chosen power linear as well.

We called such power linear maps ditto linearly triangularizable. Power
linear maps x + (Ax)*? such that d > 3 and the rank or corank of A is less
than 3 are ditto linearly triangularizable. But there exists a quadratic linear
Keller map in dimension 6 with rkA = 3 that is linearly triangularizable,
but not ditto linearly triangularizable.
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Due to Tong, I had become acquainted with power linear Keller maps. The
next thing I did was making a cubic linear counterexample to the dependence
problem for homogeneous Jacobians, one in dimension 53. I called this
example the Herbie example after the Volkswagen Beetle Herbie with the
number 53 on it.

After that I investigated Gorni-Zampieri pairing. Gorni and Zampieri for-
mulated a set of rules to define that a homogeneous map and a power linear
map are paired, thus making the reduction from homogeneous maps to power
linear maps by Druzkowski more explicit. I proved that if H and G are GZ-
paired, then G satisfies the linear dependence problem in case H does, but
not the other way around. Furthermore, I showed that H is linearly trian-
gularizable, if and only if G is, in case H and G are GZ-paired.

On a conference in Hanoi on October 2006, Tong conjectured that for large
d compared to the corank of A, power linear Keller maps z 4 (Az)*? are
ditto linearly triangularizable. In the plane back home, we saw that it was
a good idea trying to do something with Mason’s theorem, a theorem that
Stefan Maubach had just used in his research.

After improving a generalized version of this theorem, by replacing the pair-
wise relatively prime condition by a condition for vanishing subsums, we
were able to use this theorem to prove Tong’s conjecture and a similar result
for so-called Zhao graphs. Zhao graphs were introduced by Wenhua Zhao to
describe homogeneous nilpotent Hessians. Furthermore, Maubach’s research
was benefited by this adaptation as well. See appendix B for Mason’s theo-
rem. One can find a reference to a preprint of appendix B in [28] by David
Finston and Stefan Maubach.

Another preprint of Tong led me to the question in which cases linear tri-
angularizability of power linear Keller maps x + (Ax)*¢ implies ditto linear
triangularizability. This problem is now completely solved in the sense that
for each n,d,r, I can either construct a power linear Keller map x + (Am)*d
with 7 = rk A that is linear triangularizable but not ditto, or prove the above
implication for such maps.

All of the above results about power linear Keller maps are in chapter 6.
Later on, I proved that power linear Keller maps (Az)* with d > 3 and
corkA = 3 are ditto linearly triangularizable. This is the main result of
chapter 7. Furthermore, I proved that for any d > 1, power linear maps
(Az)*? over C with nilpotent Jacobians are linearly triangularizable in case
n < 7. If d = 3, then this result can be improved to n < 8. This and
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some more results can be found in chapter 7. Some of those results are
about Zhao graphs instead of power linear maps, because just as in chapter
6, some results for power linear Keller maps and Zhao graphs can be proved
with the same techniques.

1.3.4 Writing this thesis

I first wrote chapters 3 to 6 in that order and next chapter 2 and this
introduction. At last, I added chapter 7. The new thing in the results of
chapter 3 was that I have evaded derivations. Section 4 contains a new result,
namely that the dependence problem for homogeneous H has an affirmative
answer in dimension 4 if rk 7 H < 2 and at least three of the four eigenvalues
of JH are zero.

In addition, Gaetano Zampieri improved the cubic homogeneous counterex-
ample to the dependence problem from dimension 10 to dimension 9. After
understanding the new counterexample, I constructed another cubic homo-
geneous one in dimension 9. For the latter map H, x4+ H does not have cubic
homogeneous invariants. And of course no linear invariants, because it is a
counterexample. See section 4.2. With Ricardo dos Santos Freire Jr. and
Gianluca Gorni, Zampieri constructed a cubic homogeneous Keller map in
dimension 11 without linear or quadratic homogeneous invariants: see [47].

Chapter 5 contains the most new results. First, I showed that homogeneous
polynomials h over C with rkHh < 3 can be expressed as a polynomial in
rkHh linear forms (and vice versa, but that is trivial). Another new result
is the classification of all polynomials h over C such that rkHh < 2. Next,
I proved the dependence problem and the Jacobian conjecture for = + H,
where H = Vh with h as above. That is, either rkHh < 2 or h homogeneous
and rkHh = 3.

Another thing I did was looking whether unipotent Keller maps with sym-
metric Jacobians are linearly triangularizable in case the dimension or the
Jacobian rank is small. Notice that triangular symmetric Jacobians are al-
ways diagonal matrices. But for nilpotent symmetric Jacobians that are
linearly triangularizable, one can prove that the triangularization can be
chosen in such a way that its Jacobian is symmetric with respect to the
anti-diagonal. This is shown in section 5.8. The results about linear tri-
angularizability of unipotent Keller maps over C with nilpotent symmetric
Jacobians are summarized in the last theorem of chapter 5. All the H = Vh
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in the above paragraph are linearly triangularizable.

Another result that I obtained when I wrote this thesis is the classification
of quadratic homogeneous maps with nilpotent Jacobians in dimension 5.
Fifteen years ago, Engelbert Hubbers started these computations, but he had
to give up due to lack of computer memory. But as time progresses, so did
computer hardware. The calculations are described in appendix A. Another
result that is obtained by calculations is the classification of unipotent maps
of degree 4 in dimension 3. Those calculations were done a few years ago.

In chapter 2, I added several symmetry reductions of the Jacobian conjecture
to the above-mentioned reduction of the Jacobian conjecture to Hessians.
For instance, the Jacobian conjecture for maps F' = X + H in dimension 4n
over C, such that the symmetry group of J H is the full dihedral group of the
square, implies the Jacobian conjecture for maps F' = x + H in dimension
n over C, where X = (z1,z2,...,24,). Over base ring R, the symmetry
group may be any subgroup of the full dihedral group of the square that
contains a reflection, but without the reflection in the main diagonal. On the
other hand, there are symmetry conditions for JH, such that the Jacobian
conjecture is trivially satisfied for maps of the form FF = = + H. If for
example F' = x + H, such that J H is symmetric in horizontal direction and
antisymmetric in vertical direction or vice versa, then F'is a quasi-translation
and hence invertible.

At last, I wrote chapter 7. Most of the results in it were obtained before
writing this thesis, but some new results were added, especially results about
Zhao graphs.

1.4 Notations

x is the vector (1, z2,...,xy,) or just the sequence z1, 2, ..., Ty, depending
on the context. For y and z we have similar conventions. So z, y and z
depend implicitly on n, a natural number greater than zero.

For instance, in Clz] we have that x is a sequence and in JH -z = dH,
we have that z is a vector. We shall mix up sequences and vectors in more
occasions.

JrH and JyH are the Jacobian of H with respect to x and y respectively,
et cetera. J H is an abbreviation of J, H and VA = V_h is the transpose of
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Jh, where h has only one component. So the Hessian Hh of h satisfies
Hh =T (Vh)

By M]|4=, we mean the substitution of b into a in M, where M is a matrix
in most occasions.

The reverse of a vector v = (v1,v2, ..., V) 1S V" = (Vym, Vm—1,...,01). We see
a matrix A as a vector of its rows Ay, A, ..., Ay, s0o A= (A1, Ag, ..., Ap)
and A" = (A, Am—1,...,A1). The transpose of a matrix M is denoted as
M?*. Vectors are seen as column matrices and hence, v' is a row matrix if v
is a vector.

Matrix rows are not seen as vectors, because matrix rows A; of A are seen
as row matrices and vectors are seen as column matrices. e; denotes the
i-th standard basis vector, but not always the one of dimension n. I, is the
identity matrix of size m. So we have that

Ai = 6514

is the i-th row of A and Ae; is the i-th column of A.

i denotes the imaginary unit and e is Euler’s number, for instance
e +1=0

Notice that i and e and also the superscript t and r for the transpose and
reverse are in roman font, i.e. not italic. An italic 4 is nearly always an index
and superscript italic is nearly always exponentiation.

deg f is the total degree of f or the total degree of f with respect to x: if
I am not mistaken, then there are no situations that those degrees of f are
different. f might have more components: in that case, the largest degree is
considered. deg, H and deg, H are the degree of H with respect to z and y
respectively, et cetera.

If t is an indeterminate, then we have the the following definitions.

F() = O(t) > deg, f(t) <i
F() = Ot) > deg, f(t) =i

f)=Q(t") < deg; f(t)

IN

1

Y

But if we have a number e that is close to zero instead of ¢, then we have
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the following.

fQ =) e deg (7)==
fe) = 0(e) = degtf(%>z—z'

The connection with the definition of Landau symbols is that ¢ is large and
€ is small. ¢ might be negative for so-called Laurant polynomials.

Endomorphisms and polynomial maps are essentially the same, but we view
things as polynomial maps. So if we write for instance ¢ o ¢9 for automor-
phisms ¢ and ¢2, we mean (7|,—4, (2))|z=¢s(z), Since the order of invertible
polynomial maps is opposite to that of automorphisms.

For homogeneous maps (of degree d), the components must be homogeneous
of a fixed degree (d) or zero. But for homogeneous Keller maps F', we define
that F' — z is homogeneous. This is because only linear maps are Keller
maps that are homogeneous in the usual sense. For nilpotent Keller maps
F', we define that J(F — x) is nilpotent, since there are no Keller maps with
nilpotent Jacobians. We call such maps F' unipotent.

We use * for the coordinate-wise product of vectors. Furthermore, we define
* as the coordinate-wise product of m copies of v. We do a similar thing
for other operators instead of *, for instance F°1%0 is F iterated 100 times.
The Jacobian conjecture is concerned with the existence of F°(=D . If R is a
ring and we write R, then it would be more consistent to write R*™, since
the Cartesian product of m copies of R is what we mean. This is because
without reading this section, R™ is more likely to be understood than R*™.
With GL,(A) (SL,(A)), we mean the general (special) linear group of di-
mension n over A. Similarly, we write GO, (A) (SO, (A)) for the general
(special) orthogonal group of dimension n over A. We write Q(A) for the
quotient field of an integral domain A.

v
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Chapter 2

Symmetric Jacobians

2.1 Symmetric variants of the Jacobian conjecture

This section is about polynomial maps with a certain symmetry in their
Jacobians, and whether the Jacobian conjecture is satisfied for such maps,
or whether it is sufficient to prove the Jacobian conjecture for such maps.
We will look at polynomial maps of the form

F=x+H (2.1)

without constant part, where x is the linear part of F.

Other conditions on F' depend on the interests of the reader. There are
several options. One possibility is assuming that H is homogeneous of degree
> 2. For unipotent maps F' = z + H in general (i.e. JH nilpotent), = does
not need to be the linear part of F, but in that case, one can prove that
x + tH is a Keller map. If we consider ¢ as a variable when determining
the linear part, then x is the linear part of x + ¢tH, (provided H has no
constant part). On the other hand, if = 4+ tH is a Keller map, then JH is
nilpotent. So the reader who is interested in unipotent maps can be served
with assuming that F' has the form

F=gz+tH (2.2)

Another option is to take your favorite integer d > 2 and consider F' as in
(2.1) or (2.2) of degree d only, possibly combined with some of the conditions
above.
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In this chapter, we write z,,4; = y; foralli € {1,2...,n},soy = (zp+1, Tnto2,
e ,Jj'gn).

Definition 2.1.1. [ |(K,n) means that the Jacobian conjecture is satisfied
for n-dimensional maps F' as above over the field K.

N(K,n) and [](K,n) mean that the Jacobian conjecture is satisfied for n-
dimensional maps F' as above that have a symmetric Jacobian with respect
to the diagonal and the anti-diagonal respectively.

N (K,n) and [4(K,n) mean that the Jacobian conjecture is satisfied for n-
dimensional maps F' as above for which J H is anti-symmetric (i.e. applying
the symmetry negates the matrix) with respect to the diagonal and the
anti-diagonal respectively.

In the definition of [ (K,n), the symmetry is partially an antisymmetry,
namely where colors on opposite sides of the diagonal do not match.

Theorem 2.1.2 (Meng). Assume K € {C,R}. Then [A(K,2n) implies

[I(K,n).
Proof. Assume F = x + H is an instance of [ [|(K,n). Put f:=>", y;F;.
Then
ws—( gy )+
Yys JF 0 o JF 0
and

o @R+ R
Heyf( JU—((jF)r 0 )_<1‘: 0)

Since the constant part of the latter matrix is 5, = 13" WM (0 8,) =
(Hayf(z,y"))" has constant part Ia,. So

i . ([ TF 0 (JF 0
H Is\‘\'( :\\L) - (Hx7yf(xay)) - ( * (((jF)r)t)r ) - ( * ﬁ )

is equal to

JH 0\ TH 0
I2n + ( « 5 > - IQn + ( " (((jH)r)t)r >
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It follows that Vyr o f(z,y") = (Ve f(x,y"))" is an instance of [/ (K, 2n).
Notice that

det T (Vyr o f(z,y")) = (det TF)?
Since the first n components of Vr .« f(z,y") are exactly those of F, if follows
that F' is invertible in case Vyr o+ f(,y") is. This gives the desired result. O

In [41], the author G. Meng constructs the map f := Y7, y;F; in the above
proof. The corresponding gradient map V,,f has symmetry [N, but its
linear part is (y,x) in case F has linear part z. In order to restore the linear
part to (z,y), we composed Vg, f with linear maps in the above proof,
resulting Vyr o« f(z,y") with linear part (z,y) and symmetry [/]. That is
why the above theorem is considered to be due to Meng.

Let G be the group generated by

0 I, nd I, 0
I, 0 . 0 I,
Notice that (y*,z") = (z",y) o (y,x) o (2", y) € G.

Theorem 2.1.3. NJ(C, N) and [/](C, N) are equivalent.

Proof. Assume first that N is even, say N = 2n. Let f(z,y) = > 1", yizi +
h(z,y). Then

T 0 I7I"L T r
Heyf(z,y") = < oo ) + Hyyh =I5, + Hayh(z,y")

and by reversing the components, we see that Vr .« f(z,y") = (Vo f(2,y"))"
is an instance of [/](C,2n), if we put the right conditions on f.

Now substitute (z,y) = (z +iy,x —iy) in > ;" | y;x; and take the Hessian:

n n n
e (Zm e+ iyi)) i, (Z o zyg> o,
i=1 i=1 i=1

So V(3f(z + iy,z — iy)) is an instance of NJ(C,2n), if we put the right
conditions on f.

Since Vi or f(z,y") and V(3 f(z + iy,z — iy)) can be obtained from each
other by composition with linear maps in the group G above, the desired
result follows. The case that IV is odd is similar, because if N = 2n+1, then
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Tpt2, Tntd, - .-, Tont1 play the role of 41, Tnio, ..., T2, in the above case
N = 2n, and x,41 is an extra variable, but since x,1 is in the center, it is
reflected onto itself and hence does not affect the symmetry. O

Corollary 2.1.4. NJ(C,2n) implies [ ](C,n).
Proof. This follows from the above theorem and theorem 2.1.2. O

Theorem 2.1.5. Assume F = x + H is a polynomial map over R. If TH
1s symmetric and nilpotent, then F' s invertible.

Proof. Assume (JH)" =0 and (JH)""! # 0. If 7 > 2, then é
0= (JH) 2 = (JH) " (JH) ™ = (TH) " (TH) )" = (TH) "=

Substituting reals in the variables x;,y; in the rows of (7H )'~1, we obtain
rows of real numbers that are isotropic (self-orthogonal), and hence zero.
Contradiction, so r =1 and H = 0. So F = z is invertible. U

Theorem 2.1.6. Assume K € {C,R}. Then N(K,n) and [A(K,n) have
affirmative answers.

Proof. Assume F = x + H is an instance of [§(K,n). Since the diagonal of
JH is zero, H; does not contain x;. Assume deg, H > 2. Then H; has a
term divisible by x;x) (j may be k) for some i. Consequently H; has a term
divisible by x;zy, so j # k. In addition, Hj, has a term divisible by z;z;.

But the coefficients of these three terms are pairwise mutually opposite.
Contradiction, so deg, H < 1 and F is invertible. The proof for [4(K,n) is
similar. O

Theorem 2.1.7. Assume K € {C,R}. Then [/](K,2n) and (K, 2n) are
equivalent.

Proof. Let F be an instance of [/](K,2n) and set
S':< I, I;;):( I, X”)
: ~Ir I, -V I,
Now the Jacobian of I3 F = % has the symmetry [\], whence

S

r=Sx

J(8'13,F (S2)) = 8 (T (13, F) )
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has the symmetry [N as well. But the linear part of S'I3, F(S(z,y)) is not
equal to (z,y). However

_l[n 0 ‘o _l[n .
2°n n

N[ D[]
SRR

1 _
(Yo
= S_IF(S(x, Y))

has (x,y) as linear part, and its symmetry is [§. The converse is similar. [J

Corollary 2.1.8 (Druzkowski). Assume K € {C,R}. Then Y (K,2n) im-
plies [ (K, n).

Proof. This follows immediately from the above theorem and theorem 2.1.2.
O

In fact, Druzkowski considers maps with symmetry [N], but linear part
(—z,y) in [21]. Negating the first half of the map restores the linear part,
and the symmetry becomes [\.

Definition 2.1.9. [X](K,n) means that the Jacobian conjecture is satisfied
for maps F' as above that have a symmetric Jacobian with respect to both
the diagonal and the anti-diagonal.

In the definitions of [X| (K, n), [K(K,n) and (K, n), some symmetries are
anti-symmetries, namely when colors on opposite sides of the symmetry axis
do not match.

In the definitions of [X(K,n), M4(K,n), X (K,n) and KX (K,n), the sym-

metries are partially anti-symmetries.

Notice that [ (K,n), R (K,n) and P4 (K,n) have affirmative answers as
well as (K, n) and [4(K,n), because the corresponding symmetries are
stronger than at least one of those of [ and [4 in theorem 2.1.6.

Theorem 2.1.10. Let K € {C,R}. Then [X(K,n), M(K,n), X (K,n)
and X/ (K,n) have affirmative answers.

Proof. Let F = (x,y)+ H(z,y) be an instance of [X (K, n) or K (K,n) (the
result for D4 (K, n) and [X| (K, n) is similar). We show that deg, , H < 1. For
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that purpose, notice that above the anti-diagonal, J, ,H is anti-symmetric
with respect to the diagonal. Now the assumption that x; appears above
the anti-diagonal in 7, ,H leads to a contradiction in a similar manner as
in the proof of theorem 2.1.6, because the argument in this proof remains
above the anti-diagonal of 7, ,H, where J,,H is anti-symmetric.

So the first column of 7, ,H does not contain x or y. By the symmetry con-
ditions, no border entries of 7, ,H contain x or y. The entries of 7, ,H that
are not on the border do not contain ¥,, and form a matrix with the same
symmetry as Jy, H itself. So by induction on n, it follows that deg, , H < 1.
So F' is invertible, as desired. O

Definition 2.1.11. FH(K,n), HH(K,n), B (K,n), @8 (K, n) have horizon-
tal and vertical (anti-)symmetries in their definitions.

B (K,n), BR(K,n), BE(K,n), BB (K, n) have horizontal, vertical, and diag-
onal (anti-)symmetries in their definitions.

[-](K,n) means that the Jacobian conjecture is satisfied for n-dimensional
maps F' as above that have Jacobians that are symmetric with respect to
the center.

In the definition of [J(K,n), [M(K,n) and [ (K,n), the central point
symmetry is (partially) an anti-symmetry.

Theorem 2.1.12. Assume K € {C,R}. Then [|(K,n), FH(K,2n), and
B (K, 2n) are equivalent.

Proof. A conjugation with the map (x, —y) shows that (K, 2n) and (K,
2n) are equivalent.

Let F' = x + 2H be an instance of [ |(K,n). Then F in invertible, if and
only if (F,y) is invertible. Furthermore F' satisfies the Keller condition, if
and only if (F,y) does. Now

(o))
2\ 1In In Y T=r4y,y=y—=

_ 105 —I, r+y+2H(x+y)
2 In In y—x

_ <x+H(x+y)>

y+ H(x+y)

and conjugation with (x,y") gives the desired result. O
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Corollary 2.1.13. Assume K € {C,R}. Then [-](K,2n) implies [ |(K,n).

Proof. [-](K,N) implies HH (K, N) and {8 (K, N), because the symmetry of
[-] is a subsymmetry of both FH and . Now apply the above theorem. [J

Now assume that FF = x + H is power linear of even degree. Then the
construction of an instance of HH (K, 2n) out of the instance F of [ ](K,n)
gives a map that is power linear of even degree again, say (x, )+ (B(z,))*?.
Since d is even, we can assume that B has symmetry B instead of . But
that means that B? = 0.

In the general case, we can make (z,y) + (B(z,y))*® out of F = x + (Ax)*¢,

where ) )
ab —b abA —b°A
B'_<a2 —ab>®A_<a2A —abA>
and B? = 0 because the left factor of the Kronecker tensor product squares
to zero as well. More precisely, if

T ( a “Vabd —adb  —b Vabd — adb )

a® —p
then

d a® —a “Vab® = adb

-1 ( 1 )d' < b —b“VabT = ab >
“Vabd — adb
and one can compute now that T—1(F, Y)|(z,9)=T(a,y) 18 of the form (z,y) +

(B(z,y))*. See also [20].
Theorem 2.1.14. N (K,n), BK(K,2n), and BB (K, 2n) are equivalent.

Proof. The proof is similar to that of the equivalence of [ (K, n), HH (K, 2n),
and (K, 2n). O

Corollary 2.1.15. [X](C,4n) implies [ ](C,n).

Proof. [X|(K,N) implies B (K, N) and B (K, N), because the symmetry
of [X is a subsymmetry of both [§ and P. Now apply the above theorem
and corollary 2.1.4. O

Theorem 2.1.16. H(K,N), lH(K,N), BB(K,N), and BR(K,N), have
affirmative answers.
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Proof. Let F' = x+ H be an instance of any of them. Then one can compute
that
JH-H=0 (2.3)

In the next chapter, we will see that (2.3) is equivalent to the statement that
x — H is the inverse of F'. So F' is invertible, as desired. O

Theorem 2.1.17. [-](C,2n) and [M(C,2n) are equivalent. A similar result
holds for [M(C,2n) and [{(C,2n).

Proof. Conjugation with (z,iy) adapts the symmetry in the desired manner.
O

The following theorem shows that complex polynomial maps can be seen as
real polynomial maps with a certain Jacobian symmetry.

Theorem 2.1.18. [ ](C,n) and [M(R,2n) are equivalent.

Proof. Let F be an instance of [ ](C,n). If F is invertible or of Keller
type, then (F(x), F(y)) is invertible or of Keller type respectively as well.
Furthermore,

(2 5)(F65) = (areimtimen)
- (e 24)

if  and y are considered to be real variables. Since the Jacobian of the map
in the middle is

< %l(jF)‘z:eriy + %ij)‘x:x—iy %li(jF)Lv:x-i-iy - %i(jF)’m:x—iy >
_§i(jF)|x:x+iy + §i(jF)‘:p:xfiy §(jF)|x=x+iy + §(jF)|x:xfiy

a conjugation with (z,y") gives an instance of [ (R, 2n).

So we can make an instance of [#(R,2n) that is invertible or of Keller type
from one of [ ](C,n) that is invertible or of Keller type respectively. Notice
that this construction is injective and that we are done as soon as we have
shown that this construction is bijective. For that purpose, we show that the
dimension of the vector space over R of instances of degree < d of [M(R,2n)
does not exceed that of [ ](C,n).
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Notice that the dimension of the vector space over R of polynomials of degree
< d in C[z] is twice that of polynomials of degree < d in R[z], because we
can split complex polynomials in real and imaginary parts. So the vector
space over R of 2n-tuples of polynomials of degree < d in R[z] is equal to
that of n-tuples of polynomials of degree < d in C[z].

Consequently, it suffices to show that instances F of [®(R,2n) are com-
pletely determined by F(x,0). This follows by induction on the degree with
respect to y: for every term ¢, the coefficient of y;¢ in F} is determined by
the coefficient of ;¢ in F5,11_; due to the symmetry of JF'. This gives the
desired result. O

2.2 Symmetric variants of the dependence prob-
lem

This section is about polynomial maps H with a certain symmetry in their
Jacobians, and whether the (linear) dependence problem (for Jacobians) is
satisfied for such maps. We say that H € K|z|" satisfies the dependence
problem if

NIH =0

for some nonzero A € K", or equivalently
MHL 4+ XHo+ -+ M, H, =0

in case H has no constant part. Notice that composition of H with invertible
linear maps does not change whether H satisfies the dependence problem.
See subsection 1.2.4 for more information about the dependence problem.

We will look at polynomial maps H of degree > 2 without constant part.
Other conditions on H depend on the interests of the reader. There are
several options. One possibility is assuming that J H is nilpotent. Or just
that det 7H = 0. Or one of both combined with that H is homogeneous.
Another options is to take your favorite integer d > 2 and consider H of
degree d only, possibly combined with some of the conditions above.

One can assume that H is any map without linear terms as well, but in that
case, H does not need to satisfy the dependence problem even for n = 1.
But the condition det JH = 0 is more interesting. With det 7H = 0, the
dependence problem is satisfied for symmetric Jacobians up to n = 2 and
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even up to n = 4 if H is homogeneous in addition. We will prove this in
section 5.

As a consequence of corollary 2.2.6 below (an analog of corollary 2.1.4), the
dependence problem with det JH = 0 is satisfied for arbitrary Jacobians
in dimension 1 and for homogeneous Jacobians in dimension 2. This is
easier to prove directly, but the interesting thing is that corollary 2.2.6 gives
all dimensions for which arbitrary and homogeneous Jacobians JH with
det JH = 0 satisfy the dependence problem.

Definition 2.2.1. [][K,n] means that the dependence problem is satisfied
for n-dimensional maps H as above over the field K.

NI[K,n] and [[K,n] mean that the Jacobian conjecture is satisfied for n-
dimensional maps H as above that have a symmetric Jacobian with respect
to the diagonal and anti-diagonal respectively.

Et cetera. We replace the parenthesis of the symmetric variants of the
Jacobian conjecture by square brackets all the time.

Theorem 2.2.2. [][C,n] and [A[R,2n] are equivalent.

Proof. Assume H is an instance of [ ][C,n]|. Then by the proof of theorem
2.1.18, (Re H(x + iy),Im H(x + iy)) is an instance of [M[R,2n]. Assume
the components of the last map are linearly dependent over R. Then by
the proof of theorem 2.1.18, the components of (H(x + iy), H(z — iy)) are
dependent over C. By substituting y = +ix, we obtain that the components
of H(2z) and hence those of H(x) are dependent over C. The converse is
similar. O

Corollary 2.2.3. [-][C,2n] implies [][C,n].

Proof. From the proof of theorem 2.1.17, the equivalence of [-][C,2n] and
[M[C, 2n] follows (because composition with invertible linear maps does not
change the state of the dependence problem for a polynomial map). Now
apply the above theorem, using that C O R. U

Theorem 2.2.4. [-][R,4n] implies [ ]|C,n].

Proof. Notice first that the proof of corollary 2.1.13 does not work to obtain
that [-][K,2n] implies [ ][K,n], because instances of HH[K, n] always have
components that are linearly dependent over K.
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By the above corollary, it suffices to show that [-][R,4n| implies [-][C, 2n].
Assume H is an instance of [-][C, 2n]. Then by theorem 2.2.2 above, we can
make an instance of [M[C,4n|, but that is the wrong symmetry. But the
instance of [M[C,4n] has symmetry [-] on every quadrant of its Jacobian.
Now let P be the permutation

1 0
0 0 1 0
1 0
0 1
0 1 0 0
0 1
0 1
1 0 0 0
0 1
1 0
0 0 0 1
1 0

By conjugation with P = P!, we can interchange the global symmetry and
the quadrant symmetry. This gives the desired result. O

Theorem 2.2.5. Let K € {C,R}. Then [/][K,2n] implies [][K,n].

Proof. Assume H is an instance of [][K,n]. With the proof of theorem
2.1.2, we obtain a map (H(z), G(z,y)) that is an instance of [/][K,2n], and

g H@ \_(JH 0 [ IH 0

( G(x,y) ) - ( o ((TH"Y ) “\ o+ B

Notice that the nilpotency (or the vanishing of the determinant) of the Ja-
cobian of (H(x),G(x,y)) is completely determined by the nilpotency (or
the vanishing of the determinant) of JH. So we get another instance of
K, 2n] if we replace the part of G that has terms without y only by
other terms without y. But we must not forget to preserve the symmetry.
We do this by replacing the part of G that has terms without y only by

(") = (2,22 ... 23 29), where d > 2.
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Now assume that [][K,2n] is satisfied. Then the components of (H,G) are
linearly dependent over K, say that

NH+p'G=0

where A\, u € K™ are not both zero. If y = 0, then the components of H
are linearly dependent over K, as desired, so it suffices to show that p = 0.
Since H has no terms with y, A\'7,H = 0 and we obtain that u*7,G = 0. So
MNI,HN = 1t J,GAX* = 0 and by symmetry of Tz (H, G), MNTHpr =0 as
well. So

0=\ THNu) = NTHX + N T Hu' + 5t TyGN + 1t TGt

Since the first three terms on the right hand side vanish, u'J7,Gu* = 0
follows. Looking at the part of J,G with terms without y only, we obtain
pt T (z")*¢ = 0. This is only possible if u = 0, as desired. O

z,y)

Corollary 2.2.6. N [C,2n] implies [ ][C,n].

Proof. This follows from the proof of theorem 2.1.3 and the result of the
above theorem. O

Notice that there is no converse of theorems 2.1.2 and 2.2.5. But if we define
L1(K,n)and [ ][K,n] as [(K,n) and [[][K,n| respectively with the extra
condition that the upper right quadrant of the Jacobian is zero, then we do
have a converse. One can formulate extra conditions for NJ[C, 2n| as well
to get a converse of the above corollary. See subcase (5.15) in case 3 (of the
proof of theorem 5.7.1) in section 5.7 to get some inspiration for this.

If we assume that det 7 H = 0 instead of that 7 H is nilpotent, then we can
transform symmetries more freely, because we do not need to conjugate. We
can just compose with maps in GL, (K), where K € {R,C}. Or with maps
in GL,,(A), where A is an integral domain. Now if JH has symmetry [4,
then its trace is zero. So if J H has dimension 2, then J H is nilpotent, if and
only if det JH = 0 and J H has symmetry [4. We can use this observation
to give an alternate proof of [24, Th. 7.2.25] by Van den Essen and Hubbers.
See also [26].

Theorem 2.2.7. Assume H € Alx]" is a map in dimension n = 2 over a
unique factorization domain A O Q, such that JH is nilpotent. Then H
has the form

H = (bg(az1 — bxy) + d, ag(az1 — bxy) + c)
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where a,b,c,d € A and g € Aly1]. In particular, the rows of JH are linearly
dependent over A: aJH1 — bJ Hy = 0.

Proof. Since [J H is nilpotent, we have det 7H = 0 and trJH = 0. Notice
that the relation trJH = 0 is an anti-symmetry of the diagonal. If we can
change this into a symmetry of the anti-diagonal, then we have a symmetric
Jacobian, i.e. a Hessian.

In order to change the diagonal into an anti-diagonal, we must turn the
matrix 90 degrees. So let us try applying a rotation of 90 degrees: you never
know your luck. For that purpose, set

e (40)

and define H := TH. Indeed, we have
(TH) 19 =Tia- (TH)o = —To1 - —(TH)11 = To1 - (TH)11 = (TH)z

so H is symmetric. Now apply corollary 5.1.2 to obtain that H is of the
form V(g(ax1 — bxa) + (cx1 — dxa)), i.e.

H= (ag'(azy — bzs) + ¢, —bg'(az1 — bxy) — d)
and hence

H=T"'H= (bg'(azy — bxg) + d, ag' (azy — bxa) + ¢)

So H is of the desired form. O
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Chapter 3

Quasi-translations

3.1 Introduction

Definition 3.1.1. A polynomial map F over a commutative ring A is called
a quasi-translation if 2o — F' is the inverse polynomial map of F.

So a quasi-translation is a polynomial map = + H such that x — H is its
inverse. Our study of quasi-translations began with an article from 1876,
by P. Gordan and M. Nother. In that article, the authors’ primary goal is
to study Hessians of homogeneous polynomials that have determinant zero.
Before we can explain the connection, we first need to prove the following
fact.

Proposition 3.1.2. Let A be a commutative ring with Q and H : A" — A"
be a polynomial map. Then the following properties are equivalent:

i) x + H is a quasi-translation, i.e. v — H 1is the inverse polynomial map
of t + H,

it) H(x +tH) = H, where t is a new indeterminate,
iii) JH - H = 0.
Proof.

i) = ii) Assume x + H is a quasi-translation. Then (z — H)o (z+ H) = z,
whence

Hz+H)=(zx—(x—H))o(z+H)=a+H—-z=H
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We prove by induction on m that H(x + mH) = H(z) for all m € N,
Assume that H(z+mH) = H(zx) for some m. Substituting x = x + H
in it gives

H(z+(m+1)H)=H(zx+H+mH(z+H))=H(@z+H)=H

and H(x +mH) = H follows for all m € N by induction.

Now let d := deg H and write H;(z + tH) — H; = cqt® + cq_qt1 +
<+ 4 1t + ¢o. Since Hi(x + mH) — H; =0 for all m € {0,1,2,...,d},

1 0 02 ... 0 o 0
11 12 ... 1d c1 0

2 22 ... 2 | | e || 0O
1 d & - ¢ cd 0

Since Q C A, the matrix on the left hand side is invertible, and ¢y =
c1=cyg=---=cq=0follows. So Hi(z+tH) = H; for all i, as desired.

ii) = iii) By differentiating H(z + tH) = H with respect to ¢, we obtain
JH|z—y+tm - H=0. Now substitute ¢t = 0 to get the desired result.

iii) = i) Put F := z+tH and let (G, t) be the power series inverse of (F,t)
(this exists on account of [24, Th. 1.1.2]). Substituting = G in F,
we obtain z = F(G) = G+ tH(G), so

G=x—-tH(G) (3.1)
Differentiating this with respect to t gives
0 o)
So
9 0
0
= JHle=g - (= H(G) —t5-H(G))
0
= —(JH-H)lo=¢ — 1T Hls=c 5, H(G)

B
= 4T Hl|s—c5,H(G)
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Looking at terms with minimal degree with respect to ¢, we obtain
that %H(G) = 0. It follows from (3.1) that

H(G) = H(G)|i=0 = H(z — tH(G))|1=0 = H

So G =x—tH(G) =x —tH. Now substitute t = 1 to get the desired
result. O

The idea of using a Vandermonde determinant has been shamelessly stolen
from a student’s homework, for she has chosen not to go for a Ph.D. and
thus not to joy the world with her research qualities herself.

Corollary 3.1.3. If x + H is a quasi-translation over a commutative ring
ADQ, then x +tH is a quasi-translation over Alt] and JH is nilpotent.

Proof. Assume z+ H is a quasi-translation. Then by ii) of proposition 3.1.2,
(x—tH)o(z+tH)=x+tH —tH(x+tH)=ao+tH —tH ==z

so x + tH is a quasi-translation. Taking determinants, it follows from the
chain rule that

det (I, — t(TH)g=gttrr) - det(l, + tTH) =1

So det(I, + tJH) is a unit in A[t] and (I, + tJH) € GL,(A[t]). Since
(I,+tJH) ' =1, —tTH+t*(JH)*—--- over A[[t]] D Alt], it follows that
J H is nilpotent. O

Definition 3.1.4. A polynomial map x + H over a commutative ring A is
called elementary if H; € Alx1,...,%i—1,%iy1,,... 2y for some i and H; =0
for all j #£ 4. A polynomial map over a commutative ring A is called tame if
it is a composition of elementary maps and invertible linear maps.

Example 3.1.5. Elementary maps are examples of quasi-translations. More
precisely, elementary maps are quasi-translations x+ H such that tk 7 H = 1.
In theorem 3.4.6, we shall show that H(z + tH(y)) = H(x) for such quasi-
translations.

Example 3.1.6. The map

vt H = ( T >+< bg(axy — bxa) )
T ag(axi — bxy)
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with a,b € A, is a quasi-translation. We will show that these are all quasi-
translations in dimension 2 in case A is a unique factorization domain con-
taining Q.

The following proposition shows that linear conjugations of quasi-transla-
tions are quasi-translations themselves.

Proposition 3.1.7. If x+ H is a quasi-translation over a commutative ring
ADQand T € GL,(A), then x + T~ H(Tx) is a quasi-translation as well.

Proof. Notice that
e+ tT'H(Tx) =T ' T+ T UHH(Tz) =T o(x+tH)oT
By substituting t = —1 and ¢t = +1, we obtain
(z—T'H(Tz))o(z+T 'H(Tz)) =T to(z—H)oToT 'o(z+H)oT =z
as desired. O

Notice that with T = (db) and H as in example 3.1.6, we have

ca

T 'H(Tz)
_ 1 ( axy + —bxo ) o < bg(axy — bxs) > . ( dx1 + bxa >
ad —be \ —cx1 +dxs ag(ax; — bxa) cxr1 + azo
_ 0
N ( 9((ad — be)z1) )

and x + T~ 1H(Tz) is elementary as in example 3.1.5.

Definition 3.1.8. Let x+ H be a quasi-translation over a commutative ring
A and f € Az]. Define the exponent v(f) with respect to z + H as

v(f) = deg; f(x +tH)
We call f an invariant of x + H if f(x + H) = f.

Notice that
v(fg) <v(f)+v(g) (3:2)
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for polynomials f,g € Alz], with equality if A is an integral domain. Since
f(z+ H) = f implies

flx+(m+1)H) = f(z+mH+ H(z+mH)) = f(z +mH)
one can prove (cf. i) = ii) of proposition 3.1.2) that
fle+H)=f+= flx+tH)=f

Hence f is an invariant of = + H, if and only if v(f) < 0. In case A is
an integral domain, we have equality in (3.2), whence fg is an invariant of
x + H, if and only if either fg = 0 or both f and ¢ are invariants of =z + H.

Since H = H(x + tH), we have

0
a ([L‘—I—tH) = jf‘x:z#»tH -H = jf‘:r:x+tH 'H|x=x+tH = (Df)($+tH)

if we define Df := Jf-H. Soif v(f) > 1, then

0
v(f) = deg, (af(x—i-tH)) +1=v(Df)+1
The interested reader may verify that D is a so-called locally nilpotent deriva-
tion and that v(f) = vp(f) := deg, ((exptD)f) is the exponent with respect
to D as defined in [53, §1].

Let us go back to the article of by P. Gordan and M. Nother. It is remarkable
that P. Gordan and M. Nother already juggled with nilpotent derivations
before derivations were invented; at least they use different terms and nota-
tions. They write Fy, instead of (> ;- ; yia%i)F(a:), and the Kernel elements
of Y0, &8%2_ are called ‘Functionen ®’. The ‘Functionen ®’ are solutions
of the ‘lineare Partiellle Differentialgleichung’ ®¢ = 0, where the subscript £
corresponds to the subscript y in the definition of F,.

P. Gordan and M. Nother were interested in derivations D as above because
of the following. Let f € A[z] with det Hf = 0. Since

B of of aof
Hf=J (8361’ Oxy’ 7 Ozy,
it follows from proposition 1.2.9 that %, g—xé, ceey % are algebraically de-

pendent over Q(A) in case A is an integral domain. So assume that there

. . 0 ad
exists a nonzero polynomial R € Aly1,¥2,...,yn| such that R(a—gl, 6—;;, ey
=0

Tn
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Proposition 3.1.9. Assume R € Aly] satisfies R(g—afl, g—gg;, cel %) =0. If
we define

oo OB (Of of  Of
v 8yi 8x1’8x2""’8xn
for all i, then x + H is a quasi-translation.

Proof. Define H; as above for all . In order to show that x + H is a quasi-
translation, it suffices to prove that J H; - H = 0 for all 4. Since

of of of

HeA|— —, . .., —/—

[8:1:1 0xo oxy,
we are done if we show that Jh- H = 0 for all h in the algebra on the right
hand side. Since J(g+h)-H = Jg-H+Jh-H and Jgh-H = (9Jh+hJTg)-H
we can see that it suffices to restrict to the generators 597]; of the above

algebra. For that purpose, we differentiate R(fs,, foy,---, fz,) = 0 with
respect to x;.

o _(or of of
0 = 8:ch<8x1’8m2"“’6xn>

_ SOR (05 0F 0rY 0 0
B =1 dy; \Ox1’ dxy’ " Oxy ) Oz Ouy

B - o0 of

B ZH dw; O

_ _f

N jaxj O

3.2 Homogeneous quasi-translations

Definition 3.2.1. We call a quasi-translation x + H homogeneous if H is
homogeneous and irreducible if gcd{H1, Ha, ..., H,} = 1.

Homogeneous quasi-translations are interesting for several reasons. One rea-
son is that they were studied by P. Gordan and M. Nother in 1876. They
found the following property of homogeneous quasi-translation x + H:

H(tH) =0 (3.3)
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This equality can be obtained by looking at the leading coefficient of ¢ in
H(x+tH)=H.

Next, they used the connection between homogeneity and projective geom-
etry to study homogeneous quasi-translations. Unfortunately, their argu-
ments are written in an old-fashioned style and hard to understand. This
chapter is partially an attempt to comprehend their arguments. On the
other hand, we give substitutional arguments.

Another reason to study homogeneous quasi-translation is that non-homoge-
neous quasi-translations can be made homogeneous. A similar result applies
for reducible quasi-translations.

Proposition 3.2.2. Assume x4+ H is a quasi-translation over a commutative
ring A D Q. Then

(%, Zn41) + 2841 (H (27 112),0)

is a homogeneous quasi-translation over A, where d > deg H.

Proof. Notice that x4 nH (:E;lrlaz) is a homogeneous polynomial map of de-
gree d. Since 41 is an invariant of (z, xn+1)+xz+1(H(x;i1x), 0), it suffices
to show that = + szH(m;ilx) is a quasi-translation over A[z,41, x;il]

zjrllH is a quasi-translation
over A[mnﬂ,x;}rl}. Now apply proposition 3.1.7 with Tx = x;}rlx and

T~ 'z = x,,1x to obtain the desired result. ]

Since x+tH is a quasi-translation over Aft], x+x

Proposition 3.2.3. Assume x + H is a quasi-translation over C and
g = ng{Hla H27 s 7Hn}
Then x + g~ H is an irreducible quasi-translation.

Proof. Since H;(z+tH) = H;, 0 = v(H;) = v(g)+v(g ' H;). Tt follows that
v(g~'H;) = 0 and hence

g Hi= (g7 Hi) o (x+tH)|=g1 = (97 Hi) o (x + g~ H)

So(x—g 'H)o(x+g'H)=2+¢g'H—((g7'H)o(z+g 'H)) =z +
g 'H — ¢g7'H = z, as desired. O
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The above proposition shows that we can make homogeneous quasi-transla-
tions over C irreducible. For homogeneous quasi-translations = + H over C,
this process only changes the rank of J H if the obtained irreducible trans-
lation happens to be a proper translation. This follows from the proposition
below. We use the term proper instead of real, because real also refers to
some set of numbers.

Proposition 3.2.4. Assume H € Cx]" is homogeneous of degree d > 1 and
g € Clz] is homogeneous and nonzero. Then rkJ(g9H) =rkJH.

Proof. Since the algebraic relation between the components of a homo-
geneous map are generated by the homogeneous relations and R(gH) =
g"R(H) if R is homogeneous of degree r,

trdegcC(gH ) = trdegcC(H)
Now apply proposition 1.2.9 to get the desired result. O

Proposition 3.2.5. A quasi-translation x + H over C is reducible, if and
only if dimV(H) =n — 1.

Proof. Assume dim V(H) = n — 1. Then by Krull’s principal ideal theorem,
V(H) contains an irreducible (n—1)-dimensional component V' (¢’). It follows
that ¢’ | H; for all 4, whence x + H is reducible. The converse is similar. [J

Proposition 3.2.6. If x + H is a homogeneous quasi-translation over C,
then rkJH < max{n — 2, 1}.

Proof. From proposition 3.2.4, it follows that making a quasi-translation x+
H irreducible may only change the rank from 1 to 0. So we may assume that
x + H is irreducible. Now proposition 3.2.5 tells us that dimV(H) <n — 2
and from (3.3), we obtain that dim H(C") < dim V(H). So by propositions
1.2.9 and 1.2.10, rkJ H = dim H(C") < n — 2, as desired. O

The main theorem of this section follows below. It is somewhat technical,
but its benefit becomes clear in the next sections.

Theorem 3.2.7. Assume x + H is a homogeneous quasi-translation and
rkJH = s. Assume that p,q € H(C™) are independent. Then

dim V;(H(z + tp), H(x + tq)) > n —2s+2
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where t is an indeterminate and V; is the zero set of all coefficients with
respect to t of its arguments.

Proof. Assume first that s > n/2 + 1. From (3.3), it follows that H(tp) =
0= H(tq), so 0 € Vi(H(x + tp), H(z + tq)). Consequently,

dim Vi (H (z + tp), H(z + tq)) 20:71—2<%+1)+22n—28+2

as desired. So assume from now on that s < n/2 + 1.

From [35, Ch. I, Exc. 2.10 (c)], it follows that the codimension of homoge-
neous varieties does not depend on whether we see them as affine varieties
of dimension n (affine cones) or projective varieties in dimension n — 1. By
propositions 1.2.9 and 1.2.10, we obtain that dim H(C") = s. From the
fiber theorem [45, Ch. I, §8, Th. 2], it follows that codimH —*(C*p) < s — 1.
Similarly, codimH ~!(C*q) < s — 1.

Let C, and C; be components of codimension s — 1 at most of the Zariski
closures of H~!(C*p) and H~!(C*q). From the projective intersection the-
orem [35, Ch. 1, Th. 7.2], it follows that every component of Cp, N Cy has
codimension 2(s — 1) at most. Since 0 € C, N Cy, the affine intersection
Cp N Cy has dimension n — 2(s — 1) =n — 2s + 2 at least.

So it suffices to show that C, N C, C Vi(H(x + tp), H(z + tq)). For that
purpose, assume r € C, N C, and ' € C*HY(p). Then H(r') = Ap for
some A € C*. Since 7 € C), is contained in the Zariski closure of C*H~!(p),
we obtain by H(r') € Cp that H(r) € Cp. Similarly, H(r) € Cq. Since
H(zx+tH)=H,

H(r' +tp)=H(" + (A HH()) = H()
and we obtain in a similar manner as above that H(r + tp) = H(r). So

H(r+tp) = H(r) € CpNCq. Since p and g are independent, CpNCq = {0}.
Consequently, H(r + tp) = 0. Similarly, H(r 4 tq) = 0, as desired. O

3.3 Quasi-translations in small dimensions

In dimension 1, all quasi-translation over an integral domain with @ are
proper translations. This is because for such a quasi-translation = + H,
we have JH = (trJH) = (0) on account of the nilpotency of JH. So
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let us advance with dimension 2. We need to restrict ourselves to unique
factorization domains A DO Q from now.

Theorem 3.3.1. Assume x + H is a quasi-translation in dimension n = 2
over a unique factorization domain A 2O Q. Then H is of the form

H = (bg(axl — bxy),ag(ax — bQ?Q))

In particular, the components of H are linearly dependent over A: aHy —
bHy = 0.

Proof. Assume H has degree d. Looking at the coefficient of ¢ in H(z +
tH) = H, we obtain that H(H) = 0, where H is the homogeneous part of
maximal degree of H. Let K O A be the algebraic closure of the field of
fractions of A. Since H € K[z, 3] is homogeneous, H decomposes into
linear factors over K, and one of these factors is already a relation between
the components of H.

So aHy — bHy = 0 for some a,b € K, not both zero. Multiplying a and b
by either a=! or b~! (at least one of both exists), we obtain that either a
or b equals 1 and the other is contained in the field of fractions of A. Next,
multiply with the denominator at hand to obtain a,b € A and ged{a, b} = 1.
Assume without loss of generality that a # 0 (the case b # 0 is similar).
Then we can write a= ' Hy = g(axi — bro, x2), where g € Q(A)[y1,ys]. Let
v(f) = deg, f(x + tH) be the exponent of f with respect to x = H. Since
v(g(az — bro, x2)) = v(a~ Hy) = v(H3) — v(a) = 0,

0
0 = Eg(a(l‘l—i-tHl)—b(x'Q—i-tHg),iL‘Q—i-tHg)

(aHy — bH) <<aiylg> (aler + tH) — b(as + tH), 2 +tH2>> N

Hy - ((a% ) (a(ml +tHy) — b(wy + tHy), x2 + tH2)>

Since aHy; — bHy = 0 and Hy # 0, it follows that (6%29) (a(fcl + tHy) —
b(xg + tHsy), xo + tHg) = 0. But since (z1 + tHy, z9 + tHs) is invertible, the
arguments of (8%2 g) are algebraically independent. So (a% g) = 0 and hence
g9 € Q(A)[y]-

So it remains to show that the coefficients of g are contained in A. Substi-
tuting o = 0 in Hy = ag(ax; —bxs), we obtain that the denominators of the
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coefficients of g are composed of factors of a. If b = 0, then a is a unit in A
due to ged{a,b} = 1 and we are done, so assume b # 0. Substituting 1 =0
in Hy = bg(az —bxs), we obtain that the denominators of the coefficients of
g are composed of factors of b, and again by gcd{a,b} = 1 we get the desired
result. O

For dimension 3, we assume that the base ring is C and we describe all quasi-
translations up to linear conjugations. Let us start with the homogeneous
ones:

Proposition 3.3.2. Assume x + H is a homogeneous quasi-translation in
dimension n = 3 over C. Then there exists a T € GL3(C) such that

T H(Tx) = (9(z2,23),0,0)
where g € Clya, y3).

Proof. From proposition 3.2.6, it follows that k.7 H < 1. So the components
of H are pairwise linearly dependent over C. It follows that there exists a 1" €
GL3(C) such that T-'H(Tx) = (g(z1,22,73),0,0). By proposition 3.1.2,
J(T~Y1H(Tx)) is nilpotent, and the trace condition of the latter Jacobian
gives the desired result. O

In order to comprehend quasi-translations over C in dimension 3, we study
homogeneous quasi-translations over C in dimension 4 and use the homog-
enization technique of proposition 3.2.2 to get to general quasi-translations
in dimension 3.

We will not classify quasi-translations in dimension 4 over C other than the
homogeneous ones. This is because the classification process presented here
relies on the property of the quasi-translations x+ H we encounter that there
are linear relations between the components of H. We shall see in section
3.6 that this is no longer the case for non-homogeneous quasi-translations in
dimension 4 and up.

But we will do some investigation on quasi-translations in dimension 4 im-
plicitly, namely by studying homogeneous quasi-translations in dimension 5.
In section 3.5, we shall show there are 3 nonempty classes of homogeneous
quasi-translations x + H in dimension 5 with rk 7 H = 3.
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Theorem 3.3.3. Assume x + H is a homogeneous quasi-translation in di-
mension n =4 over C. Then there ezists a T € GL4(C) such that

T~ 'H(Tz) = (bg(ax1 — bxs), ag(axr — bzs),0,0)
where a,b € Clzs, z4] and g € Clzs, z4][y1].

Proof. We first show that H(C?) is contained in a two-dimensional subspace
of C*. Let g := gcd{Hy, Ho, Hs, H;}. If degg = deg H, then H = gp for
some p € C* and H(C*) C Cp. So assume deg g < deg H. Then degg~'H >
0 and H(C*) = (¢ H)(C*) because g and H are homogeneous.

So we may assume that H is irreducible. The case that deg H < 0 is easy,
so assume deg H > 1. If dim H(C?*) = 1 and H(C*) contains a pair of
independent points, then

dimV(H) > dimV;(H(z + tp), Hx + tq)) >n—2-14+2=n

on account of theorem 3.2.7; contradiction. So H(C?) is contained in a
line through the origin in case dim H(C*) = 1. So assume dim H(C*) > 2.
Then H(C*) does contain a pair of independent points p, g. Furthermore,
dim V(H) < 4—2 = 2 since x+ H is irreducible. From (3.3), H(C*) C V(H)
follows, so

dim H(C') = dim V(H) = 2

Since H(C?) is irreducible on account of [45, p. 48, Prop. 1] and dim H (C*) =
dim V (H), the interior of H(C%) in V/(H) (with the induced Zariski topology)
is non-empty. Assume without loss of generality that p is contained in this
interior. From theorem 3.2.7, it follows that

dim Vi (z +tp) >4 — 2rkJH +2 = 4 — 2dim H(C*) +2 =2

So we can take r € Vi(x + tp) independent of p. Since H(r + Cp) = 0 and
H is homogeneous, H(Cr 4+ Cp) = 0. So Cr + Cp C V(H). But since p
is contained in the interior of H(C*) C V(H), the whole line Cr + Cp is
contained in the Zariski closure of H(C?*). Since H(C%) is irreducible and
dim H(C*) = dim(Cr + Cp), we obtain H(C*) C Cr + Cp, as desired.

So H(C*) is contained in a two-dimensional subspace of C*, say that H(C*) C
Cp+ Cr, where p and r are independent. Now choose T of the form T' = (p |
r|-|-). Then T~!p = e; and T~'r = ey, whence T~1H(C*) C Ce; + Ces.
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It follows that (I'"'H)3 = (I'"'H),; = 0. So assume without loss of gener-
ality that H3 = Hy = 0. Then z3 and x4 are invariants of x + H, whence

(z1 + Hy, 22+ Hy) is a quasi-translation over Clzs, z4]. Now apply theorem
3.3.1 with A = Clzs, z4]. O

The quasi-translations in dimension 3 have already been classified by Z.
Wang in [53], but his techniques were different.

Theorem 3.3.4 (Z. Wang). Assume x+ H is a quasi-translation in dimen-
sion 3 over C. Then there exists a T € GL3(C) such that

TﬁlH(Tx) = (bg(aazl — bxg),ag(ax; — bxg),())
where a,b € Clzs] and g € Clzs][y1].

Proof. Let d := deg H and H = z4(H(x;'x),0). Then H(C*) is contained in
a subspace of dimension 2 of C* on account of proposition 3.2.2 and theorem
3.3.3. So H(C?) = H(C? x {1}) is contained in a subspace of dimension 2
of C3. The rest of the proof is similar to the end of the proof of theorem
3.3.3. O

At this point, we know that for quasi-translations x + H in dimension 3
over C and homogeneous quasi-translations x + H in dimension 4 over C,
the image of H is contained in a 2-dimensional subspace of C". With that
knowledge, we will classify all singular Hessians in dimension 3 over C and
all homogeneous singular Hessians in dimension 4 over C in chapter 5.

3.4 Homogeneous quasi-translations of rank 2

The irreducible homogeneous quasi-translations z+H over C with rk 7 H < 2
have been classified by Gordan and Néther in [34]. In particular they showed
that such quasi-translations have two independent linear relations between
their components. This property is equivalent to the last sentence of the
theorem below.

Theorem 3.4.1. Assume x+H is a homogeneous quasi-translation of degree
d>1overC,tkJH =2 anddimV (H) < n—2. ThendimV (H) = n—2 and
H wvanishes on the linear span of H(C"™). Furthermore, H(C") is contained
in a linear subspace of C"™ of dimension n — 2.
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Proof. Since dim H(C™) = rkJH = 2 by propositions 1.2.9 and 1.2.10,
H(C™) contains two independent points p and ¢ and we have

dimVi;(H(z +tp),H(x +tq)) >n—2-2+2>dimV(H)
on account of theorem 3.2.7. Since Vi(H (xz + tp), H(z +tq)) C V(H),
dimVy(H(z+tp), Hx +tq)) =n—2=dimV(H)

So for each ¢ € H(C™) that is independent of p, Vi(H(z + tp), H(x + tq))
contains an irreducible component of maximum dimension of V' (H). Since
V(H) has only finitely many irreducible components, it follows that V(H)
has an irreducible component W of maximum dimension that is independent
of g, such that W C V(H(z + tp), H(x + tq)) for a ‘substantial’ part of the
q € H(C"), i.e. (the Zariski closure of)

U:={qe H(C")|W CV(H(z+tp), H(x+1q))}

has the same dimension as H(C").

Since dim W = dim V' (H), the interior W*° of W in V(H) (with the induced
Zariski topology) is non-empty. Now let yy be a point of W°. Assume
Y1,Y2, - - -, Ym are points of U such that y1,yo, ..., ym is a basis of the linear
span of U. Since H(C") is irreducible (the ideal (R € Cly] | R(H) =
0) is prime), it follows from U C H(C") and dimU = dim H(C") that
Y1,Y2, - - -, Ym is a basis of the linear span of H(C").

We will show by induction on ¢ that generic points r of the linear span of
Y0, Y1, Y2, - - -, Y;i are contained in the interior W° of W C V(H) for all i < m.
Since yo € W*° and Cyp C V(H), generic points of Cyg are contained in W*°
as well, and the case i = 0 follows. So assume ¢ > 1 and assume that generic
points r of the linear span of yg, y1,¥2,...,y;—1 are contained in W°. Since
reW CVi(H(x+tp), Hlx + ty;)), H(r +ty;) =0, i.e. Cy; +r C V(H).
But r is contained in W°, so generic points of Cy; 4+ r are contained in the
W*° as well, as desired.

So generic points r of the linear span of yo, y1, y2, - . . , Ym are contained in the
interior of W C V(H). In particular, the linear span of H(C") is contained
in W CV(H), as desired. O

Corollary 3.4.2. If x + H is a homogeneous quasi-translation over C and
tk7H < 2, then H(C™) is contained in a linear subspace of dimension
max{n — 2,1} of C™.
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Proof. In a similar manner as in the proof of theorem 3.3.3, we may assume
that © + H is irreducible and rkJH = dim H(C") > 2. So rkJH = 2 and
hence deg H > 1. Since = + H is irreducible, dimV(H) # n — 1. Since
H #0,dimV(H) <n— 2. Now apply theorem 3.4.1 to obtain that H(C")
is contained in a linear subspace of C" of dimension n — 2, as desired. [

Notice that irreducible homogeneous quasi-translations = + H with rk7H =
0 are normal translations. Homogeneous quasi-translations x + H with
rkJH = 1 are always reducible and making one of them irreducible results
in a normal translation.

In [34], P. Gordan and M. Nother prove that for irreducible homogeneous
quasi-translations « + H with tkJH < 2,

H(z + tH(y)) = H(z) (3.4)

This identity can be found on lines 5-7 on page 558 in [34]. Next, they prove
assertions ii) and iii) of the proposition below.

Proposition 3.4.3. The following assertions are equivalent over C:
i) H(x+tH(y)) = H(z),
it) H(x + p) = H(x) for all p in the linear span of H(C™),
iti) There exists an s € N and o T' € GL,(C), such that
T H(Tz) = (01, ey 0% heyi (e, ooy @)y oo B (21, - ,:):s))
where h; € Clzy,...,xs] for alli> s+ 1.

Proof.

i) = ii) Notice that the linear span of H(C") is generated by some ¢, g2,

cesGm € H(C™). Write p = Mq1 + -+ + An—1@m-1 + AmGm- Now

substitute t = A\, ¥y = g and © = x + A1q1 + - + Ap—1@m—1 in
H(x+tH(y)) = H(x) to obtain

H((x+)\1q1+- . -+)\m_1Qm—1)+)\QO) =H(x+M Mg+ -+ Am—1G¢m-1)

Next, apply H(z + tH(y)) = H(y) another m — 1 times to obtain
H(xz +p) = H, as desired.
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ii) = iii) Replacing H by T~'H(Tz) for a suitable T € GL,(C), we obtain
that the linear span of H(C™) is {0} x C"~*. Since H(z + p) = H(z)
for all p € {0} x C"*, H(r +p) = H(r) for all r € C* x {0}"* and
p € {0}° x C"%. It follows that H = H|,,, ,—..—y,—0. This gives the
desired result.

iii) = i) We first assume that T' = I,,,i.e. H = (0',...,0% hey1(21,...,25),
o yhp(x1,...,2s)). Then CH(C") is contained in {0}®* x C"¢ and
hence H(x + tp) = H(x) for all p € H(C™). It follows that H(z +
tH(y)) = H(x).

In general, we can use the above argument for 7" = I,, to obtain the
result H(z + tH(y)) = H(x) for H = T~ H(Tz) instead of H = H,
ie. TTVH(T(z +tT 1H(Ty))) = T~'H(Tz). Substituting x = T~ 'z
and y = Ty, we obtain T~ H(z + tH(y)) = T-'H(x). This gives
the desired result. O

The proof of (3.4) for irreducible homogeneous quasi-translations = + H
with k7 H < 2 in [34] has been reconstructed by A. van den Essen. But
in section 4.5, we will give another proof, using a theorem of Liiroth that
appeared earlier in the same year and in the same journal as [34]. So the
following theorem applies to homogeneous quasi-translations x + H over C
with rkJH < 2.

Theorem 3.4.4. Assume x+ gH is a quasi-translation over a commutative
ring A 2 Q, such that H(xz + tH(y)) = H(x). Then x + H and (z,zp4+1) +
(9H,0) are tame.

Proof. From iii) of proposition 3.4.3, it follows that H is linearly triangular-
izable. Consequently,  + H is tame. The tameness of (z,z,+1) + (¢H,0)
follows from iii) of proposition 3.4.3 and [50]. See also [24, Prop. 6.1.4]. O

Quasi-translations over C that satisfy (3.4) are called nice of order < 2.
Normal translations are nice of order < 1 and translations of the form x + ¢;
are nice of order 0. See [24, p. 158], for the definition of nice quasi-translation.
All homogeneous quasi-translations x + H over C with rkJH < 2 are nice
of order < 3.

If we compare proposition 2.2.7 in chapter 2 and theorem 3.3.1, we see that
the result of proposition 2.2.7 is a translation from the left on the result
of theorem 3.3.1. In other words, the Jacobian of an unipotent map in
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dimension 2 is the Jacobian of a quasi-translation (but not vice versa). This
holds more generally.

Theorem 3.4.5. Assume A is an integral domain with Q and H € Alx]|"
such that J H is nilpotent and t/k7H = 1. Then J(x + H) is the Jacobian
of a quasi-translation. More precisely, if H is the non-constant part of H,
then x + H is such a quasi-translation and

H(x +tH(y)) = H (3.4)

Proof. Let H be the non-constant part of H. From proposition 3.1.2, it
follows that it suffices to show that (3.4’) is satisfied. For that purpose,
notice that A is contained in a field K of characteristic zero and that linear
conjugations do not affect the properties of H, including (3.4).

Replacing H by T-1H(Tx) for a suitable T € GL,(K), we can obtain that
f[l = flg =...= I:IS = 0 and lEI8+1,fIS+2, ... ,fIn are linearly independent
over K. From [24, Th. 7.1.7 i)] (the dependence over C of the rows of a
nilpotent Jacobian of rank < 1), it follows that s > 1. Furthermore, we
obtain by induction on n (with A = Klz1,z9,...,zs]) that there exists
polynomials p; € K[z, 22,...,xs], not all zero, such that

p5+1H5+1 —+ ps+2Hs+2 + .. +ann € K[xl, Ty v ,ZL‘S] (35)

If Hoy1,Hypo,...,H, € Clxy1,z2,...,x5|, then we are done on account
of proposition 3.4.3, so assume ﬁs_l’_z‘ ¢ Clxy,x9,...,xs] for some i > 1.
Then H s+i is algebraically independent of x1,x9,...,xs over K, so x1 is
algebraically independent of xg,...,a;s,ﬁs+i. Since tk7H < 1, it fol-
lows from proposition 1.2.9 that each pair of components of H is alge-
braically dependent over K, so z; is algebraically independent of xo, ..., xs,
He 1, Hsio,...,Hy.

It follows that we can replace x; by y; in (3.5), to obtain
ps—&—l‘xl:yle—H +ps+2‘m1:y1Hs+2 + - +pn‘x1:y1Hn € K[yh T2yt xs]

Reasoning on like this (with xg, ...,z instead of x1), we obtain

ps+1|a;:st+1 + ps+2’x:st+2 + e +pn‘x:yHn € K[ylv Y2, - .- 7ys]

Now a generic substitution in y gives a contradiction to the linear indepen-

dence of Hy 1, Hyio,...,Hy. So Hyi1,Hyyo, ..., H, € Clz1,xo,...,2,, as
desired. O
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In the proof of [29, Th. 4], E. Formanek proves a similar result as above, but
with the nilpotency of J H replaced by the conditions that det J(x+H) = 1
and that H has no terms of degree 1. Formanek does not use the term quasi-
translation, but his description is that of iii) of proposition 3.4.3. [29, Th. 4]
itself does not give the result of theorem 3.4.5, because H in theorem 3.4.5
may have linear terms.

In order to obtain [24, Th. 7.1.7 i)] (used in the above proof), Van den Essen
uses theorem 4.3.5 in the next chapter. Formanek uses this theorem as well
to obtain [29, Th. 4]: see [29, Lm. 2].

At last, we describe some cases in which quasi-translations satisfy (3.4), using
the already announced result of section 4.5 that irreducible homogeneous
quasi-translations x + H over C with rk7 H < 2 satisfy (3.4).

Theorem 3.4.6. Assume x+H is a quasi-translation (not necessarily homo-

geneous) over C and g := gcd{H1, Ha,...,Hy,}. Then H(x+tH(y)) = H(x)
i each of the following cases:

i) tkTH <1,
i1) deg H < 1,
i11) H is homogeneous, tk TH < 2 and degg < 1,

i) H is homogeneous, tkTH < 2 and deg H < 2.
Proof.

i) Assume tk7H < 1. Let H be the non-constant part of H. From
theorem 3.4.5, it follows that H(z +tH(y)) = H(x), so

H(z +tH(y)) = H(x) (3.6)

No substitute 2 = x+tH(z) —tH(x) in (3.6) to obtain H(z+tH (y)) =
H(x+tH(z)—tH(z)), and z = x—tH (z), y = = and t = —t successively
in (3.6), to obtain H(x +tH(x) —tH(x)) = H(x+tH(z)) = H(z). So
H(xz+tH(y)) = H(z), as desired.

ii) Assume deg H < 1. Since H(x +tH(y)) = H(x)) is satisfied for ¢t = 0,
it suffices to show that the derivatives with respect to ¢ of both sides
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are the same. This follows from H(z 4+ tH(x)) = H(x) and the fact
that J H is constant:

(jH)|a::m+tH(y)'H(y) = (jH)|a::y+tH(y)'H(y) = %H(ertH(y))) =0

iii) Assume H is homogeneous, rk 7 H < 2 and degg < 1. Put H=g'H.
From theorem 4.5.2; it follows that H(x 4+ tH(y)) = H(x), and by
substituting ¢t = g(y)t, we obtain

H(x+tH(y)) = H(x)

So it suffices to show that g(x + tH(y)) = g(z). This follows from
g(z + tH(x)) = g(z)) and the fact that Jg is constant, in a similar
manner as H(z +tH(y)) = H(x) follows in ii).

iv) Assume H is homogeneous, rkJH < 2 and deg H < 2. Since deg H <
2, we have either degg < 1 or rk7H < 1. So i) and iii) together give
the desired result. O

3.5 Homogeneous quasi-translations in dimension
5

In [34, §8], P. Gordan and M. Néther investigate homogeneous quasi-transla-
tions  + H in dimension 5 for which rk7H = 3. They classify these quasi-
translations in three types, namely al), a2) and b). We shall prove this
classification. In addition, we shall show that all three types really exist.

Before we can formulate and prove the classification, we need some prepa-
rations.

Definition 3.5.1. Assume W C C” is an irreducible variety. We call a
nonzero p € W Gonoric in W if there exists an affine cone L, of a line in
P(C") with p € L, € W, such that for generic ¢ € W, there exists an affine
cone L, of a line in P(C") such that ¢ € L, C W and L, N L, # {0}.

Lemma 3.5.2. Assume p is Gondric in W. Then there exists an affine
cone Ly, of a line in P(C") with p € L, C W, such that for all ¢ € W,
there exists an affine cone Ly of a line in P(C") such that ¢ € Ly C W and
L,N L, # {0}.
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Proof. Choose L,, as in the definition of Gonéric and assume that p,r € L,
are independent. Now for generic g € W, the variety

VealIW)|o=tq s u(yrpyor)) S C (3.7)

is nontrivial, where V; , is the zero set of all coefficients with respect to ¢, u
of its argument. Furthermore, the coefficients with respect to ¢ and u of the
argument of V;, on the left hand side of (3.7) are homogeneous in y, so we
can view

‘/t,uI(W) ‘:p:tm+u(y1p+y2T)
as a subvariety of C* x P(C?).

Since the projective line is complete on account of [45, p. 55, Th. 1], it
follows that the projection onto C"™ of Vi uI(W)|o—ioqu(yip+yer) 1S closed.
Consequently, the ¢ € W for which the left hand side of (3.7) is nontrivial is
a closed set. Since W is irreducible, the left hand side of (3.7) is nontrivial
for all g € W.

If g € Ly, then L, = L, does the job. In all other cases, we take for L, the
space generated by g and one of the nontrivial vectors contained in the left

hand side of (3.7). O

Lemma 3.5.3. Assume x + H is a homogeneous quasi-translation and sup-
pose that dim H(C") = dimV(H) = 3 < [n/2]. Let W be the Zariski
closure of H(C™). Take p € W generic. Then either p is Gonéric in W,
or there exist infinitely many affine cones Ly, of lines in P(C"), such that
pe L, CW.

Proof. On account of [45, p. 48, Prop. 1], W is irreducible. From (3.3), it
follows that W C V(H). Since dim W = dim H(C") = dim V(H), we obtain
that the interior of W in V(H) is nonempty. From i) of [45, p. 49, Th. 3],
we obtain that there exists an open U # @ that is contained in H(C").

Assume that p,q € U are independent. By theorem 3.2.7, we obtain
dimViy(H(x +tp), H(x +tq)) >n—2-3+2>n—-2[n/2]+2>1

So Vi(H(z + tp), H(z + tq)) contains a nonzero point r. It follows from
H(r +tp) = 0 that » + Cp C V(H). Since H is homogeneous, Cp + Cr C
V(H). Similarly Cq+ Cr C V(H). So there exists affine cones L, > p and
L, > q of lines in P(C"), such that Ly, L, C V(H) and L, N Ly # {0}. Let
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W*® be the interior of W in V(H). By H(C™) C W, we obtain p € U C W°.
Since L, is irreducible, L, is even contained in W. Similarly, L, is even
contained in W.

So for each q € U, there are affine cones L, > ¢ and L, 3 p of lines in P(C"),
such that L, N L, # {0}. Assume that there are only finitely many affine
cones L, of lines in P(C™) such that p € L, C W. Then one of this cones,
say L*, intersects nontrivially with an affine cone L, of a line in P(C") such
that ¢ € Ly € W, for a ‘substantial’ part of the ¢ € U.

So there exists an affine cone L* of a line in P(C") with p € L* C W, such
that the dimension of (the Zariski closure of)

{qu

is equal to that of W. Since W is irreducible, the desired result follows. [I

Ly L* # {0} for some affine cone L,
of a line in P(C") with g € L, C W

The term Gonoric is a contraction of Gordan, Nother and generic. From
case 1) in the proof of theorem 3.5.4 below, it follows that generic p € W
are Gonoric as well in case there are infinitely many affine cones L,, of lines
in P(C"), such that p e L, C W.

Theorem 3.5.4. Assume x + H is a homogeneous quasi-translation and
dim H(C") =dimV(H) =3 < [n/2]

Let W be the Zariski closure of H(C™). Then either there exist a fized point
p # 0 such that W is a union of affine cones L, > p of lines in P(C"), or
there exist affine cones L* and L° of lines in P(C") such that W C L* + L°.

Proof. We distinguish two cases:

1) For some nonzero p € W, there exist infinity many affine cones L,, of
lines in P(C™) such that p € L, C W.
Let Z be the Zariksi closure of the union of these infinity many affine
cones L, and assume that dim Z = 2. Then Z is the union of finitely
many components of dimension 2 at most, but the components that are
no affine cones of lines in P(C™) can be removed, since they contain
only finitely many points of each affine cone of a line in P(C") and
hence do not harm the Zariski closure of a set of such affine cones.
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So Z is the union of finitely many affine cones of lines in P(C™). Con-
tradiction, so dim Z > 3. Since Z C W and W is irreducible, it follows
that W = Z, as desired.

There does not exist a p € W for which there are infinity many affine
cones L, of lines in P(C") such that p e L, C W.

Take p € W. Since there are only finitely many affine cones L,, of lines
in P(C") such that p € L, € W and dimW = 3 > 2, we can choose
q € W such that ¢ ¢ L, for every affine cone L, of a line in P(C") such
that pe L, CW.

Now take r € W generic. Since r is Gonoric in W on account of lemma
3.5.3, it follows from lemma 3.5.2 that there exist affine cones L, > p,
Ly 3 g and L, 3 r of lines in P(C") that are contained in W, such
that L, N L, # 0 # L, N Ly;. Now there are only finitely many pairs
(Lp, Ly) € W? such that L, 3 p and L, > ¢ are affine cones of lines
in P(C"), so for one of these pairs, say (L*, L°), we have that for a
‘substantial’ part of the r € W, there exists an affine cone L, 3 r of a
line in P(C") that is contained in W, such that L, N L* # 0 # L, N L°.

So there exist affine cones L*, L° of lines in P(C") that are contained
in W, such that the dimension of (the Zariski closure of)

el L, N L* # {0} # L, N L° for some affine cone
L, > r of a line in P(C") with L, C W

is equal to that of W. Furthermore, if L* N L° # {0}, then there are
only finitely many affine cones L, of lines in P(C") such that L*NL° C
L, C W, so the dimension of (the Zariski closure of)

{TGU

is equal to that of W as well. Since W is irreducible, it follows that
W C L*+ L°. O

{0} # L, N L*# L, N L° # {0} for some affine
cone L, > r of a line in P(C") with L, C W

Some of the ideas of the above theorem and its proof can be found on [34, pp.
565-566]. The idea of using that r is Gonodric instead of p and ¢ comes from
H. Derksen.

Gordan and Nother distinguish between two cases as well: ‘Fall a)’” and ‘Fall
b)’. But their cases do not correspond to the two cases 1) and 2) in the proof
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above. ‘Fall b)’ is entirely included in case 1) above, but ‘Fall a)’ subdivides
into both case 1) and case 2). But Gordan and Néther subdivides ‘Fall a)’ as
well, namely in ‘Im ersten Falle’ and ‘When zweitens’, and this subdivision
does correspond to that into the cases 1) and 2).

The following example shows that all of the three cases al), a2), and bl)
exist.

Example 3.5.5. The following quasi-translations are examples of each of
the three cases al), a2), and b) described above.

al) H = (23, 1475, 1125 — 2274,0,0),

a2) H = (z%(ax1 — 2222), a(azy — 22x9), 2¢(aw3 — 2374), a(axs — 2224),0)
with a = z124 — 2923,

bl) H = (z3, bz, b%4,0, —b?21 +2bx0x? —2327) With b = 2123 — 23+ 2475,

The first quasi-translation is nice of order 3. But the other two are not
nice. This is due to a theorem of Z. Wang that says that the image of nice
homogeneous quasi-translations over C is contained in an (n—2)-dimensional
subspace of C".

For quasi-translations = + H of types al) and a2), we do know that the
components of H need to be linearly dependent. We do not know whether
the components of H need to be linearly dependent in the remaining case b1).
Notice first that for this dependence problem, we may restrict ourselves to
irreducible quasi-translations by proposition 3.2.3. We shall give a structure
theorem for irreducible quasi-translations = + H of type bl) for which the
components of H are not linearly dependent. Furthermore, we shall show
that the degree d must be a product of an integer > 3 and another integer
> 3 and therefore d > 9.

Theorem 3.5.6. Assume x+H is an irreducible homogeneous quasi-transla-
tion in dimension n = 5, say of degree d. If the components of H are
not linearly dependent over C, then there exists a T € GL5(C) such that
H:=T"YoHoT is of the form

hl (pa Q)
) ha(p, q)
H = h3 (pa Q)
ha(p,q)

<
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and z+ H is a quasi-translation as well. Furthermore, degh > 3 and degq >
3, sod>9. More precisely, 0 < deg,  q < degq — 1.

Proof. From proposition 3.1.7, it follows that = + H is a quasi-translation as
well. Assume the components of H are not linearly dependent over C. Then
d > 2. From theorem 3.5.4, we obtain that the Zariski closure of H(C?) is a
union of affine cones Cp+ Cq of projective lines through p, for some nonzero
p € C°. Take T such that Tes = p. Then H(CP) is a union of affine cones
Ces + Cq of projective lines through es.

i)

i)

iii)

Notice that trdege(H 7) = dim W = 3 on account of proposition 1.2.10.
Furthermore, Hj is algebraically independent over C of Hy, Hs, Hs,
H,. From proposition 1.2.9, it follows that

rkj(ﬁ17l~{2ag3aﬁ4) = trdeg({:(ﬁlyﬁ27ﬁ37£{4) =2

Now by theorem 4.3.1 in the next section, we obtain that (f[l, H,, Hs,
Hy) is of the form gh(p, q), where g, p and ¢ are homogeneous polyno-
mials and p and ¢ are relatively prime.

Furthermore, we can choose T such that gp | H1, gpq | Ha, gpq | Hs
and gq | Hy. So gq 1 Hy and gp ¥ Hy by definition of g. Let v(f) :=
deg, f(z + tH) be the exponent with respect to z + H. From ii) of
proposition 3.1.2, it follows v(H;) = 0 for all i. Now by (3.2) with
equality, we obtain v(p) = v(q) = 0.

Notice that 24 H is irreducible and therefore ged{g, Hs} = 1. We first
show that g € Clz1,x9,x3,24]. For that purpose, assume that g has
an irreducible divisor g1 ¢ C[xy,x9,x3,x4]. Since gp | H;, it follows
from (3.2) with equality that v(g1) = 0. So

0 . 0
0= agl(x‘FtH) =Jg-H H58_5 (mod g1)

t=0

Since ¢ 1 H; and deggq > deg 8%5917 we obtain 8%591 =0, ie g1 €
Clx1, x2, x3, x4]. Contradiction, so g € Clxy, x2, x3,x4].

Assume f € C[x1, x2, x3, 24] is homogeneous such that v(f) = 0. Since

O—%f(x—i—tﬁ)

t=0
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and

0 . . -0
0 v4tl)| =Jf H=Hy—f (mod gp)
4

= ol

it follows that p | %f%Oorq\ %f%()orfe@[@,xg].

In case f € Clxe,z3]\C, f decomposes in linear factors that are rela-
tions between the components of H, which contradicts that the com-
poents of H are linearly independent over C. So f € C or p ] 3%4 f#0
or q | %f # 0. If p € Clxy, 9, 23, x4], then we get a contradiction by
taking f = p, so p € Clz1, x2, x3,24]. Similarly, ¢ & Clz1,x2, x3, 24].
So deg,. ¢ > 0.

Since f € C[z1,22,23,24], it follows that both p | z2f # 0 and

q | aixl f # 0 are impossible. Contradiction, so f € C. In particular,
geC.

iv) Notice that degh > 3 because I:I'l7 ﬁg, Hs, H, are linearly dependent.
So it remains to show that deg,_q < degq—1. Since v(q) = 0, it follows
that q(H) = 0. But Hj is algebraically independent of Hy, Hy, Hz, Hy,
SO q(f[l,ﬁz, Hs, f]4,y5) = 0. Now look at the leading coefficient with
respect to ys of q(y). Since Hy, Hy, H3, Hy are linearly independent,
this coefficient has degree 2 at least. So deg g > deg,, q+2, as desired.

O

Notice that for homogeneous quasi-translations « + H in dimension 5 with
rkJ H < 2, H(C") is contained in a 3-dimensional linear subspace of C® on
account of corollary 3.4.2. In chapter 5, we will use this fact and theorem
3.5.4 to show that for homogeneous quasi-translations  + H in dimension 5
over C that come from a homogeneous singular Hessian (i.e. H = VR(V f)
and det Hf = 0), H(C®) is contained in a 3-dimensional linear subspace
of C°. This result will subsequently be used to classify all homogeneous
singular Hessians in dimension 5 over C.

For quasi-translations z + H in dimension 4 over C, H(C*) does not need to
be contained in a proper linear subspace of C*. Take for instance

H = (axl — x9,a(azx) — x2),axs — x4, alaxs — :C4))

with a = 124 — x9x3. Notice that the second quasi-translation in example
3.5.5 is the homogenization of © + H with H as above. In the next section,
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we will discuss quasi-translations x + H in dimension 4 over C for which
H(C%) is not contained in a proper linear subspace of C*.

In chapter 5, we will show that quasi-translations in dimension 4 over C that
come from a nilpotent Hessian are contained in a proper linear subspace of
C*. This result will subsequently be used to classify all nilpotent Hessians
in dimension 4 over C.

3.6 Quasi-translations in dimension 4 with linearly
independent components

In proposition 3.1.7, we have seen that a quasi translation x + H over a
commutative ring A O Q remains a quasi-translation after a linear con-
jugation. This does not hold for conjugations with invertible polynomial
maps in general. But the following theorem indicates in which situation the
quasi-translation remains a quasi-translation.

Theorem 3.6.1. Assume x + H is a quasi-translation over a commutative
ring A D Q and F : A" — A" is an invertible polynomial map with inverse
G. Then the following statements are equivalent:

i) Go(x+ H)o F is a quasi-translation,

it) v(Gi) <1 for all i, where v(f) := deg, f(z +tH) is the exponent with
respect to x + H,

i1i)) Go(x+tH) o F is a quasi-translation over Alt].

Proof. Notice that the inverse polynomial map of Go (x +tH)o F is G o
(x—tH)oF.

i) = ii) Assume G o (z+ H)o F is a quasi-translation z + H. Since z + H
is a quasi-translation, H(x 4+ 2¥H) = H, whence

(Go(x+2"H)oF)o (Go(z+2"H)oF) = (Go(z £ 2" H) o F)

Since by ii) of proposition 3.1.2, f[(x + 2"H) = H, it follows that
(x+2FH)o (z+2FH) = (2 + 21 H), and by induction on k we obtain

(Go(z+2"H)oF) =a+2FH
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so Go(x+2¥H)oF is a quasi-translation (with inverse Go(z—2FH)oF)
for all k € N.

Now the sum of a quasi-translation and its inverse is 2z, so
(Go(z+2FH)oF) + (Go(xz—2"H)o F) =2z

Substituting z = G(z + 2¥H) and using 2*H(z + 2"H) = 2FH, we
obtain
Gz + 2" H) + G(z) = 2G(z + 2" H)

Adding 2(2* — 1)G on both sides, we obtain

Gz + 2" H) + 2" - 1)G =2(G(x + 2"H) + (2F - 1)G)
and by induction on k, we obtain G(z + 2*G) — (2¥ — 1)G = 2¥(G(x +
2°H) + (2° - 1)G) = 2*G(x + H) for all k € N.

Now let d := max{deg G, 1} and write G;(z+tH)+ (t—1)G; —tG;(x+
H) = cgt?+cq 1t 4+ c1t +¢o. Since Gi(z+mH) + (m—1)G; —
mGi(z + H) =0 for all m € {1,2,4,...,2¢},

11 12 ... 1d o 0
1 2 22 ... 2d c1 0
1 4 42 .. 44 [ | e 21O
1 24 9d2 ... odd Cd 0

Since Q C A, the matrix on the left hand side is invertible, and ¢y =
c1 =cg=---=c¢q=0follows. So Gj(z+tH)+ (t—1)G; =tGi(x+ H)
for all i. It follows that deg, G;(x + tH) < 1 for all 7, as desired.

ii) = iii) Assume deg, G(z +tH) <1 for all . Then we can write
Gz +tH) = GO 4+ tGM
Notice that GO = G(x + tH)|;—o = G. So
Go(z+tH)oF = GO(F)+tGV(F) = G(F)+tGM (F) = z+tGW(F)

Now by substituting ¢ = —t on the left hand side, and hence on the
right hand side as well, we obtain the inverse map. This gives the
desired result.
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iii) = i) This follows by substituting ¢ = 1. O

The below example shows that the result of theorem 3.3.4 that for a quasi-
translation z + H over C, the image of H is contained in a proper subspace
of C™ for n = 3, does not extend to rkJH < 2.

Example 3.6.2. Let n > 4 and take ¢ = x1 + zox4 — x%, F = (c,zo,x3,...,
zn) and G = (21 — ¢,x9,23,...,2,). Then G is the inverse of F. Take
H = (O,x’f,xlf+1,...,:p’f+“_2). Then x + H is a quasi-translation (that
satisfies (3.4)). Furthermore, deg, c(x +tH) < degc = 2, and the coefficient
of 2 of c(z +tH) is equal to

HoH, — H§ = xlfx’erQ — x’f“x]l”l =0
So deg; c(x +tH) < 1. It follows from the above theorem that
t+H:=Go(z+H)oF
is a quasi-translation. Now

v+ H = G(F+HF))

= Gile,xg+ ¥ w3+ &, 4+ FTY

2¢ — c(e, my + & g + K g + 42

k-+2 k| 2k+2 2 E+1 2k-+2
¢ — (zomy + 22c™ 2 + 24" + ) 4 (25 + 2" g + )
K20, 9okt

= x1—( T3 + ckx4)

and

H = (_ (Ck+21,2 o 26k+11}3 + Ckl’4),ck,ck+1, B "Ck+n—2)

Since the degrees of the components of H are all different, there does not
exist a linear relation between them. So H(C"™) is not contained in a proper
linear subspace of C".

The third map in example 3.5.5 is essentially the homogenization of H lk=0
above with n = 4. The image of

(a:zl — x9,alazxy — x2),axs — x4, alaxs — x4)) (3.8)

with @ = z124 — z2x3, is not contained in a proper linear subspace of C*
either. We will describe the construction of (3.8) in the next section.
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3.7 Homogeneous quasi-translations with linearly
independent components

Assume n is even and put

B(A:L‘l — BZL‘Q)
A(Al‘l — BI‘Q)
B(Ax3 — Bxy)
Qap:=| AlAzsy— B (3.9)

Then Q4 p is a polynomial map over the polynomial ring C[A, B]. Since

AB —B? 0
A2 —AB
JQaB =
AB —B2
0 A? —AB

it follows that J Q,Zax, g = 0. Notice that (4 p is homogeneous of degree 1
with respect to . So by Euler’s formula, we obtain

JQaB - Qap=TQap JQap =0
So x + Q4 B is a quasi-translation.
Theorem 3.7.1. If x + H is a quasi-translation over the polynomial ring

C[A, B], and a,b € Clz] are invariants of v + H, then  + H|a=q p=p i a
quasi-translation over C.

Proof. Notice that
a(z + H|a=q,B=b) = a(z + H)|A=aq,B=b = a

and
b(x + H|a=a,B=p) = b(z + H)|a=q,5=b = b
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So
H|p=a,B=b(z + H| A=a,B=b)
]
A=a(x+ H|a=q,B=p), B =b(x + H|a=a,B=b),* =  + H|a=q,B=b

|
A=a,B=bx=x+ H|a—qp-b
= H(xz+ H)|a=a,B=b

= H|a=a,B=b
So (x — H|a=a,B=b) © (x + H|a=aq,B=b) = © + H|a=q,B=b — H|a=a,B=b(T +
H|p=q,B=b) = ¢+ H|A=q,B=b — H|A=q,B=b = T, as desired. O

If 7,7 < n/2, then
w1725 0 (T + Qa,B)
(1’2@'—1 + B(Axgi—1 — Bajgi)) (xgj + A(A.’Egj_l — Bl‘zj))
= x9;_1%2j + B(Axi—1 — Bxy;)A(Axg;—1 — Bxaj) +
(BAzg;_172j — B*woiwaj + A%29; 17951 — ABxo;_179))
= 91225 + B(Awgi—1 — Bwy;)A(Axgj—1 — Bwyj) +
(A%29;_129j1 — B?w2i9;)
Since the terms B(Azg;—1 — Bxo;)A(Az9j—1 — Bxaj) and (A%xa;_129j-1 —
321‘27;1}2]') are symmetric with respect to 4, j, we obtain a similar formula for
Z2j_1%2; instead of xe;_1x2;, whence x9;_122; — T2;T2;—1 is an invariant of
T+ QaB.
Example 3.7.2. Assume n = 4 and take

a = T1T4 — T2T3

Then a and 1 are invariants of x + Q4. . On account of the above theorem

ar, — I2
alary — T
$+Qa,1:$+ ( ! 2)
ars — T4

a(axs — x4)

is a quasi-translation: the quasi-translation in (3.8). Since k7 Q4,1 = 3 and
a is irreducible, it follows from proposition 1.2.9 that a is in fact the only
relation between the components of @, 1 and that the components of Q4 1
are linearly independent.
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One can compute that for the map ), 1 in the above example, J QZ? x=0
and tkJQq1 = n — 1. In appendix A, we will show that for nilpotent
Jacobians J H of size n over C that satisfy both JH" 1.2 =0and rkJH =

n — 1, the rows are automagically linearly independent over C.

Example 3.7.3. Assume that n > 6 even and take a := x1x4 — xox3 and
b:= T3Xxg — T4

Then a and b are invariants of z + () 4 B, so by the above theorem

b(axy — bxs)
a(ax) — bxs)
b(axs — bxy)
T+ Qup =1+ a(axs — bxy)

blaxy,—1 — bxy)
alax,—1 — bxy)

is a quasi-translation. Since
a(t,t? = 1,344 45 — 1,547, ... 1) =13

and
b(t, t? — 1,63, ¢4 65 — 1,45, 47, t") =4

we see that
(Qup)ai1(t, 12 — 1,834 4% — 1,45 47, .. ") = —2748 L 0¥+
and
(Qup)ai(t, 82 — 1,83, 44,05 — 1,404, ... 17) = —(2+7 4 O(126)
from which it follows that the components of @, are linearly independent.

Example 3.7.4. Assume that n > 6 even and take a := wixg4 — X213,
b:= x3x6 — z425 and

C = T1xg — T2T5
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Then c is an invariant of the quasi-translation z + @, and z1 + C is a
translation. So (z,2n+41) + (Qap, C) is the Cartesian product of two quasi-
translations and hence a quasi-translation itself. Furthermore,

C(axnfl - b$n) © ((x7xn+1) + (Qa,In C))
= c(azn—1 —bzp) o (z+ Qqp)

= c(a(mn_l + b(axy—1 — b:z:n)) — b(azn +alax,—1 — bxn))>
= c¢(aznp—1 — bz, + (ab — ba)(azn—1 — bxy))

= claxp—1 — bxy)

So c(axy—1 — bxy) is an invariant of (x,xp41) + (Qap, C) (this can also be
shown by reasoning with invariants). It follows from the above theorem that

b(axy — bxs)
a(azry — bxs)

(SL‘, Jjn—&-l) + (Qa,bv C(a$n—1 - bxn)) = (xu xn—&-l) + ’
b(axy,_1 — bxy)

a(axy—1 — bxy)
claxp_1 — bxy)

is a quasi-translation. Since
c(t, 2 — 1,264 65 — 1,45 47, .. 1", 0) =t> + 12 — 1
we see that
clazn_1 —brp) o (6,12 — 1,63, ¢4, 65 — 1,45,47, ... ", 0) = =" + O(t"*®)

It follows from the example above that the components of (me, claxp—1 —
bxy)) are linearly independent.

So in dimension 6 and up, there are homogeneous quasi-translations x + H
over C without linear relations between the components of H. Since there are
no such quasi-translations in dimension 4 and below, dimension 5 remains.
As we already mentioned, it is not known yet whether for homogeneous quasi-
translations z + H in dimension 5 the components of H need to be linearly
dependent. In the spirit of C. Olech, I promise a bottle of Joustra Beerenburg
(Frisian spirit) for the one who first solves the problem whether for quasi-
translations x + H in dimension 5 with H homogeneous, the components of
H need to be linearly dependent or not.



Chapter 4

The homogeneous
dependence problem

4.1 Introduction

In the previous chapter, we constructed counterexamples to the homoge-
neous dependence problem in dimension 6 and up. In this chapter, we shall
construct other such examples, including one in dimension 5 and one of
degree 3.

Furthermore, we shall show that the homogeneous dependence problem has
an affirmative answer in dimension n < 3. The case n < 2 has already been
proved by H. Bass, E. Connell and D. Wright in [4]. More generally, the
following can be proved easily.

Proposition 4.1.1. Assume H € Clz]" is homogeneous, n > 2 andrkJ H <
1. Then Hy and Hs are linearly dependent over C.

Proof. Since rkJ(H1, Hy) < tkJH < 1, it follows that H; and Hy are alge-
braically dependent over C. Since H; and Hs are homogeneous of the same
degree, it follows that there exists a nonzero homogeneous R € C[y;, y2| such
that R(Hy, Hz) = 0. Since R is homogeneous and bivariate, R decomposes
in linear factors ay; + Bys. Consequently, aHy + BHs = 0 for some nonzero
(a, B) € C2, as desired. O

So the homogeneous dependence problem has an affirmative answer in di-
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mensions n = 1 and n = 2. In dimension n = 3, this dependence problem
has already been proved for cubic maps by D. Wright. We shall generalize
this result to arbitrary degree. More precisely, we will prove the following:

Theorem 4.1.2. Assume H € C[z]™ is homogeneous, 2 <n < 4,rkJH < 2
and at least n—1 of the n eigenvalues of JH are zero. Then the components
of H are linearly dependent over C.

Notice that the above theorem, more or less the main theorem of this chapter,
is not true if we omit 2 < n: the components of the map H = a;‘li are not

linearly independent over C.

Corollary 4.1.3. Assume H € Clx]" is homogeneous, n = 3, and JH is
nilpotent. Then the components of H are linearly dependent over C.

Proof. Since J H is nilpotent, k7 H < 2 and all eigenvalues of 7 H are zero.
So H satisfies the properties of theorem 4.1.2. O

Theorem 4.1.4. Assume H = (Hy, Ha, H3) is a homogeneous polynomial
map in x over C and JH 1is nilpotent. Then H is linearly triangularizable.

Proof. From corollary 4.1.3, it follows that there exists a nonzero A € C3
such that \*H = 0. Now choose T' € GL,,(C) such that the first row of T~}
equals \. Then the first component of T~ H(T'z) is zero. So we may assume
that H1 =0.

Since H; = 0, the nilpotency of JH is equivalent to that of J, 4, (H2, H3).
In other words, (Ha, H3) is a two-dimensional map with nilpotent Jacobian

over the unique factorization domain C[x;]. It follows from theorem 2.2.7
that H is of the form

0
H = [ b(z1)g(a(z1)zs — b(z1)zs, 21) + d(z1)
a(z1)g(a(zr)wy — b(ay)xs, x1) + c(z1)

where g € Clyy,y2]. If deg,, g < 0, then H is lower triangular, so as-
sume deg,, g > 1. Assume for a similar reason that (a(x1),b(x1)) # 0 in
addition. Since H and hence also (%Hl, 8%2[{2) is homogeneous, it fol-
lows that (b(x1),a(z1)) is homogeneous as well. Say that a(x;) = az] and
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b(x1) = Bzf. Since (a(z1),b(x1)) # 0, it follows that (a, ) # 0 as well. So
we can take T such that 77! is of the form

1 0 0
T7'=10 a —-p
x ok %

Put f(z) = 2{g(a(x1)z2 — b(z1)zs,21). Since the first row of T is equal to
t
617

(T™")2H(Tz) = a(Bf(Tz)+c(Tiz)) — B(af(Tx) + d(Tiz))
= ac(xy) — Bd(x1)

It follows that JT~'H(Tx) is lower triangular, as desired. O

The above theorem is not true if only two eigenvalues of 7 H are zero instead
of three. Take for instance H = (O,x%xgzv;;,:c%x%). Then the vector space
over C spanned by the entries of J H has dimension 6. This dimension does
not change by linear conjugations. But a triangular matrix in dimension 3
with determinant zero can only have five nonzero entries.

The proof of theorem 4.1.2 consists of two cases: the case that the vectors
r, JH - r and JH? . are dependent and the case that they are not. For
the first case, we do not require the restriction n < 4. The following lemma
says something about the first case.

Lemma 4.1.5. Assume H € C[z]™ is homogeneous, tkJH < 2 and at least
n —1 eigenvalues of JH are zero. If x, TH -x and JH? - x are dependent,
then TH - H =trJH - H. This holds in particular if rk 7 H < 1.

Proof. Ift JH = 0, then JH - H = trJH - H. So assume JH # 0. Then
tkJH > 1 and d := deg H > 1. We distinguish two cases:

e x and JH -z are dependent.
Since d > 1 and JH - x = dH, it follows that

H=g(x) z

for some polynomial g. Consequently, n | trdegcC(H) = rkJ H. Since
JH # 0, we obtain n = rkJ H. So all eigenvalues of J H are nonzero.

It follows that n = 1 and hence JH = (trJ H ), which gives the desired
result.
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e z and JH - z are independent and JH? - z is dependent of = and
JH - x.
Say that

JH? -z =a(x) -z +b(z) - JH -z
where a(z),b(x) € C(z). Now take v; € C" generic. Then the de-
nominators of a(x) and b(z) do not vanish at z = v;. Furthermore,
a(vy) = 0, if and only if a(z) = 0. Define vy := dH(v1). Since x and
JH - x are independent and v is generic, it follows that v; = x|y—y,
and vy = (JH - z)|y=, are independent. Choose vs,vy,...,v, € C”
such that
T:=(vy|ve|vg|va]|-+]wvn)

is invertible. Then

J(T H(T2))sme; = T 'THl|oere,T

= T_IJH|:r:v1(U1‘U2|'U3|U4|--~|'Un)
= T Yy |alv)vy+bv)ve | x| % |- | %)
= (62‘a(vl)€1+b(vl)62|*|*’...’*)

Assume first that a(v1) # 0. Since tkJ (T 'H(Tz)) = tvkJH < 2,
only the first and second row of J (T 'H(Tz))|s=., are nonzero. It
follows that the sum of the determinants of the principal minors of
size 2 of J (T~ H(T%))|z=e, is equal to —a(v1). This contradicts the
assumption that n — 1 of the n eigenvalues are zero. So a(v;) = 0.
Since v; is generic, we obtain a(z) = 0.

So JH? -z =b(x) - JH -z. Since d > 1 and JH - v = dH, we obtain
JH-H =b(z)-H. If b(x) =0, then z + H is a quasi-translation, and
by the nilpotency of JH we have trJH = 0 and obtain

JH-H=bz)-H=0-H=tJH H

as desired. So assume b(z) # 0. Then b(z) is an eigenvalue of JH
with eigenvector H. Since at most one eigenvalue of JH is nonzero
and the sum of all eigenvalues is equal to trJ H, b(x) = trJ H follows,
as desired.

If rk7H =1, then the image of J H is one-dimensional, whence J H - x and
JH -y are dependent. Now substitute y = J H - x to obtain that =, 7H - x
and JH? - x are dependent, as desired. O
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Corollary 4.1.6. Assume H € C[x]™ is homogeneous, J H is nilpotent and
rkJH <2 <n. Assume that either x, JH - x and JH? - x are dependent
or tkTH < 1. Then the components of H are linearly dependent.

Proof. Since J H is nilpotent, trJ H = 0. From the above lemma, we obtain
JH -H=trtJH -H=0

so x + H is a homogeneous quasi-translation with tk7H < 2. Now apply
corollary 3.4.2 to get the desired result. O

The above corollary is not true in dimension 1: the components of H = (1)
are not linearly dependent. Lemma 4.1.5 can also be proved by means of
investigating Jordan normal forms of J H, but the method with the generic
vector v1, which is due to David Wright, will be used again in the proof of
theorem 4.1.2.

In the next section, we construct counterexamples to the homogeneous de-
pendence problem in dimension 5 and up, and cubic ones in dimension 9 and
up. After that, the proof of theorem 4.1.2 follows. In section 4.3, we formu-
late a structure theorem for homogeneous Jacobians of rank < 2. After that
we prove the case that =, JH -z and JH? . x are independent of theorem
4.1.2 in section 4.4.

At that point, we will have proved theorem 4.1.2 with the extra condition
that trJH = 0, and hence corollary 4.1.3 and theorem 4.1.4 as well. This
is because in case x, JH - x and JH? - x are dependent, we have JH - H =
trJ H - H on account of lemma 4.1.5. Consequently, z + H is a homogeneous
quasi-translation with rkJ = 2 if we assume trJH = 0, and theorem 3.4.2
applies.

But we will remove the trace condition for the case z, JH -z and JH? - z
are dependent in section 4.5. Furthermore, we omit the condition n < 4 for
this case, just as in the above paragraph.

In the last section, we will show that there are essentially two cubic homo-
geneous maps with nilpotent Jacobians in dimension 4, namely the so-called
linearly triangularizable ones and a slightly generalized version of Anick’s
example. Furthermore, we study quadratic homogeneous maps in dimension
5.
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4.2 Homogeneous maps with nilpotent Jacobians
and linearly independent components

In this section, we construct counterexamples to the homogeneous depen-
dence problem that are not quasi-translations themselves, but are composed
of quasi-translations and other invertible maps. The main theorem of this
section is the following:

Theorem 4.2.1. Let F = (F1, Fy,...,Fs, Fs11, Fsyo, ..., Fy,) be a polyno-
mial map in x over C such that

1. (F1, Fs, ..., Fs) is invertible over Clzsi1, Tsy2, ..., Tnl,
2. (Fst1, Fsto, ..., Fy) is invertible over Clzy,xa, ..., T,
3. FS+Z‘(F1,F2, e ,FS,IE3+1,:ES+2, NN ,ﬂj‘n) == Fs+i fO’F all i 2 1.

Then F' is invertible over C. In particular, if F' = x + H and H is homoge-
neous of degree > 2, then J H is nilpotent.

Proof. Since
F= (:131,])2,...,.’ES,FS+1,FS+2,...,Fn)O(Fl,FQ,...,FS,$3+1,$5+2,...,$n)

it follows that F'is a composition of two invertible maps over C, and hence
invertible itself.

Assume F' = x + H. Then det(I,, + JH) = det J(z + H) € C*. From the
proof of iii) of proposition 1.2.6, we obtain that J H is nilpotent in case H
is homogeneous of degree > 2. O

Corollary 4.2.2. Let H = (Hy,Hs,...,Hs,...,H,) € Clz]"™ and assume
that

Hi(xy + Hy, 2o + Ho, ..., 0+ Hy,25q1,2542,...,2,) = H; (4.1)
for all i and Hey; € Clzy,x2,...,Ts4i—1] for alli > 1. Then x + H is an

invertible polynomial map over C. In particular, JH 1is nilpotent if H is
homogeneous of degree > 2.



4.2. HOMOGENEOUS MAPS ... INDEPENDENT COMPONENTS 81

Proof. Since (4.1) is satisfied for all ¢ < s, it follows that (x1 + Hi,x2 +
Hs,...,xs+ Hy) is a quasi-translation over Clxsy1, Zs12, ..., Zy]. Since (4.1)
is satisfied for all ¢ > s+ 1, we obtain that zs1; + Hsy; is an invariant of the
above quasi-translation for all 7 > 1.

At last, (zs414+Hsq1, Tspot+Hsyo, ..., xn+Hy) is invertible over Clzq, zo, . . .,
xs], because its Jacobian with respect to 541, 542, . . ., Tp is lower triangular
with ones on the diagonal. So theorem 4.2.1 gives the desired result. |

We use corollary 4.2.2 first to construct counterexamples to the homogeneous
dependence problem. Just as in section 3.7 we take a := x1x4 — xox3 and
b := w326 — x4x5. Furthermore, we define Q4 p as in (3.9) with n = 6.

Corollary 4.2.3. Put

H:= (x5(Qa,m§)17 x5(Qa,x§)2a x5(Qa,m§)3a x5(Qa,m§)4a a3)

Then H is a counterexample in dimension b to the homogeneous dependence
problem. Observe that H has degree 6.

Proof. We will apply corollary 4.2.2 with s = 4 and n = 5. For that purpose,
put H = xgl(Hl, Hy, Hs, Hy,0). Then x + H is a quasi-translation and a is
an invariant of 2+ H. It follows that tH (x +tH) = tH. Substituting t = xs,
we can derive that x + (Hy, He, H3, Hy,0) is a quasi-translation.

Since a is an invariant of x + H, it follows that a(z + tH) = a. Again by
substituting t = x5, we obtain that a(x1+ Hy,x2+ Ho, x5+ Hs, z4+ Hy) = a.
So H;(x1 + Hy,z9 + Ha,x3 + Hs, x4 + Hy,x5) = H; for all i. Now apply
corollary 4.2.2 with s = 4 to obtain that x + H is invertible and JH is
nilpotent.

To show the linear independence of the components of H, notice that
a(t+ 1,82, 83,¢4 1) =t
and hence
H(t+1,¢%,8,t1,1) = (0(t°),0(t°),0(t"), 0(t'"), 0(t"?))
whence the components of H are linearly independent. O

Corollary 4.2.4. Let n > 6 and put

H = (-’ES(Q:):&:):G)M x5(Q:1:5,:1:6)2y 335(Q:1?5,:1:6)3a x5(Qx5,16)47 a2> xéa cee 7x;11—1)
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Then H is a counterexample of degree 4 to the homogeneous dependence
problem.

Proof. Again we apply corollary 4.2.2 with s = 4. The invertibility of z + H
and the nilpotency of JH follow in a similar manner as in the previous
corollary.

To show the linear independence of the components of H, notice that

a(t, 3,6+ 1,1,4%¢7, .. 1Y) =t

and hence
H(t, 82,040+ 1,1,45,07, .. 1" = (0(t'),0(t%),0(t'°), 0(t'%),0(t?),
e(1),0(t*),..., 0@ "))
whence the components of H are linearly independent. O

Corollary 4.2.5. Let n > 10 and put

H = ((Ql’g,xlo)h (ng,xlo)Qu (Q$g,x10)37 (ng,x1o)47 (QCCQ,I1())57

3 ,..3 3
(ng,xlo)ﬁa bx97 axrg,ary — bx87 Lg, L1gy---> xn—l)

Then H 1is a cubic counterexample to the homogeneous dependence problem.

Proof. We apply corollary 4.2.2 with s = 8. Notice that H; is an invari-
ant of (z1,x9,...,2¢) + (Hy,Ha,...,Hg) for all i < 8. Since %HZ- =
%Hi = 0 for all 7 < 8, it follows that H; is an invariant of (z1, zo,...,xg)+
(Hl,HQ,.. . ,Hg) for all ¢+ < 8. So (:L'l,:L'Q,. . .,xg) + (Hl,HQ,...,Hg) is a
quasi-translation.

One can easily verify that Hy is an invariant of (z1, 29, ...,zs)+(Hy, Ho, . . .,
Hjg) and that the conditions of corollary 4.2.2 are fulfilled for s = 8. So z+ H
is invertible and 7 H is nilpotent.

To show that the components of H are linearly independent over C, notice
that
a(t, t?, 63 + 1,64 65 40 47 48 49 110 #1 4y = 42

and
b(t, 12,63 4 1,64 65 10,47 48,49 10 1 ") =4O
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Hence
H(t, 2,63 4+ 1,64, 65, 66,47, 48,42, 410 11 ™)
(6t%), 0™, 8(t**), 6(1%), 6(t*°), O (t*),
o(t"),e('"),0("), 0%, 0(),..., 0" 1))
So the components of H are linearly independent. O

Corollary 4.2.6. Let n =11 and put

H = ((Q931073311)17 (Qm1o,x11)27 (Qﬂﬁm,wu)?n (me,mn)‘la (Qx10,111)53

(Qa10,011)6: €T10, b 10, az10, bx7 — cT8, axs8 — by

where ¢ := xr1x6 — xox5. Then H is a cubic counterexample to the homoge-
neous dependence problem. Observe that x4+ H is a composition of two quasi-
translations, namely = + (0,0%,...,09 Hyg, Hy1) and x + (Hy, Ha, ..., Hy,
0,0).

Proof. We apply corollary 4.2.2 with s = 9. The proof that 4+ H is invertible
and J H is nilpotent is similar to that of the previous corollary.

To show that the components of H are linearly independent over C, notice
that

a(t, 2,3 1,64 65 10+ 1,478,489, 410,41 ) = 42

b(t, 12,63 + 1,64, 65 10 + 1,67, 48,49, ¢10 41 ) = S+ 41

c(t, 2,3+ 1,¢0 65 10 + 1,67, 48,49 41041 ) = ¢
whence

H(t, 12,63+ 1,465,404 1,¢7,48, 49,410,411
(6(#*), 0(t*), 0(t%°), 8(t), 6(1**), 6(+*"),
Ot'), 0(t"%), 6(t"?), (t™), 6(1"))

So the components of H are linearly independent. O
We shall give two cubic homogeneous maps with nilpotent Jacobians in di-

mension 9, with linearly independent components. In order to prove the
nilpotency of their Jacobians, we need the following lemma.
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Lemma 4.2.7. Let

0

xr1 €2

T2 d(gzzﬁi —x3

x3 ((11)53(11 2352 —X4
P T4 LA (2)5”1_ 5 B —5

. (p)atad~? -

Td+1 (dgl)xlxg_l —Td+2

(o4 :

Then F is invertible over C[A, B], even tame. More precisely, F' decomposes
into d + 2 elementary maps.

Proof. Notice that
AFS 4+ 29 = Fy+ BF3+ B*Fy+---+ B¥'F; , + BYF;,»
It follows that there exists an elementary map E such that

E(F) = (Fi,x9, 5, Fy, ..., Fyi9)

Now take Px = (x2,%1,%44+2,Td+1,---,%4,23). Then one can easily verify
that the Jacobian of P~'E(F(Pxz)) is lower triangular. This gives the desired
result. O

The following map was obtained as a variation of the cubic homogeneous
map in corollary 4.2.5 by G. Zampieri in [60]. But it does not fit into an
invertibility proof with corollary 4.2.2. For that reason, I was forced to
generalize corollary 4.2.2, with theorem 4.2.1 as the result.

Corollary 4.2.8 (G. Zampieri). Let n > 9 and put

H = ((Q:m,:pg)l, (Q.’E7,.’Eg)27 (Q:):7,xg)3a (Qx7,x8)4> (Qx7,x8)57 (Qm7,mg)67

3 3
bzg, ar7 — bxg, axs, xy, . . . ,$n_1)
Then H 1is a cubic counterexample to the homogeneous dependence problem.

Proof. We apply theorem 4.2.1 with s = 6. Notice that (z1,z2,...,26) +
(Hy, Ho, ..., Hg) is a quasi-translation over Clz7, zs, . .., o] with invariants
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a and b and that (z7,zs,z9) + (H7, Hs, Hy) is invertible over Cla,b] C
Clx1, x2, 3, x4, x5, 2] on account of lemma 4.2.7 with d = 1, A = a and
B =b.

One can easily verify that « + H satisfies the conditions of F' in theorem
4.2.1 with s = 6. So x + H is invertible. Since H is homogeneous of degree
3, it follows that J H is nilpotent.

To show that the components of H are linearly independent over C, notice

that
a(t, t?, 63 + 1,44, 65,45 47, 48,49 110, #") = —¢2

and
b(t, 12,63 + 1,64, 65,45 47, 48,49 10, ... #7) =45
Hence
H(t, 62,63+ 1,t4, 62,45, ¢7, 68,42, ¢10 ¢ 1)
(O(t'%), 0(t'), (1), 0(t"), 0(1%), 0 (t*),
O(t'),0(t'%), 0(t'), 0(*), ..., 0(t*" 1))
So the components of H are linearly independent. O

Below is another cubic counterexample to the homogeneous dependence
problem in dimension 9. The construction differs in that no homogeneous
invariants of degree 3 are used.

Corollary 4.2.9. Let n > 9 and put

H = ((QZ‘5,LI:6)17 (sz;,xa)?: (Q$5,$6)37 (Qx5,$6>47 are, x? — axry,
3x§m6 — ars, 3$5x% — azxy, x%, x%, e ,xi_g)

Then H is a cubic counterexample to the homogeneous dependence problem.

Proof. We apply theorem 4.2.1 with s = 4. Notice that (x1,x2,x3,24) +
(Hi, Ho, H3, Hy) is a quasi-translation over C|x7, xg, ..., ;] with invariants
a and b and that (x5, xe, x7, 8, x9) + (Hs, Hg, H7, Hg, Hy) is invertible over
Cla,b] € Clzy, x2, x3,24] on account of lemma 4.2.7 with d = 3, A = a and
B =10

One can easily verify that = 4+ H satisfies the conditions of F' in theorem
4.2.1. So z + H is invertible. Since H is homogeneous of degree 3, it follows
that J H is nilpotent.
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To show that the components of H are linearly independent over C, notice
that
a(t,—2,t3, —t2, 65,46 478,49 10, .. ") =43

whence
H(t,—2,t3, —t2, 5,40, ¢7 ¢85, ¢°, 410 ¢ ... ™)
= (0(t"),0("),0(t"), 0(t"),0(t"), 6(t"),
o(t'%),0(t'),6(t"),0(t"),...0(t*")
So the components of H are linearly independent. O

Notice that a = z1x4 — xox3 is a homogeneous invariant of the latter map
x + H. Other homogeneous invariants of degree 3 at most are A and Aa,
where A\ € C. By way of computer calculations, one can verify that there are
no other homogeneous invariants of degree 3 at most. Below I will describe
how.

Assume H is homogeneous of degree d and let f be a homogeneous invariant
of z+ H, say of degree r. Then by substituting z = t'/(@~Dy in f, we obtain

flx+tH) = ¢/ p(/ =Dy 4 4 1/[@=D )
= D p(/ @Dy g (/D )
= /D p(g/ A=)
= f(z)

so f is an invariant of x 4+ tH. By differentiating f(z +tH) — f(x) to t, we
obtain

(jf)x:x+tH -H =0 (4.2)
Substituting t = —t and x = = + tH after that in (4.2), we obtain

Jf-H(z+tH)=0 (4.3)

Since (x+tH)|;—4-a is homogeneous of degree 1, it follows that on the other
hand, both (4.2) and (4.3) imply for general f € C[z] that the homogeneous
parts of f are invariants of x + H. If H is a quasi-translation, then (4.3)
simplifies to

Jf-H=0 (4.4)
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and (4.2) simplifies to this in case f is linear, for a substitution in a constant
row J f has no effect. In general, (4.4) can be obtained by substituting ¢ = 0
in either (4.2) or (4.3), and therefore must be satisfied.

So we can use (4.4) to compute candidate invariants. We take for f the
general polynomial of degree 3 at most with (132) = 220 terms, and then we
solve the coefficients with respect to z. Since these coefficients are linear
equations, they are solved fast by a computer algebra system. For the map
of corollary 4.2.9, the space of candidate invariants of degree 3 at most is
C + Ca. So the candidate invariants of degree 3 at most of this map are
already invariants.

In [47], the authors give a cubic homogeneous map H in dimension 11 with
JH nilpotent, such that space of the invariants of z + tH of degree 3 at
most is C + Cd, where

Tr1 T2 I3
d:i=det | z4 x5 x¢
7 X8 T9

namely a symmetric conjugation (conjugation with a permutation) of the
map

H = (bxy, axy — bxs, axa, brs, axy — bxg, axs, brg, axy — brg, axs, d, T3y)

where a = 23, and b = x2,. For that map, the candidate invariants of degree
3 at most are already invariants as well.

4.3 A structure theorem for homogeneous maps of
transcendence degree 2

Let K be an arbitrary field and H = (Hy, Ha, ..., H,) be a polynomial map
over K.

Theorem 4.3.1. Assume H € K[z]" is homogeneous and trdegy K (H) < 2
and let g := gcd{H1,Ha,...,Hy,}. Then there exist a homogeneous h €
Kly1,y2|", and irreducible p and q in K|x| that are homogeneous of the
same degree r, such that H = g - h(p,q).

The proof of theorem 4.3.1 is based on a version of Liiroth’s theorem. H.
Derksen pointed me this result.
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Theorem 4.3.2. If L O K is a subfield of K(x) and trdegy (L) < 1, then
L=K(p/q) for some relatively prime p,q € K|[z].

Notice that the case trdegy (L) = 0 is trivial, so do not bother if the theorem
is formulated with trdegy (L) = 1. This theorem has been proved first in
this form by Igusa in [38]. The case K = C and n = 1 was done by Liiroth.
Next, it was extended to arbitrary n by P. Gordan in [33] and to arbitrary
fields K (with n = 1) by E. Steinitz in 1910. See also [48, §3,4] and the
introduction of [5].

Proof of theorem 4.3.1. Assume without loss of generality that gcd{H;, Ha,
., H,} =1and H; # 0, and let

L—x(H2 B H
Hy" Hy Hy

Since H; is transcendental over L and K(H) = L(H,), it follows from the
condition trdegy K (H) < 2 that trdegy L < 1. By Liiroth’s theorem above,
we obtain L = K (p/q) for some relatively prime p,q € K|[z].

By multiplication of the numerator and the denominator by a power of ¢,
we obtain that for each 7 > 2, we have

i hi(p,q)
for certain homogeneous bivariate h;, h; ~of the same degree. Now replace, for
each i > 2, h; by hy = lcm{hg, hs, . . ., hy} and alter h; accordingly. Then
Hi _ hi(p,q)
Hl hl (p7 )
for each ¢ > 1 and all h; are homogeneous of the same degree, say s.

Since ged{H1, Ho, ..., H,} = 1, it follows that h(p,q) = gH for some g €
K(z]. Assume g # 1. Since g | hi1(p,q), there exist a linear combination
Ap + ug over C of p and ¢ such that ged{g, A\p + ug} # 1. Since p and q are
relatively prime, it follows that (A, ) is unique up to scalar multiplication
and that Ay; + pye | h, for all i. So we can divide Ay + pys out of h. Going
on like this, we obtain that h(p,q) = H.

We show that p and ¢ are homogeneous of the same degree. Assume the
contrary. Let

p=pet--+pr and g=ge+-+qs
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be the decompositions of p and ¢ in homogeneous parts, with (pe,qe) # 0
and (pr,qr) # 0. Then e < f and

hl(p7 q) = hi(p87 QE) + e + hz(pf7 qf)

where the dots are terms of degrees in {se +1,se +2,...,sf —1}. Since all
h;(p, q) are homogeneous of the same degree, it follows that either h;(pe, ge) =
0 for all 7 or hi(py,qs) = 0 for all i. So say h;(pe,qe) = 0 for all i (the other
case is similar).

Since h; # 0 for some i, it follows from the fact that h; is homogeneous and
bivariate that p. and g are linearly dependent over K, say ap.+ 8g. = 0. It
follows from h(pe,qe) = 0 that ayy + Byz | by for all j. So ap+ Bq | hj(p,q)
for all j. This contradicts ged{H1, Ha, ..., H,} = 1. O

In case K is algebraically closed, theorem 4.3.1 can be proved by means of
theorem 4.3.3 below as well. See [I.7] for the case K = C. Moreover, the
derivation of theorem 4.3.1 from theorem 4.3.2 has a converse, so we can
proof theorem 4.3.2 for the case that K is algebraically closed by way of
theorem 4.3.3 below as well.

Theorem 4.3.3. Let K be an algebraically closed field and F(z,y) € K[z, y].
Assume that F is irreducible over K(y) and deg, F' = 1. If F(z,\) is
reducible for all X € K™, then there exist an s > 2, p,q € Klz| and
a;(y) € Kly| such that either

F(z,y) =Y ai(y)p'q*™
=0

or F(z,y) € K[z*,y], where ¢ > 0 is the characteristic of K.

The case ¢ = 0 was proved by Bertini in 1882 and the general case was done
by Krull in 1937. See [48, §11].

Corollary 4.3.4. Assume K is algebraically closed in theorem 4.83.2 or the-
orem 4.3.1. Then we can choose p and q irreducible.

Proof. Notice that in case ged{p,q} =1 and X # p,

w(5) = () =x () = () = (05
q q P+ uq P+ pq q+Ap
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so we may replace p and ¢ by linear combinations of p and ¢ in theorem
4.3.2, provided p and ¢ remain independent in case they are not constant.
This is the case in theorem 4.3.1 as well.

If two independent linear combinations of p and ¢ are irreducible, then we
can replace p and ¢ by these linear combinations. So assume that at most one
independent linear combination of p and ¢ is irreducible. Assume without
loss of generality that ¢ might be irreducible and p + Aq is reducible for all
AreC.

Since ged{p, ¢} = 1, it follows that p + tq is irreducible in K|z, t] and hence
in K (t)[z]. It follows from theorem 4.3.3 that

p+tg=3 () ()@
=1

Taking coefficients with respect to ¢, we obtain (p,q) = h(p,§), where h is
homogeneous of degree s > 2. Replacing p by p and ¢ by ¢, we obtain that
the degree of (p,q) decreases by a factor s. Assuming that the degree of
(p,q) was chosen minimal in advance, we obtain a contradiction. So there
are two independent linear combinations of p and ¢ that are irreducible over
K, as desired. O

An interesting question is whether corollary 4.3.4 remains valid if K is not
algebraically closed. Below we formulate a polynomial variant of Liiroth’s
theorem 4.3.2 about rational functions.

Theorem 4.3.5. Let K be a field and A O K be a subalgebra of K|z| such
that trdegy (Q(A)) < 1. Then A C K|p] for some p € K|[z].

Proof. Assume f,g € A\K such that the degree of f is minimal and g is
arbitrary. Then f and g are algebraically dependent over K, so there exists
a homogeneous R € C[y1, y2,y3] such that R(f,g,1) = 0. Let d := deg g and
define
H = t4(£(t~ ), g(t "), 1)

then H is homogeneous as a polynomial map in Clz,t] and R(H) = 0. Since
Hs =t and d = deg g, ged{Hy, Hy, H3} = 1 follows.

It follows from theorem 4.3.1 that H = h(p,q) for a homogeneous h €

Cly1, yo]? and certain p, ¢ € K|[t][z] that are homogeneous of the same degree.
Since Hs = t% and Hs decomposes into factors Ap+ g as well, it follows that
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Ap + ugq is a power of ¢ for some A\, u € K. Now take T' € GLy(K) such that
the last row of T" equals (A i) and replace h by h(T~!(y1,y2)) and (p,q) by
T(p,q) to obtain that ¢ is a power of t.

Substituting ¢ = 1, we obtain that f and g are polynomials in p|;—;. Since
deg f was chosen minimal, it follows that deg f = degp|t=1 and that g is a
polynomial in f as well. This gives the desired result. O

As E. Formanek remarks in [29, Lm. 2], a result that implies theorem 4.3.5
is that in the formulation of theorem 4.3.2, L = K (p) for some polynomial
p, in case L contains a nonconstant polynomial. This result was first proved
by E. No6ther for characteristic zero and the general case was done by A.
Schinzel in 1963. See [48, p. 10] for a proof.

Another proof of theorem 4.3.5 can be found in [6]. Zaks in [59] and Eakin
in [22] prove the same result, except that they assume that A is algebraically
closed (in Q(A)). But this condition can easily be removed. Assume A is
the integral closure of A in K(x). Since A C K|[z] and K|[x] is integrally
closed (in K(x)), we obtain that A C K[z]. Since Q(A) C K(z), it follows
that A is integrally closed (in Q(A)). So A C A C K|[p)].

Now you see that the condition that A is integrally closed can be removed so
easily, you might wonder why it is included in [59] and [22]. This is because
even A = K|p] is proved instead of A C K|[p], just as in theorem 4.3.2 about
rational functions. The example A = K |22, 23] is not equal to K[p] for some
p € K[z], so the condition that A is integrally closed is necessary to obtain
equality. But this is not the case for theorem 4.3.2 about rational functions.

4.4 Theorem 4.1.2: the case that x, JH -  and
JH? . x are independent

Let H € Clz]|™ be homogeneous of degree d such that rk7H < 2. Assume =z,
JH-x and JH? - x are independent, and at least n — 1 of the n eigenvalues
of JH are zero. We do not assume that n < 4 yet. In order to get some
insight for n > 5 as well, we just reason on until we get stuck. Only then,
we assume that n < 4.

Since rk7 H < 2, it follows from theorem 4.3.1 that H is of the form gh(p, q),
where h and (p,q) are homogeneous. We do not assume that p and ¢ are
irreducible. This enables us to replace p and ¢ by linear combinations of p
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and ¢ that are not irreducible. We do assume that ged{p, ¢} = 1, however.
We first start with an idea of Wright in [55] to get H in a more convenient

form.

Lemma 4.4.1. Let vy be a generic vector. Define vy := JH|z—y, - v1 and
v3 1= ‘7H|926:v1 -v1. Choose vy, vs, . ..,v, € C" independent of vi,ve,v3 and
define

T:=(v1|ve|vs|vg]|--|vn)

Then T 1is invertible and
T (T H(Tx)) o=, = (€2 | €3 |5 | %] ]x)

Furthermore, the multiplicities of the eigenvalue zero are the same for JH
and J (T~ H(Tx)), and the vectors x, J (T~ H(Tx))-x and J (T~ H(Tz))?-
x are independent over C(x), just as the vectors in the title of this section.

Proof. Since z, JH - x and JH? - x are independent and v; is generic, it
follows that vi = Z|s—p,, v2 = (JTH - 2)|p=, and v3 = (JTH? - x)|p=y, are
independent. So the columns of 7" are independent and 7! exists.

Furthermore,
J(T'H(T)) |pmey, = T 'TH|pere, T
= T 'JH|p—y (v1|v2 |03 va] | vy)
= T*1(1)2|v3]*\>k]--~]*)
= (ea|eg|*|x]--|x*)
and by

det (t1, = T (T~ H(Tx)))
— det(T) - det <tIn - j(T’lH(Tx))> - det(T™Y)
= det(tl, — TH|p=1z)
we see that the characteristic polynomial of J(T~'H(Tx)) is obtained from

that of JH by substituting x = Tx. This gives the result about the eigen-
value zero.

Furthermore, we obtain by substituting = Tz and multiplication by 7!
from the left that the vectors T~ Tz, T~'J H|,—7,Tx and T_1JH|923:T90T$
are independent. But these are exactly the vectors z, J(T~'H(Tx)) -z and
J(T~1H(Tx))? - z, as desired. O
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Put H = T~'H(Tz). By lemma 4.4.1, we obtain that the first column of
JH|y—e, is equal to ey and the second column of J H|,—, is equal to e3. So
we get the following if we write each component of H as a sum of monomials
ordered by x1 > x9 > -+ > x,, starting with the monomial of the highest
order:

0-2¢ + O-x‘f Yoy + -

%-xf + O-x‘li_lxg + -
~ 0-2¢ + 1-2¢ zg + -
H = d d—1

O-2f + 0.2y @2 + -

0-3:‘11 + O-x‘li_lxg + e

where the dots are terms lower in the lexicographical ordering.

Lemma 4.4.2. Let T as is lemma 4.4.1 and put H= T~YH(Tz). Then we
can write H in the form H = gh(p,q), with h homogeneous of degree s, g
homogeneous of degree t and (p,q) homogeneous of degree r, such that

g=x\ 4+ - p=al trg 4 - and g=x]+--
and
hi(p,g) = 0 (mod p?)
ho(p,q) = 2¢° (mod p)
hs(p,q) = pg*~' (mod p?)
ha(p,q) = 0 (mod p?)
hn(p,q) = 0 (mod p?)

Proof. Since gha(p,q) = Hy = Lad + .-, it follows that g is of the form

g =2 + -+ and that we may assume that ¢ =« + ---. Since ghs(p,q) =
Hz = 929 + -, we obtain that we may assume that p = 27 tzg + - -.
Looking at the equation gh;(p,q) = az{ + ﬁxcll_lxg + --- and using that
hi(y1,2) is homogeneous, we see that h;(p,q) = §¢° (mod p) if o # 0 and
hi(p,q) = Bpg*~! (mod p?) if @ = 0. This gives the desired result. O

From lemma 4.4.1, it follows that we may replace H by H. Assume g,
h and (p,q) are as in lemma 4.4.2 such that H = gh(p,q). Notice that
ged{p, q} =1, but ged{p, g} does not need to be equal to 1.



94 CHAPTER 4. THE HOMOGENEOUS DEPENDENCE PROBLEM

Assume 1 < i < j < n such that {i,j} # {2,3}. Then either H; or H;
is divisible by gp®. Say that H; is divisible by gp? (the other case of (4.5)
below is similar). From the product rule of differentiation, it follows that

- oh O h hd __hd _
glh = o2r 8—%54-58—%9558—%9 (mod g)
for all k, so ggj = %%g (mod g) and
ZTHZ = %%(gﬁ) (mod gp)
= f?é <p28%kg 2pgaixkp> (mod gp)
= p%% (mod gp)

for all k. Consequently, - 8I;k = %% g (mod g) for all k£ and

11) det jxi,z]* (Hz, H])
_ (0OH; 10H;\ (0H; 10H;
n ox; p 0x; Ox;j p Ox;

- (%aig> (an?) - (ZI 57) (onawe) (oo
= 0 (mod g) (4.5)

so gp | det T, «,;(Hi, Hj). Since n — 1 of the n eigenvalues of JH are zero,
we obtain

D det Ty, (Hi, Hy) =0
1<i<j<n
It follows that gp | det Ju, 2, (H2, H3) as well. Since p | Hs, we obtain again
by the product rule of differentiation that

H H
det Tpo 25 (Ho, H3) = ?3 det Tuo 25 (Ha,p) + p det Tuy a4 <H2, p3)

(4.6)
Hs _ Hz 0

Since %HQ = 152 62 (mod g) and 8xk S = i (mod g), we can
derive that g | det Ty, 24 (Ha, %), so all terms of (4.6) are divisible by gp.

Since p divides H3 only once,

P | Toas(Hz,p) (4.7)
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The following lemma shows that there exists a polynomial f such that p |
J(Ha,x1, 24, .., 2p):

Lemma 4.4.3. Assume A is a unique factorization domain with Q and
p, g € Alxe, x3] such that

p | det Ty 25(3, D)

Then there exists a nonzero f € Alyi] such that p | f(g).

Proof.

i)

ii)

iii)

If p = pip2 such that gcd{p1, p2} = 1, then it follows from the product
rule of differentiating that

det Jry.05(9, p) = pi det N (9,p2) + ?”pg_lpg det Ty a4 (g,p1)

Reducing modulo pj, we obtain that p1 | Jy,.25(G,p1). So we may
assume that p is irreducible.

Assume without loss of generality that g—gg # 0. Since p, g and z9

are algebraically dependent over Q(A), there exists a nonzero R €
Aly1,y2,ys] such that R(g,z2,p) = 0. It follows that p | R(g,x2,0).
Assume that

pl ) = | (51 ) G (4.9

for all f € Aly1,y2]. Then we can start with f = R(y1,y2,0) and then
differentiate with respect to y2 until f € Afy;], and we have p | f(g)
for some f # 0, as desired.

So it remains to prove the claim (4.8). For that purpose, define the
operator D by
D(a) = det Ty, 24(a,

p)
for all a € A[xg,z3]. Notice that D(zg) = g—;’;. Since by assumption
p | D(g), we obtain

D) = (5) Gep@ + (52 ) G Dias

af 5 dp
(a@) (G722 (mod p) (49)
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Assume p | f(g,x2). One can easily prove that p | a = p | D(a). As a
consequence, the left hand side of (4.9) is divisible by p. So the right
hand side of (4.9) is divisible by p as well. Since p is irreducible, ;—é #£0

and deg 86—;; < degp, it follows that p | (g—yj;)(g,m), as desired. O

Since ged{p, ¢} = 1, it follows from the projective intersection theorem [35,
Ch. 1, Th. 7.2], that V (p, q) is a pure variety of codimension 2. Hence t(p, q)
is the intersection of prime ideals p1,ps, ..., pm of height 2.

Corollary 4.4.4. Assume t(p,q) = p1 Npa N ---Npy, for prime ideals p; of
height 2. Then the intersection p; N Clzy, 24, . .., xy] is non-trivial for some
i.

Proof. Since p = 3:’1’*1:1:2 + .-+, it follows that p has an irreducible factor p =
xq_lxg + ---. Notice that dHjy is monic in z; and therefore ged{p, Ha} = 1.
On account of lemma 4.4.3, there exists a polynomial f € A[y;] such that

plp|f(Hz)

where A := Clxy,z4,...,2,]. If y1 | f, then by ged{p, H2} = 1, we obtain
that we can replace f by f/y; without affecting p | f(Hz2). So we may
assume that y; 1 f. Since y1 1 f and Hy € (p,q), 0 # f(0) € (p,q).

Let q be a prime ideal of height 2 that contains (p, ¢). Since t(p,q) C v(p, q),
it follows that ¢ D p1 NP2 N - N py,. So q 2 p; for some ¢. But since both
q and p; have height 2, we obtain q = p;. It follows that 0 # f(0) € p;, as
desired. O

Assume T' € GL,(C) such that 7' is of the form (e; | ea | e3 | * | --- |
). Then T is of this form as well. Furthermore, es = JH|;—,, - €1 and
e3 = jH\z:el -e1, so T is again of the form of lemma 4.4.1. It follows that
H = T-'H(Tz) satisfies the properties of lemma 4.4.2, i.e. H = gh(p, §)
with §, h and (p,q4) as g, h and (p, q) respectively in lemma 4.4.2.

But we can choose §, h and (P, 4) in a special form. Since
p(Tx):p(xl_i_ R e I ’0.$3+... 7..'):$§*1$2+...
and
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we obtain by H = T H(Txz) = (T~'h)(p(Tz),q(Tx)) that we can chose
h=T"h, p=pTz) and § = q(Tx).

Assume now that the components of h are linearly independent over C.
Since deg,, ha > deg,, hs > deg,, h; for all i ¢ {2,3}, we can choose (the
last n — 3 columns of) T~! in such a way that the components of T~!h have
all different degrees with respect to s.

From lemma 4.4.1, it follows that we may replace H by H. Replacing g, h
and (p,q) by g, h and (p, §) respectively, we obtain that H = gh(p,q) and
that g, h and (p, q) satisfy the properties of lemma 4.4.2. Furthermore, the
components of h have all different degrees with respect to ys. Let s — I;
be the degree of h; with respect to y2 and A; be the nonzero coefficient of
yll"y;_l" of h;, for all i.

Now take

v; = (1,¢0,0,...,0) vy = T H|z—y, - V1 vgsz\Q -U1

T=v1
Since vy = dH (v1), we get for all ¢ that
(Ug)i = d)\ieli + O(Glﬁ_l)

and the second coordinate d%e’+O(e!) = 14+O(e) of vy is the only coordinate
of vy that is not O(e). Since all coordinates of J H;|y—., are O(¢~1) and
the second coordinate of J H;|p—y, is Ail;el" ™1 4+ O(€b), we obtain

(US)i - jHi|1‘=l)1 ° dH|x:'L)1 — )\leell_l + O(Ell)

Notice that lo = 0 does not affect the validity of the above for ¢ = 2. In
vector notation, we obtain

vg = é(l * v2) + (O(Gll)ao(€l2)7 = '7o(eln))

Take € close to zero and
T:=(vi|va|vglea|es| |en) (4.10)

We do not take e = 0, because in that case, T' would be the identity and we
do not get very far. Since det T =1+ O(e), T is invertible, so T is again of
the form of 4.4.1. It follows that H = T~YH(Tz) satisfies the properties of
lemma 4.4.2, i.e.

T H(Tz) = h(5,)
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where h, p and § satisfy the properties of , p and ¢ in lemma 4.4.2. Since
p and ¢ are linear combinations of p(Tx) and ¢(Tx), we obtain

v(p, ) = v(p(T2), q(Tx)) = p1(Tx) Npa(Tx) N+ N pm(T')

Lemma 4.4.5. Assume p,v € C" are independent and let T as in (4.10),
with for all i

(1)2)1' = d)\iéli + O(EliJrl)
(1)3)1' = )\ilieliil + O(eli>
such that the components of l € N are all different and A --- X, # 0.

Then for € close to zero, there are no linear combinations of u*Tx and v*Tx
that are contained in Clxy,zyq,. .., Ty).

Proof. Since ;1 and v are independent, there exists an ¢ such that p; # 0
and a j such that v; # 0. Choose 7 such that p; # 0 and [; is minimal and
choose j such v; # 0 and [; is minimal.

If I; > l;, then we can obtain [; < [; by interchanging u and v. If [; = [},
then 7 = j because the components of [ are all different, and we can obtain
l; < l; by subtracting p v;/p; times from v. So we can obtain /; < [ in such
a manner that the space Cu + Cr is not affected. For that reason, we may
assume that [; < ;.

Now take € close to zero and assume that
ap'Tx + Tz € Clx, x4, .. ., Ty

for some nonzero (a, 3) € C2. Notice that by definition of i and j, the coef-
ficients with respect to both x5 and x3 of au!Tr and Sv'Tx are dominated
by those of ayu;T;x and Bv;Tjx respectively. Since the coefficients of x9 in
aptTe and Bv*Tx must cancel out, we obtain that a3 # 0.

So assume without loss of generality that o = 1. Again by looking at the
coefficients of x5 in au'Tx and Sv*Tx and their dominating parts, we obtain
that

_ _M’LdAz lifl]' liflj+1
8= —de)\je + O(e )

but by looking at the coefficient of x3, we get

_ piliNi Li—1; Li—1;+1
ﬁ_ I/jlj)\je ’ +O(€ ’ )

It follows that l;/l; = d/d, i.e. l; = l;. Contradiction. O
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Assume from now on that n < 4. Since p; has height 2, it follows that p;
contains at most two independent linear forms, say p'x and vtx, for each i.
From lemma 4.4.5, it follows that p;(7'z) does not contain a linear form in
x1 and x4 for any i if we choose € sufficiently close to zero. We shall derive
a contradiction.

From corollary 4.4.4, it follows that p;(T'z) contains a non-trivial polynomial
in 1 and x4 for some ¢ < m. Since t(p, q) is homogeneous, p;(x) is homoge-
neous as well, whence p;(T'z) contains a nontrivial homogeneous polynomial
in 1 and x4. But such a polynomial decomposes into linear factors, and by
the definition of prime ideal, one of these linear factors is already contained
in p;(Tx). Contradiction.

So the components of H are linearly dependent over C in case n < 4, as
desired.

4.5 Theorem 4.1.2: the case that x, JH - * and
JH? . x are dependent

Let H be homogeneous such that rk 7 H < 2. Assume z, JH -x and JH? x
are dependent, and at least n — 1 of the n eigenvalues of J H are zero. From
lemma 4.1.5, we obtain JH - H = trJH - H. The following proposition
shows that maps with this property form a C[z]-module.

Proposition 4.5.1. Assume H = gH for some polynomial g # 0. Then
JH - H=tJH H < JH-H=tJH -H
Proof. From H = gH, it follows that
H(z+tH) = g(x +tH) - H(x + tH)
Now differentiate with respect to ¢ and substitute ¢ = 0 to obtain
JH-H = Jg-H-H+g -JH-H

— (Jg-H+g-0wJH) - H+g-(JH—-tJH)-H
= twwJH -H+g (JH-txJH) - H

Next move trJ H - H to the left to obtain

é(jH —tvJH)-H=g(JH —trJH)-H
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This gives the desired result. O

We show that in case H is homogeneous and JH < 2, all maps that satisfy
JH  -H = trJH - H are of the form h = gH where = + H is a quasi-
translation:

Theorem 4.5.2. Assume that H = gH is homogeneous over C, k7 H = 2
and g = gcd{H1, Ho, ..., H,}. Then the following statements are equivalent:

i) JH-H=tJH - H,
i) x+ H satisfies (3.4), i.e.
(o +tA(y) = H(x)
and hence the other properties of proposition 3.4.3 as well.

Proof. Assume first that ii) is satisfied. Then = + H is a quasi-translation,
whence J H-H = 0 and J H is nilpotent. In particular trJ H = 0, so
JH -H=1tJH-H. Now apply proposition 4.5.1 to obtain i).

Assume next that 1) is satisfied. From theorem 4.3.1, it follows that H is
of the form ¢ - h(p,q), where g = gecd{H;, Ho,...,H,} and p and ¢ are
homogeneous of the same degree. Furthermore, they are relatively prime by
definition of g. From proposition 4.5.1, it follows that we may assume that
g=1. So H = h(p,q).

Replacing H by T~'H(Tx), p and q respectively by p(Tx) and ¢(Tx) re-
spectively, and h by T~ 1h, for a suitable T € GL,(C), we can obtain that
for each ¢ > 2, either h; = 0 or ys divides h; more often than yo divides h;_1.
Since ged{hi, ha,...,hy,} =1, we obtain that

Hiy = p°modgq

HQ — ps t tmod qt+1

Hz; = 0mod ¢t (4.11)
H, = 0mod¢™"!

for some ¢t > 1.
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Notice that by JH - H = trJH - H and q | Hz, we obtain

0 = Ho-tvrJH —trJH - Ho
= Hy -trJH—-JHs - H

0 9 d d
= Hy—H,+Hy—Hy — H—Hy — Ho—H d ¢'tt
263:1 1+ 2(%2 2 161:1 2 281}2 2 (mO q )
9 d
= Hy—H, - H—H d ¢t
28301 1 18:}51 2 (mod ¢™)

Since ¢! | Hs, we obtain ¢' | Hla%lHQ. But Hlaimng = tpzs*tqtflaimq
(mod ¢') and ged{p,q} =1, so q | %q. Comparing degrees, we obtain that

aixlq = 0. It follows that

0 0 0 0
H H —H H = 2s—t—1 t - —t 2s—t—1 t d t+1
25, I~ Hig —Hy = sp qaap(s )p qagp(moq )

whence by ged{p, q} = 1, we get ¢ | a%lp. So a%lp =0 as well.

We show that p(z +tH(y)) = p and ¢(x +tH(y)) = ¢q. For that purpose, we
distinguish two cases:

o Hy=Hy=-- =0,
From ged{H, Ho} = 1, it follows that we can replace p by H; and g by
Hs. In a similar manner as we obtained 80—;1 = 8—51 = 0, we can show

that %—Ix{j = %—I;f =0 and %—1;21 = %% = 0. So Hy € Clzs,x4,...,2Tp].
Since q | Ho, q € Clxs, x4,...,2,] as well. So ;—;2 =0 and

0 Oh 0 _ 0
0 H——l( )_p—(p31+...)_p

:a—l‘g 1_6y1pq'8x2_5 '(91‘2
0

whence 8_92?2 =0.

It follows that

plz +tH(y)) = p(x, *,23,...,2,) = p

and
gz +tH(y)) = q(*, %, 23,...,2n) =q

as desired.
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e H; # 0 for some 7 > 3. .
Let & = x9,23,...,2, and H = (Ho, Hs,..., H,) Since a%lp =0=
%q and H = h(p, q), it follows that %Hi = 0 for all ¢ and hence

ter'H:tl"jjf{-H:(*7trjjﬁ.ﬁ>

So J:H-H =trJ:H - H. Furthermore H; " Hj, s0 H;{ g := ged{ Ho,
Hs,...,Hy}. So degg < deg H and G 'H = h(p, q) for some homoge-
neous h of degree 1 at least. By induction, it follows that

p(0,2 + th(p(y),q(y))) = p(0, )

and
(0,2 + th(p(y), a(y))) = q(0, %)

Substituting ¢ = g(y)t, and using that 8%1]9 = 6%1(1 = 0, we obtain

p(a; + tH(y)) = p(O,i’ + tﬁ(y)) =p(0,2) =p

and
q(a: +tH(y)) = q(O,:E + tﬁ(y)) =q(0,z) =¢q

as desired.

So p(x +tH(y)) = p(z) and q(z + tH(y)) = q(x). Since H; € Clp, q] for all
i, we get H(x +tH(y)) = H(x), as desired. O

We have now proved theorem 4.1.2. The case that z, JH -z and JH?. 1 are
independent as vectors has been done in section 4.4. In case that x, 7H -z
and JH? - x are dependent, we have seen in lemma 4.1.5 that JH - H =
trJH - H and hence, H satisfies iii) of proposition 3.4.3 on account of the
above theorem. The first row of 7! in iii) of proposition 3.4.3 indicates a
linear dependence of both the components of H and the rows of JH.

Theorem 4.1.2 can be generalized somewhat, since it is the case s =n < 4
of the corollary below.

Corollary 4.5.3. Assume H € C[z]|" is homogeneous over C, tkTH < 2
and n — 1 of the n eigenvalues of JH are zero. Then H is of the form

H = gh(p,q) with ged{p,q} =1.
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Assume that there exists an s < 4 and a T € GL,(C) such that the de-
grees of p(Tz) and q(Tx) with respect to Tsy1,Tst2,...,Ty are equal, i.e.
the lowest degree homogeneous parts with respect to x1,x2,...,xs of p(Tx)
and q(Tx) have the same degree. Assume in addition that the lowest degree
homogeneous parts of p(T'z) and q(Tz) with respect x1,xa,..., x5 are lin-
early independent over Clxsi1,Zsy2,...,Tn]. Then the components of H are
linearly dependent over C.

Proof. Notice that H is of the form H = gh(p,q) with ged{p,q} = 1 on
account of theorem 4.3.1. By replacing H by T-'H(Tx), we may assume
that 7' = I,,. Furthermore, we may assume that x, 7H -« and JH? - = are
independent, because theorem 4.5.2 above does not have a restriction on the
dimension n.

Let g, p and ¢ be the lowest degree homogeneous parts of g, p, and ¢ with
respect to z1, T2, ..., 25, h = (h1,ha,...,hs) and H = gﬁ(p, G). By as-
sumption, (p, ¢) is homogeneous with respect to both xsy1, zst9,...,x, and
x1,T2,...,%s, and linearly independent over Clxsy1, Zs12, ..., Tp)-

Since the Jordan normal form of J H is contained in

o 0 00 --- 0 0 0 0 0 0

1 0 00 --- 0 1 0 00 0

0 1 00 0 0 0 70 0

0 0 O 0 0 O

P 0 Lo : 0

0 0 O ,\N0 0 0 J
where 7 = trJH, we obtain that JH? = tv+JH - JH?2. Consequently,
JH? H—-ttJH-JH -H =9 2=0. We show that

Toranea A - H —trjxl,m,...,msff Tz H - H =0 (4.12)

So assume the opposite. Then the left hand side is the lowest degree ho-
mogeneous part with respect to .7}1,.7}2, ..., Ts of the first s components of
JH? H-—tvtJH-JH-H = 0, because 8 decreases the degree with respect
to x1,x9,...,xs, if and only if 7 < s. Contradlctlon

If jxl,m,m,msH “H = 0, then it is an eigenvector of jth’_“’xsfl with eigen-
value tr Ty, 2o, o H by (4.12). If Tp) 40, 2, H-H =0, then (21, 22,...,25)+
H is a quasi-translation in dimension s on account of iii) of proposition 3.1.2.
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By corollary 3.1.3, trjxl’xzw,’msﬁ is an eigenvalue of jm,mz,...,xsﬁ in both
cases.

Since k7%, 4o...., JESI:[ < 2 and trjmlm’,__@sﬁ is an eigenvalue of jm,@,_,_,wsﬁ,
it follows that at least s — 1 of the s eigenvalues of jthw’xslff are zero.
Let K be the algebraic closure of C(xs41,Xst2,...,2,). Notice that His a
homogeneous map of dimension s over K. By way of Lefschetz’ principle,
we obtain by theorem 4.1.2 that the component of H are linearly dependent

over K.

Since p and ¢ are homogeneous of the same degree over K and linearly
independent over Clzs41,ZTs42,...,2y], they are algebraically independent
over K. It follows that the components of h are already linearly dependent
over K. Since h € Cly1, y2]*, the components of h are even linearly dependent
over C. This gives the desired result. O

Corollary 4.5.4. Assume H € C[z]|™ is homogeneous over C, tkTH < 2
and n — 1 of the n eigenvalues of JH are zero. Write H = gh(p,q) with
ged{p,q} = 1.

Assume that there exists an w € V(p,q) such that (Vp)(w) and (Vq)(w) are
independent vectors. Then the components of H are linearly dependent over

C.

Proof. By way of linear conjugation, we can obtain w = e3. It follows
that deg,,p < degp and deg,,q < deggq. So 8%31) and %q vanish at w
as well. It follows that es is independent of (Vp)(w) and (V¢)(w). Since
(Vp)(w) and (Vg)(w) are independent, we may assume that (Vp)(w) = e1
and (Vgq)(w) = ea.

Now define p, § as in corollary 4.5.3 with s = 2. Then p = :L‘lxg*l +--- and

q= xgccg_l +---, where r = deg(p, q). If we assume that p and ¢ are linearly
dependent over Clzs, z4,...,Ty], then we get a contradiction by looking at
terms of maximal degree with respect to x3. Now apply corollary 4.5.3 to
get the desired result. O

4.6 Some computable cases of the dependence prob-
lem

Definition 4.6.1. We say that H satisfies DP, if \*H € C for some \ €
C™\{0}. We say that H satisfies DP+ if in addition, u*H = p(A'z) for some
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p € Clu] and a p € C™ that is independent of A.

The idea behind DP+ is the following. Assume H is homogeneous and
satisfies DP. Then we can obtain H,, = 0 by way of a linear conjugation.
But in that case, H is the homogenization of H:= (Hi,Ha,y ..., Hp—1)|z,=1-
Next, one can ask the question whether H satisfies DP. Now this last question
is equivalent to the question whether H satisfies DP+.

Proposition 4.6.2. In the definition of DP+, the existence of u does not
depend on the choice of \.

Proof. In case there is really a second choice for ), i.e. there exists a \’ that
is independent of X such that (N)'H € C, then i/ = ) satisfies the desired
properties. L]

Proposition 4.6.3. H satisfies DP(+), if and only if there exists a T €
GL,(C) such that H := T-'H(Tz) satisfies H; € C (and Hy € Clz1]). In
particular, property DP(+) is invariant under linear conjugations.

Proof. The backward implication follows by taking A' = (7~!); and (in case
of DP+) ut = (T_l)g.

So assume A'H € C and suppose that p be independent of A. Now take
T € GL,(C) such that T;' = A and T, ! = p* and put H = T~ H(Tz).
Then H, = e{T-"H(Tz) = \'H(Tz) € C.

If, in addition, u'H = p(\'x) for some p € C[u, then Hy =T~ H(Tx) =
W H(Tz) = p(\'T'z) = p(elx) = p(x1), as desired. 0

The following theorem can also be seen by looking at the list of 8 solutions
in [36] or [24, Th. 7.1.2]: a theorem of E. Hubbers. This is because in each
solution of that list, either H; = 0 and Hy € Clz;] or two components of H
are zero. That is why the below theorem is considered to be from Hubbers.

Theorem 4.6.4 (Hubbers). Assume H = (Hy, Hy, Hs, Hy) is a homoge-
neous polynomial map of degree < 3 in x over C, n = 4 and J H is nilpotent.
Then H satisfies DP+.

Proof. We only prove the case rk7H < 2 here, because we have a compu-
tational proof for the case rk7H = 3. The case rkJH = 3 will be done in
appendix A, together with some other computational results.
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Assume rkJH < 2. Then H is of the form gh(p,q) as in theorem 4.3.1.
Assume first that deg h < 1. The case deg h < 0 is easy, so assume deg h = 1.
Then each component of H is linearly dependent of gp and gq, whence the
first two components of T~1H(Tz) are zero for a suitable T € GL4(C). It
follows from proposition 4.6.3 that H satisfies DP+. The cases degh = 0
and deg(p, ¢) = 0 follow in a similar manner.

So assume that deg h > 2 and deg(p, q¢) > 1. Since deg H < 3, it follows that
p and ¢ are linear and g is either linear or constant. So H can be expressed as

a polynomial map in at most three linear forms. Consequently, there exists
a T € GL,(C) such that H;(Tz) € Clzy,z2,x3] for all i.

Let H be the first three components of T-'H(Tz). Since JT 'H(Tx)
is nilpotent and H; € Clxy, 2, x3] for all i, it follows that jml,m,msﬁ is
nilpotent. Since H is homogeneous (with respect to z1,x2,z3), it follows
from theorem 4.1.4 that H is linearly triangularizable. So H is linearly
triangularizable as well. From proposition 4.6.3, we obtain that H satisfies

DP+, as desired. O

Hubbers proved the above theorem by working out many cases. Only two of
these cases satisfy rk 7 H = 3, and these cases are computed in the appendix

A.

Theorem 4.6.5. Assume H = (Hy, Ho, H3, Hy) is a homogeneous polyno-
mial map of degree < 3 in x over C, n =4 and JH is nilpotent. If JH is
not linearly triangularizable, then deg H = 3 and there exists a T € GL,(C)
such that
0
A3
xg(xlajg — 562.%4) +p(x1, xg)
l‘l(l‘ll‘g — 1‘21‘4) + Q($1, 1‘2)

T 'H(Tz) =

for certain polynomials p,q, where A =rkJH — 2 € {0,1}.

Proof. Since H satisfies DP+, it follows from proposition 4.6.3 that we
may assume that H; = 0 and Hy = Az} for some A € C. Consequently,
Js,24(Hs, Hy) is nilpotent, whence it follows from theorem 2.2.7 that Hs =
bg(axs — bxs) + p and Hy = ag(axs — bxy) + g for some g € Clz, x2][t] and
a,b,p,q € Clzy, z2].

If deg, g = 0, then H is lower triangular. If a,b € C, then T~ H(Tx) is
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lower triangular if we take T € GL4(C) of the form

o o o
Q ot OO

0
1
0
0

o O o

If a and b are linearly dependent over C, then we can reduce to the case
that a,b € C by dividing a and b by a suitable polynomial in z; and x2 and
adapting g accordingly.

So assume that a and b are linearly independent over C and deg, g > 1. Since
deg H3 = 3, it follows that deg, g = 1 and dega = degb = 1. Furthermore,
the coefficient of t! of g is contained in C, so we may assume that g is monic
with respect to t.

Notice that (Jzy,, (H3, Ha))|z=c, is a nilpotent matrix over C. If this matrix
is zero, then we can derive that z; | a and 2 | b, which contradicts that a
and b are linearly independent over C. So for a suitable S € GL2(C), we
have

-1 = 0 —1
S (jx3,$4(H37H4))‘:v:ezs_ < 0 0 >

Now take Tx = (x1, 2, S1(x3,24), S2(x3,24)). Then

(JT'H(T2))|smes, = T TH|oerz|oee,T

= Tﬁle‘z:egT
0 00 O

. 000 O

- * x+ 0 —1
* x 0 0

Next replace H by T~'H(Tx). After recomputing a and b, we obtain from
the structure of (J H)|z=., given above that a = ax; and b = Bz + 3 for
some «, 3 € C. By replacing H by T-'H(Tx), where

al 00 0
| = 100
=1 0 01 0
0 00 1

we obtain that ¢ = x1 and b = x3.
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Furthermore, Hoy = )\x? for some A € C. If A = 0, then H is of the desired
form. So assume \ # 0. By taking T = diag(A~1/4 A/4 X1/4 X\=1/4) and
replacing H by T~'H(Tz), we obtain that A = 1, as desired.

Since J H|z=¢, - J H|z=e, is not nilpotent, it follows that J H is not linearly
triangularizable. Furthermore, the coefficient of x3xs of det Jy, »4(Hs, Hy)
is equal to 1, whence A = rkJH — 2, as desired. O

Corollary 4.6.6. Assume H = (Hy, Ho, H3) is a polynomial map in x over
C, n = 3 and JH 1is nilpotent. If degH < 3, then H satisfies DP. If
deg H < 2, then H 1is linearly triangularizable.

Proof. Let H = (23H (2 '2),0). Then H is homogeneous of degree 3. From
theorem 4.6.4, it follows that H satisfies DP+. So there exists a p € C* that
is independent of ey, such that ptH € Clxy). Tt follow that pui Hy + peHae +
usHs € C. So H satisfies DP, as desired.

If deg H < 2, then each component of H is divisible by 4. We show that this
behavior of H does not match the map H of theorem 4.6.5. The only linear
form that might divide xo(z123 — x2x4) + p(T1,22) IS 2. But zq(z123 —
x2x4) + q(x1,x2) is not divisible by any linear form except maybe x.

It follows that H is linearly triangularizable in case deg H < 2. Consequently,
H is linearly triangularizable in this case as well, as desired. O

Hubbers computed all quadratic homogeneous maps H in dimension 5 with
J H nilpotent and H satisfying DP+ in his Ph.D. thesis [37]. The following
theorem is essentially [37, Th.7.11], which is proved without computations
here.

Theorem 4.6.7 (Hubbers). Assume H is homogeneous over C, n =5 and
deg H = 2. Assume furthermore that J H is nilpotent and H satisfies DP+.
If H is not linearly triangularizable, then there exists a T € GLy,(C) such
that
0
\x?
T'H(Tz) = xoxy + p(x1,x2)
T1X3 — T2x5 + Q(.%'l, .%'2)
x124 + (271, 22)

for certain polynomials p,q,r, where A\ =rkJH — 3 € {0,1}.
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Proof. Since H satisfies DP+, we may assume that H; = 0 and Hy = \z?
for some A € C. Hence M := Ty 24.05(H3, Ha, Hs) is nilpotent. Let K =
C(z1,72) and K be the algebraic closure of K. We first formulate two cases
and show that H is linearly triangularizable in these cases:

e The rows of M are dependent over C.
Then we may assume that the first row of M is zero and hence that
Ta,zs(Ha, Hs) is nilpotent. Consequently, (Hy, Hs) is of the form
(bg(axy —bxs)+p,ag(axy—bxs)+q), where a, b, p, q € Clz1, z2, z3] and
g € Clxy, z2,x3][t]. It follows that either degg < 0 or deg(a,b) < 0.
Now one can easily show that H is linearly triangularizable over C.

e The columns of M are dependent over C.
Then we may assume that the last column of M is zero and hence
T2 (Hs, Hy) is nilpotent. It follows in a similar manner as above
that H is linearly triangularizable over C.

The rows or columns of M do not need to be dependent over C. But M is
nilpotent, so its determinant is zero. Consequently, its rows are dependent
over K. But since all entries of M are contained in K and K is a vector
space over K, we obtain that the rows of M are dependent over K and hence
over C[z1, z2] as well. The same holds for the columns of M.

In order to investigate these dependences in M more closely, we distinguish
two cases:

i degx;,x;;,:vj (H§7 Hy, H5) =2.
Let Hs, Hy, Hs be the quadratic homogeneous parts of Hs, Hy, Hs with
respect to x3, x4, 5. Since the rows of M are dependent over C[z1, 23],
Hj, Hy and Hj are linearly dependent over C[xz1, z2]. But Hs, Hy and
Hp are contained in C[x3, x4, 5], so they are linearly dependent over
C. So we may assume that Hs = 0.

Assume that the rows of M are not dependent over C. Then Hs ¢
Clxy, x2]. Since the rows of M are dependent over C[x1, x2], it follows
that Hs and Hy are linearly dependent over C[xz1, z2] and hence over
C. So we may assume that Hy = 0 as well.

Since the rows of M are dependent over C[z1, 23], it follows from Hy =
Hs = 0 that the rows of Jy, 4, 25 (Ha, Hs) are dependent over Clzy, z2).
So aHy—bH5 € Clxy, x2] for certain a, b € Clz1, x2] with ged{a,b} = 1.
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If %Hz} = 0, then %H{, =b"la-0 = 0 as well, whence e; is an
eigenvector of M. Consequently, a%gHg = 0 in addition, whence the
columns of M are dependent over C.

So assume a%3H4 = 0. Since aa%stl — baistg, = 0, it follows from
ged{a,b} = 1thata | 6%3}& and b | 6%31%1. Replacing H by T~H(Tx)
for a suitable diagonal matrix T', we obtain Hy = bxs + q(z1,z2) and
Hs = axs + r(z1, x2).

Since (Hs, Hy, Hs) is linearly triangularizable over K, it satisfies DP+
over K. So there exists a pu € K3 that is independent of (0,a, —b)
such that u'(Hs, Hy, Hs) € K (az4 — bzs). The only possibility is that
H3 € K(axs — bxs). But since deg,, ., .. H3 = 2, we obtain that
a,b € C and hence the rows of M are dependent over C. Contradiction,
so H is linearly triangularizable.

i deg:vg,ax4,as5(H3aH4aH5) < 1.
If deg,, ., + (H3, Hy, H5) < 0, then J H is lower triangular. So assume
deg,., 1, s (H3, Hy, H5) = 1. Notice that M|, is a nilpotent matrix
over C.

Assume first that the rank of M|,—., is 0. Then the entries of M are
contained in C[zz] and hence the rows of M are dependent over C[xzs].
But since M is homogeneous of degree 1, it follows that the rows of M
are dependent over C and hence H is linearly triangularizable over C.

So assume that the rank of M|,—., is p+1 € {1,2}. Then there exists
an S € GL3(C) such that

STIM|pee, S =

o~ o
T © o
o oo

Now we take Tz = (21, x2, S1(x3, T4, T5), S2(x3, x4, x5), S3(x3, T4, T5)).
Then

(jT*lH(Tx))‘x:el = T7'JTH|o=rzlz=e, T
T_le|m:TelT
= T_le|z:e1T
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0O 0 0 0 O
20 0 0 0 0
* x 1 0 0
* o« 0 pu O
Replacing H by T~'H(Tz), we obtain

Hy = - (---)+p(w1,72)

Hy = maz+x-(--)+ gz, 22)

H; = pxixg+x9- ( . ) + 7“(1‘1,1‘2)

for certain p,q,r € Clx1,x2], where the dots can be any linear form.
We distinguish two subcases:

- pu=0.
Since the sum of the determinants of the principal minors of size
2 of M is zero, all its coefficients with respect to x1 are zero as
well. In particular, the coefficient of 9:% of this sum is zero, whence
O_Hs = 0. Looking at the coefficient of x1 of det M = 0, seen

Oxy
as polynomial in x; as well, we obtain that either Bistg =0or
%H{, = 0. In the first case, one can derive that the first row
of M is zero. In the second case, one can derive that the second
column of M is zero. So H is linearly triangularizable over C.
—p=1.
Looking at the coefficient of 2% of det M, seen as polynomial in
x1, we obtain %Hg =0. If aimHg = 0 as well, then one can
derive that the first row of M is zero, whence H is linearly trian-
gularizable. So assume %Hg # 0. Notice that B%BH 3 is linearly
dependent of %H& Replacing H by T-'H(Tz) for a suitable
T € GL5(C), we can obtain that 8%3}]3 = 0 without affecting
(4.13).
So Hs = bxy + p(x1,x2) for some b € Cxy. Replacing H by
T~1H(Twx) for a suitable diagonal matrix 7', we obtain that b =
w5. Looking at the coefficient of x1 of det M, seen as polyno-
mial in 1, we obtain %H{, =0. If %Hzl = 0, then on can
derive that the last column of M is zero, whence H is linearly
triangularizable.
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So assume %Hz; # 0. Looking at the coefficient of ¥ of det M,

seen as polynomial in x;, we obtain 8%3[1% = 0. Notice that
Hj is linearly dependent of Hs = zoxg + p(x1,x2), 124 and some
polynomial in 21 and z2. Replacing H by T~ H(T'x) for a suitable
T € GL5(C), we obtain that Hj is of the form zz4 + r(x1, x2),
without affecting (4.13).

So x1Hs —x9Hs € Clxy, x2]. It follows from the fact that (Hs, Hy,
Hj) satisfies DP+ over K that there exists a u € K® such that
ut(Hs, Hy, Hs) € K(x123 — 2225). The only possibility is that
Hy € K(x123 — wox5). Since Hy is of the form xjz3+ 29 (-+-) +
q(x1,x2), we obtain Hy = x1x3 — ox5 + q(x1,x2), as desired.
Furthermore, Hy = )\x% for some A € C. If A = 0, then H
is of the desired form. So assume A # 0. By taking T =
diag()\_l/3,)\1/3,/\1/3,1,)\_1/3) and replacing H by T H(Tx),
we obtain that A = 1, as desired.

Since J H |y=¢, + J H|z—=e, is not nilpotent, it follows that JH is
not linearly triangularizable. Furthermore, the coefficient of x2x4
of det Ty 24,24 (Hs, Ha, Hs) is equal to 1, whence A = rkJH — 3,
as desired. O

Notice that the map H above with A = 0 is in fact the map of lemma 4.2.7
with d =1, A =1 and B = x2. The map

H = (0,z123, x% — T1%4, 2T0T3 — 1‘11’5,1‘%) (4.14)

is in fact the map of lemma 4.2.7 with d = 2, A = 1 and B = z1, and
does not satisfy DP+. A linear conjugation of this map and its variant with
A = 2% and B = x1 can be found in [24, §8.4] ([24, Th. 8.4.3] and [24, Th.
8.4.1] respectively). The map of lemma 4.2.7 with d =2 and A = B =1 can
be found in section 7.4 of [37], where it is disguised by a lower triangular
linear conjugation. (4.14) is in fact the homogenization of this map.

Notice that x + H with H as in (4.14) remains a quadratic homogeneous
Keller map when it is composed with x+Az? in the right order, where A € C°
such that A\; = 0.

The following theorem shows that (4.14) is more or less the only quadratic
homogeneous map in dimension 5 with a nilpotent Jacobian, that does not
satisfy DP+. In particular, quadratic homogeneous maps in dimension 5
with nilpotent Jacobians satisfy DP.
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Theorem 4.6.8. Assume H is homogeneous over C of degree 2, n =5 and
JH is nilpotent. Then x + H is tame and H satisfies DP. If tkJTH < 2,
then H is linearly triangularizable.

If H does not satisfy DP+, then tkJH = 4 and there exists a T € GL,(C)
such that

T H(Tz) = (0,123, 13 — 114, 22023 — 2125, 23)  (mod %)
i.e. H is essentially the map of (4.14).

Proof. The tameness of x + H and the assertion that H satisfies DP follow
from lemma 4.2.7, theorem 4.6.7 and the last claim. We will prove the case
rkJ H > 3 of the last claim by way of computations in appendix A.

So assume rkJ H < 2. Since H is quadratic homogeneous and rk7H = 0, it
follows from theorem 4.3.1 that each component of H is linearly dependent
over C of either

9p*, 9pa, 9¢°
or
9D, 99
or
g

Consequently, there are at least two independent linear relations between the
components of H, so H satisfies DP+. Now apply theorem 4.6.7 to obtain
that H is linearly triangularizable, as desired. O

At last, we look at removing the trace condition from the nilpotency con-
dition for homogeneous maps in dimension 4. Assume H is homogeneous
over C, n = 4 and three of the four eigenvalues of JH are zero. As we
have proved, the components of H are linearly dependent over C in case
rkJH < 2.

We shall show in some appendix A that the components of H are also linearly

dependent over C in case H is quadratic. This is however not necessarily
the case if rkJH = 3 and deg H > 3. Take for instance

(2224 — f)}
w375 + 271 (vox4 — 22) 14
—(wozy — 23)*
a

H= (4.15)
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The first three components of H are the homogenization of the map of [24,
Prop. 7.1.9], with r =2, n = 3 and a = 2.

Notice that the map in (4.15) above has degree 4. By way of multiplication
by a power of x4, we obtain maps of larger degree. For cubic homogeneous
maps in dimension 4, we do not know whether a counterexample as in (4.15)

exists.



Chapter 5

Nilpotent Hessians

5.1 Introduction

In this chapter, we will classify nilpotent Hessians over C for small dimen-
sions n. In particular, we will show that nilpotent Hessians over C of di-
mension n < 4 are triangular up to linear conjugations over C and that for
each n > 5, there are nilpotent Hessians over C of dimension n that are not
triangular up to linear conjugations over C.

For homogeneous nilpotent Hessians over C, we will show that those of
dimension n < 5 are triangular up to linear conjugations over C and those
of dimension n > 7 are not always triangular up to linear conjugations over
C. For homogeneous Hessians of dimension n = 6, we show that those for
which the rows are dependent over C are always triangular up to linear
conjugations over C. Notice that square Jacobians of any dimension n, and
in particular homogeneous Hessians of dimension n = 6, for which the rows
are not dependent over C, are never triangular up to linear conjugations over

C.

Observe that nilpotent matrices over reduced commutative rings are singu-
lar, i.e. have determinant zero. For that reason and the fact that singular
Hessians can be studied by way of quasi-translations associated with it, as
pointed out in chapter 3 (proposition 3.1.9), we will first study singular
Hessians. We start with dimensions 1 and 2.

Proposition 5.1.1. Assume h € Clz] and n < 2 such that det Hh = 0.
Then the rows of Hh are dependent over C.
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Proof. Since det Hh = 0, the components of H := Vh are algebraically
dependent over C. In case n = 1, we have H; € C and Hh = (0). So assume
n = 2. Then R(Hy, H2) = 0 for some nonzero R € Cly;, y2]. Put

Q = (VR)(Hl, Hg)

then z + @) is a quasi-translation on account of proposition 3.1.9, whence
'@ = 0 for some nonzero A € C2 on account of theorem 3.3.1. So A'V R is an
algebraic relation between the components of H as well. Since deg \'VR <
deg R, we obtain that A\*V R = 0 if we choose R of minimal degree in advance.

Assume without loss of generality that A; # 0 (the case A # 0 is similar).
Then R € Cly1, AMy2 — Aay1]. Since A*'VR = 0, it follows that R € C[A\1y2 —
A2y1].

Since the degree of R was chosen minimal, we obtain that R is a polynomial
of degree 1 in A1y2 — Aoy1. So Ay Ho — Mo Hy € C. It follows that the rows of
Hh = JH are dependent over C. O

Notice that in case of a relation R of degree 1, VR has degree 0, so the
corresponding quasi-translation z+ (VR)(H) = x+ VR is a real translation.

Corollary 5.1.2. Assume A is a unique factorization domain and h €
Alxy1,x2] such that det Hh = 0. Then h is of the form

g(azxy — bxa) + (cxy — dxa)

where g € Aly1] and a,b,c,d € A. Furthermore, g is constant in case tkHg =
0.

Proof. Let K be the algebraic closure of Q(A). From the above theorem, it
follows by way of Lefschetz’ principle that b(Hh); + a(Hh)y = 0 for some
a,b € K, not both zero. Since K is a vector space over Q(A), we obtain
that we can take a,b € Q(A) and hence in A. Furthermore, we can get
ged{a, b} = 1.

Assume without loss of generality that a # 0 (the case b # 0 is similar).
Then we can write h = g(azx; — bxa, x2), where g € Q(A)[y1,y2]. Let n = 2.
Since

2
= < a28‘9—y2g —ab%g—i—a %g )
- 92 2 0 9?2
ab 29 + a3y1 3y2g b g 2b9y1 oy 9 g+ 8_

y1=ax]—bxy
Yy2=22
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and ax; — bry and xo are algebraically %ndependent over K, it follows from
b(Hh)1 + G(Hh)g = 0 that aiyl%g = g—y%g =0.

It follows that we can write h = g(ax; — bxg) — dxo, where g € Q(A)[y1] and
d € Q(A). Let X be the coefficient of yi of g. Replacing g by g — Ay, we
obtain that h = g(ax1 — bxe) + Aax1 — (d + \b)z2 and that the coefficient of
y1 of g becomes zero. So if we put ¢ = Aa and replace d by d + \b, we obtain
that h = g(ary — bxs) + (cx1 — dw2). Since the coefficient of yi of g is zero,
it follows that ¢ and —d are the coefficients of 1 and x5 of h. So ¢,d € A.

Looking at the coefficients of x% of h, we see that the denominators of the
coefficients of ¢ are composed of factors of a. If b = 0, then a is a unit in
A due to ged{a,b} = 1 and we are done, so assume b # 0. Looking at the
coefficients of x4 of h, we obtain that the denominators of the coefficients of
g are composed of factors of b, and again by ged{a, b} = 1 we get the desired
result. O

The following result about homogeneous singular Hessians of dimension n <
4 was obtained in 1876 already in [34].

Proposition 5.1.3 (Gordan and Néther). Assume h € Clz| is homoge-
neous, n < 4 and det Hh = 0. Then the rows of Hh are dependent over
C.

Proof. The case n < 2 follows from the above theorem, so assume 3 < n < 4.
Since det Hh = 0, the components of H = Vh are algebraically dependent
over C, say R(Hi,Ho,...,H,) = 0 for some nonzero homogeneous R €
Cly1,y2,---,Yn). Choose R of minimal degree and put

Q = (VR)(Hl,HQ, e ,Hn)

then z + @ is a homogeneous quasi-translation on account of proposition
3.1.9. From proposition 3.3.2 and theorem 3.3.3, it follows that there exists
a T € GL,(C) such that the first 2 components of T-1Q(Tx) are zero.

Put o = h(Tx). Since Jh = Jh|e—1,T, it follows that
H:=Vh=T'H(Tx) (5.1)

and

Hh = JVh = T'Hh|pe7.T (5.2)
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Furthermore, it follows from (5.1) that R := R((T%)~'y) is an algebraic
relation between the components of Vh(T'z). It follows that

VR=T"Y(VR)(T")'y)

and
Q= (VR)(H) = (T7'VR)(H(Tx)) = T7'Q(Tx) (5.3)

Since T is invertible, we can reverse the above transformation. It follows
that R is a relation of minimal degree between the components of H. From
the definition of T, Q1 = Q2 = 0 follows, whence aile = B%R = 0. So
R € Clys,y4]. Since R is of minimal degree, R is irreducible. Since R is
homogeneous and bivariate at most, it follows that R is linear.

So R is linear as well. It follows that the rows of Hh = J H are dependent
over C. M

In all other situations (n > 3 or A homogeneous and n > 5), the condition
det Hh = 0 is not sufficient to obtain that the rows of Hh are dependent
over C. But this is not the whole story. Actually, it is a matter of rank and
homogeneity only. A singular Hessian of dimension 2 has rank < 1 and a
homogeneous singular Hessian of dimension < 4 has rank < 3.

Theorem 5.1.4. Assume h € C[z] and rkHh < 1. Then every pair of rows
of Hh is dependent over C.

Theorem 5.1.5. Assume h € Clz] is homogeneous and tkHh < 3. Then
the dependences between the rows of Hh are generated by such dependences
over C.

The polynomials
h=aizy + adxs 4+ - + 2la,

and

—1_4
h = atades + o0 taday + -+ 2ixhay,

show that theorems 5.1.4 are 5.1.5 cannot be extended to Hessians of larger
rank.

Proof of theorem 5.1.4. We show that the first two rows of Hh are dependent
over C. This is trivially the case if one of both rows is zero, so assume the
opposite. Since tkHh = 1, we can clean the second and subsequent rows of
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Hh by row operations with the first row. But if aa—;h = 0, then the first
coordinate of the first row of Hh is unable to clean, T&Lnd therefore the first
column of Hh must be 0 already. But the first row of Hh is nonzero by
assumption and Hh is symmetric. It follows that ;—%h £ 0.

So rkHyz, »,(H1, H2) = 1. By proposition 5.1.1, we obtain that the rows of
Hazy 20 (H1, Ha) are dependent over the algebraic closure of C(x3, ..., z,) and
hence over Clzs, ..., x,]. But since rkHy, »,(H1, H2) = 1, there is essentially
only one relation between the rows of Hy, »,(H1, H2). This relation must be
the same as the relation between the first two rows of Hh, so the first two

rows of Hh are dependent over C|xs, x4, ..., Ty)].
We show that we can get rid of every variable of x3,xy4,...,z, by showing
that the first two rows of Hh are dependent over Clz1, 22, 4, . .., T, as well.

This is sufficient, because there is essentially only one relation between the
first two rows of Hh. If the third row of Hh is zero, then Hh does not contain
terms with z3 and hence its first two rows are dependent over C|xy, ..., zy].

So assume the third row of Hh is nonzero. Then the third row of Hh is
dependent over Clxg, x4, ..., x,] of the first row Hh and the second row of
Hh is dependent over Clxy,x4,...,2,] of the third row of Hh. This gives
the desired result. [l

Corollary 5.1.6. Assume A is a unique factorization domain with Q and

h € Alz] such that tkHh < 1. Then
h = g(aiz1 + azwa + - - + anxy) + (brw1 + bazo + - - - + by

where g € Aly1] and a;,b; € A for all i. Furthermore, g is constant in case
rkHh = 0.

Proof. The proof is similar to that of corollary 5.1.2. O

We prove theorem 5.1.5 (in the equivalent form of theorem 5.3.10) in section
5.3.

5.2 Degenerate gradient relations

Definition 5.2.1. Let g,h € C[z]. We call g and h linearly equivalent if
there exists a T € GL,(C) such that g = h(T'z). We call h degenerate if
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there exists a g € Clx1, x9,...,2,—1] that is linearly equivalent to h. We call
h degenerate of order s if there exists a g € C[z1,x9, ..., T,_s] that is linearly
equivalent to h but no g € Clzy,z9,...,x,—s—1] that is linearly equivalent
to h.

Notice that linear equivalence is an equivalence relation. Furthermore, it
follows from (5.2) that rkHg = rkHh if ¢ is linearly equivalent to h. From
theorem 5.1.4, it follows that h € Clz| is degenerate of order > n — 2 if
rkHh = 1.

Definition 5.2.2. Let h € C[z]® with det’Hh = 0. Then there exists a
nonzero R € C[y| such that R(Vh) = 0. We define s; as the maximal
degeneracy order a relation R as above can have.

Proposition 5.2.3. Assume h € Clz]| and det Hh = 0. Then there exists a
g that is equivalent to h such that

0 0 0
8x8h+lg7 8x5h+2 g’ ct axng

are algebraically dependent over C.

Proof. Let H = Vh and assume R(H) = 0 for some nonzero R € Cly] that
is degenerate of order s;. Then there exists a T' € GL,,(C) such that

R((T") 'y) € Clys,+1, Yspt2s - - - » Yn)

Put g := h(Tx). Then Vg = T*H(Txz). Since R(H(Tx)) = 0, the desired
result follows. O

Proposition 5.2.4. Assume h € Clz] such that h does not have linear
terms. Then s, =n — 1, if and only if h is degenerate.

Proof. 1f h is degenerate, then there is a T' € GL,,(C) such that g = h(Tz) €
Clxy,x2, ..., Tp-1]. So aiﬂg = 0 and R = y, is a relation of Vg that is

degenerate of order n — 1.

So assume that s, = n—1. Then there isa T € GL,(C) such that g = h(Tx)
satisfies R(%g) = 0 for some nonzero R € C[yy,]. So %g € C. Since h and

hence g does not have linear terms, %g = 0, whence g € C[z1,x2,...,Zp_1].
So h is degenerate. O
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Let h € Clz] such that det Hh = 0. Let g be equivalent to h such that
R(Vyg) = 0 for some nonzero R € Cl[yst1,...,yn]. Then the last n — s rows
of Hg are dependent on account of proposition 1.2.9. In particular

tkHoo 1 merapand S—85—1 (5.4)

Notice that s, = s4 > s. Proposition 5.2.5 below tells us that in case of
equality in (5.4), it can be shown that s, = s, > s in some cases.

Proposition 5.2.5. Assume that R(Vg) = 0 for some nonzero R € Clys1,

.y Yn]. Assume furthermore that sp, > 1 for all h € Clxy1,z2,. .., Tn_s] such
that det Hyy zy,....0n_h = 0, where h should be seen as a polynomial in n — s
variables. Notice that R is degenerate of order > s. If R is irreducible and

rkHIs+17---7$7Lg =Nn—-5— 1

then R is degenerate of order > s+ 1.

Proof. Put K := C(z1,22,...,25) and let K be the algebraic closure of
(C(.%'l, Ty v ,xs).

i) Since detH,, ., .2,9 = 0, there exists an R c KYst1,Ys+2y -+ Yn)
such that R(Gs41,Gs42,...,Gyn) = 0, where G = Vg. Choose R of
minimal degree.

Since s, > 1 folr all h € Clz1,x9,...,2n_s, it follows from Lefschetz’
principle that R is degenerate over K. So there exists a nonzero A €
K™% such that A*Vysi1,9s41,...,ynR = 0.

ii) Assume without loss of generality that R is irreducible over K. Assume
tkHz,\1,.2ng =1 — s — 1. Then the ideal

p = (S S K[ys+1ays+2a o 7yn] } S(Gs+1aGs+2, .. 7G7’L) - 0)

is principal. Since R is irreducible and contained in p, we obtain p =
(R). But R € C[y] is irreducible over K as well, so we can derive that
p = (R). It follows that R = pR for some p € K. Consequently,
V,R = uV,R and

t _ 1\t > N
A vys+1ays+lv---7ynR =A vys+17ys+17-"aynR =0

Since K is a vector space over C, we obtain that we can take A\ € C"~%.
It follows that R is degenerate as a polynomial over C in n— s variables.
So R is degenerate of order > s + 1. O
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Corollary 5.2.6. If s = s, in proposition 5.2.5, then

tkHe 1,z SN —85—2

The following result was proved in 1876 as well.

Proposition 5.2.7 (Gordan and Néther). Assume h € Clz] and R(Vh) =0
for some nonzero R € Cly]. Choose R of minimal degree and let Q :=
(VR)(Vh). Then the order of degeneracy of R is equal to the codimension
of the linear span of Q(C").

Proof. Assume the linear span of Q(C™) has codimension s. Then the space
Vi={AeC"|\Q =0}

has dimension s. Assume A € V. Since (\*VR)(Vh) = A'Q = 0 and R was
chosen of minimal degree, it follows that A*'VR = 0. So R is degenerate of
order > s.

On the other hand, if A'*VR = 0, then A\*Q = 0 as well, so R is degenerate
of order < s, as desired. O

Corollary 5.2.8. Assume h € Clz], n <3 and det Hh = 0. Then sp > 1.

Proof. Take R and @ as in proposition 5.2.7. From proposition 3.1.9, it
follows that = + @ is a quasi-translation. Since n < 3, it follows from
theorems 3.3.1 and 3.3.4 that the linear span of Q(C™) has dimension n — 1
at most. Now apply the above proposition. ]

We shall investigate h € Clz] with det Hh = 0 and s;, > n—3, using Liiroth’s
theorem 4.3.2 about rational functions.

Lemma 5.2.9. Assume
R(alt + b1, aot + bs, ast + bg) =0

for some nonzero R € Clyy,ya2,ys3] of minimal degree and rational functions

a;,b; € C(x) with ag # 0. If deg R > 2, then
a = azh(q) and b= bsh(q) + g(q)

for certain g,h € C(y1)3 and a q¢ € C(z), where h3 =1 and g3 = 0.
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Proof.

i) Assume first that a3 = 1 and b3 = 0. We show the desired result, i.e.
that a = h(q) and b = g(q) for some q € C(z) and g,h € C(y1)>.

Let R be the largest degree homogeneous part of R. Looking at the
leading coefficient with respect to ¢ of R(a1t+ by, ast + be, ast + bs), we
obtain R(aj,az2,1) = 0. So by theorem 4.3.2, aj,as € C(q) for some
q € C(z).

Notice that R is irreducible because its degree is minimal. Since ys3 t
R, we obtain by substituting ¢ = 0 that b; and by are algebraically
dependent over C. So by, by € C(p) for some p € C(x). If p and ¢ are
algebraically dependent over C, then a = h(r) and b = g(r) for some
r € C(x) and g, h € C(y1)® on account of theorem 4.3.2, as desired.

So assume that p and ¢ are algebraically independent over C. Since the
degree of R is minimal, it follows that (J, R)(a1t+b1, ast+bo, azt+b3) #
0. By computing J; ¢ pR(a1t + b1, agt + bz, ast + b3) = 0 with the chain
rule, we obtain that the rows of

a1t + by ait + by
‘7t7q7p ast + bs = ‘7757(1713 ast + ba
ast + bs t

are dependent. So its determinant

t 2a 2b — 3a 2b

8q1 8p2 8q2 8p1
is zero. Since deg R > 2, it follows that (ag,b) & C2. If (a1,az) € C?,
then we can take ¢ = 1, so we may assume that (a1,as) ¢ C?. Due

to the vanishing of the above determinant, as ¢ C. Similarly, we may
assume that (b1, b2) & C? and we obtain that by & C as well.

Since p and g are algebraically independent, it follows that

5 _ Bt
A= zap—E(C(q)ﬁ(C(p):(C
a—qa2 apY2

So (a1t — b1) — A aat — b)) does not survive aﬁq nor a%. Consequently

(a1t — b1) — A(agt — b2) € Ct + C. This contradicts deg R > 2.
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ii) In the general case, we substitute ¢ = a3 '(t — b3) to reduce to i).
We get az'a = h(q) and b — az'bza = g(q). So a = azh(q) and
b= bsh(q) + g(q), as desired. O

At last, the main theorem of this section follows here.

Theorem 5.2.10. Assume h € C[z]| such that det Hh = 0. Take g linearly
equivalent to h such that

0 0 0
al'sh+1g’ ax8h+2 g) trt 8l‘ng
are algebraically dependent. Put A := Clzy,x2,...,%s,].

i) If sp, = n — 1, then we can choose
g=ai+ Az,
for some a1 € A and a X € {0,1}.
it) If s, = n — 2, then we can choose
g =a1+ asTp_1 + aszxn
for some a; € A, where ag,as € C[p] for some p € A.
i11) If s, =n — 3, then we can choose
9= fla1zn—2 + a2Tn-1 + a3xp) + b12n—2 + baTn—1 + b3y
for some a,b € A3 and an f € A[t] without a linear term, such that

e Ifa =0 ordeg, f <0, then by,by,b3 are algebraically dependent
over C,

e Ifa#0 and tkJ.(a1,az,a3) < 1 and deg, f > 2, then a € C[p]?
for some p € A, and .
b=p0Ga+b

where 3 € Q(A) and b € C(p),

o IfrkJ,(a1,a2,a3) > 2 and deg, f > 2, then a € C[p, q]* is homo-
geneous in p and q for some p,q € A, and

b=fBa+b
where 3 € Q(A) and b € C(p).



5.2. DEGENERATE GRADIENT RELATIONS 125

Furthermore, we have the following if h is homogeneous.

) If s, >n—2, then s, =n—1. If s, =n—1#0, then g € A.

v) If sp, = n — 3, then

g = f(alin—2 + a2xp—1 + ann)

for some a € A% and an f € At], where a € C[p, q]? is homogeneous
i p and q for some p,q € A.

Proof.

i)

ii)

iii)

Assume s, = n — 1. Assume first that A does not have a linear term.
Then it follows from proposition 5.2.4 that h is degenerate. So we can
take g € A.

Assume next that h does have a linear term and let i be the part of
h without linear term. Then & is linearly equivalent to some § € A,
and h is linearly equivalent to a3 + Az, for some a; € A and a A € C.
If A # 0, then we can substitute z,, = A™'x,, to obtain that A = 1, as
desired.

Assume s, = n — 2. We take g such that 8 -9 and a g are alge-
braically dependent over C. The formula for g follows from proposition
5.2.5 and corollary 5.2.8, except that A should be replaced by the al-
gebraic closure K of Q(A). But from g € C[z], it follows immediately
that a € A3. Since ag = azf,l gand az = % g, it follows from theorem
4.3.5 that az, a3 € C[p] for some p € A.

Assume s = n — 3. We take g such that the last three components of
Vg are algebraically dependent over C. We obtain the formula for g
from proposition 5.2.5, corollary 5.2.8 and corollary 5.1.6, except that
A should be replaced by the algebraic closure K of Q(A).

Since the linear part of f can be added to bix,_o + box,_1 + b3Ty,
we can obtain that f does not have a linear part. Since g € C[z], we
obtain immediately that b € A3. Furthermore, the constant part of f
is contained in A as well.

So assume deg f > 2. Notice that we may assume that a; € Q(A).

Looking at the coefficients of z .29 ;20 for all i, we obtain that
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f € Q(A)[t]. It follows that a € Q(A)2. So we may assume that
a€ A3

Choose a such that ged{ai,az2,a3} = 1. Again by looking at the coef-
ficients of 2?,_,2% ;20 we obtain that the denominators of the coeffi-
cients of f are composed of factors of a;. By way of similar assertions

for as and ag and ged{a1,ag,as} = 1, we obtain f € A[t].

Assume first that a = 0 or deg; f < 0. Then the last three components
of Vg are b1, ba, b3, so b1, by, bg are algebraically dependent over C.

So assume a # 0 and deg; f > 0. Then deg, f > 2. Notice that the
last three components of g are

(at + b)|t:(%f)(a1£n72+a2$n—1+a31’n)

Since deg, f > 2, it follows that the substitution for ¢t above is not
contained in A and hence algebraically independent of the components
of @ and b. Without loss of generality, we assume that as # 0. It follows
from lemma 5.2.9 that a3'a € C(p/q)® and b — az*bza € C(p/q)> for
some p,q € A with ged{p,q} = 1.

Consequently,
1
1

A, a =
¥ a(p,q)

h(p. q)

for some homogeneous « € C[y1, 92] and a homogeneous h € Clyy, y2]>
It follows from a € A® and ged{ai,as,a3} = 1 that a € Clp,q]? is
homogeneous in p and ¢. If rkJ7,a < 1, then p,q € C[r] for some
r € Clz] on account of theorem 4.3.5. This gives the desired result.

Assume h is homogeneous and s, > n—2. If h is linear, then s, = n—1
and we can choose g € Cx; C A, provided n — 1 # 0. So assume h is
not linear. If s;, = n — 1, then h does not have a linear term, and we
obtain the desired result by 1).

So assume s, = n — 2. Then the last two components of Vg are
algebraically dependent. But since h is homogeneous and hence g also,
we obtain that the dependence relation R can be taken homogeneous
as well. It follows that R decomposes into linear factors, and hence one
of these factors is already a relation between the last two components
of Vg. So h is degenerate and sp, =n — 1.
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v) Assume h is homogeneous and s, = n — 3. Choose g and R as in iii),
such that R is homogeneous, and take f, a and b as in iii) as well. If
a = 0 or deg, f = 0, then by, by, b3 are the last three components of
Vg, and since (b1, ba, b3) is homogeneous, it follows from theorem 4.3.1
that g is of the desired form.

So assume a # 0 and deg, f > 2. Following iii), we have R(at+b) = 0.
Now let ¢; be the irreducible divisor of a;t + b; with deg,¢; = 1, for
all 7. Notice that since R(yi1,y2,0) is homogeneous and bivariate, it
decomposes in linear factors over C. Since c3 | b3, it follows from
R(ajt + by, ast 4 ba, ast + bs) = 0 that

cs | a(art 4+ b1) + B(agt + ba)

for some factor ay; + By2 of R(y1,y2,0). Assume without loss of gener-
ality that cg divides ast + bs. Since A is a unique factorization domain
from which the units are contained in C, it follows that ¢y and c3 are
linearly dependent over C. In a similar manner as above, we obtain
that ¢ divides a linear combination of ast + by and agt + b3, so ¢; and
co are linearly dependent over C as well.

So deg, gecd{ait + by, ast + by, ast + bs} = 1. Since ged{ay, az, a3} =1,
we may assume that gecd{ait+ b1, ast+ by, agt+bs} is monic in ¢, say it
is equal to ¢ + p. Then b = pa, so b can be eaten up by a by replacing
g by g + pt.

If rk7;a < 1, then it follows in a similar manner as s, # n — 2 that ay
and ag are linearly dependent over C. This contradicts s, =n — 3, so
rtkJra = 2. Now theorem 4.3.1 gives the desired result. O

5.3 Hessians of small rank

Assume h € C[z] such that Hh has rank r. Then the last  + 1 components
of Vh are algebraically dependent, whence s, > n—r — 1. With proposition
5.2.5, we can boost this to s; > n — r in some occasions.

With the tools of the previous section, we are going to classify Hessians of
rank 2 and homogeneous Hessians of rank 3. Furthermore, we classify all
homogeneous singular Hessians in dimension 5. But first, we classify all
singular Hessians Hh in dimension 4 that satisfy s, > 1.
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Some of the results for homogeneous Hessians were already proved by P.
Gordan and M. Néther is 1876 in [34].

Proposition 5.3.1. Assume h € C[z], n = 3 and det Hh = 0. Then there
exists a g that is linearly equivalent to h such that either

g=ai(x1,x2) + Axs
for some a1 € Clxy,z2] and a X € {0,1}, or
g =a1(x1) + az(x1)z2 + az(z1)xs
for some a € Clx1]3.

Proof. From corollary 5.2.8, it follows that s, > 1. If s, =2 =n — 1, then
we get the first form of g by theorem 5.2.10. If s, = 1 = n — 2, then we get
the second form of g by the same theorem. O

Proposition 5.3.2 (Gordan and Néther). Assume h € Clz]| is homoge-
neous, 2 < n <4 and det Hh = 0. Then h is degenerate.

Proof. From theorem 5.2.10, it follows that it suffices to show that s, > n—2.
This is trivial if n = 2. If n = 3, then s, > n — 2 follows from corollary
5.2.8. If n = 4, then apply proposition 5.2.7 and theorem 3.3.3 to obtain
sp > n—2. L]

Theorem 5.3.3. Assume h € Clz], n =4 and det Hh = 0. If s;, > 1, then
there exists a g that is linearly equivalent to h, such that either

g = ai1(w1,72,73) + A14
for some ay € Clxy,x2,x3) and a A € {0,1}, or
g =a1(x1,x2) + az(x1, x2)x3 + az(x1, x2)xs
for some a € Clxy,x2)® such that ag, a3 € Clp] for some p € Clxy, 2], or
g = f(x1,a1(x1) 2+ ag(w1)ws +ag(w1)wa) + (by (w1) 2+ ba (1) 23 + b3 (1) 74)
for some a,b € Clx1]® and an f € Clzy,t].

Proof. Since s, > 1, it follows that s, € {1,2,3} = {n —3,n — 2,n — 1}.
Now apply theorem 5.2.10 to get the forms of g. U
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The following lemma is needed to understand Hessians of rank 2.

Lemma 5.3.4. Let A be an integral domain and assume M € Mat,(A) is
symmetric with respect to the main diagonal. If tkM = r, then M has a
principal minor of size v with (full) rank r. Furthermore, if some set of r
rows of M are independent, then the corresponding principal minor of size
r has (full) rank r.

Proof. Since M is symmetric, we can write
M = Ttdiag(1',12,...,1",0" "', ...,0MT

with T' € GL,(Q(A)). Notice that the first  rows of 7" have a minor of size
r with rank 7. One can easily verify that the corresponding principal minor
of M has rank r as well.

Say that the first  rows of M are independent. Let T be the upper left
principal minor of size r of T'. Then the matrix of the first r rows of M is
equal to T (Th, Ty, ...,T,). If this matrix has full rank r, then rkT* = r and
hence rkT*T = r. But the latter matrix is exactly the upper left principal
minor of size r of M. O

Theorem 5.3.5. Assume h € C[z] such that tkHh = 2. Then there exists
a g that is linearly equivalent to h such that either

g = ai(z1,x2) + A\
for some a; € Clxy,z2] and a X € {0,1}, or
g =a1(x1) + az(z1)z2 + az(x1)xs + - + an(z1) 2y
for some a € Clz1]™.

Proof. Notice that the second formula for g can absorb linear terms directly
and the first formula can absorb linear terms by way of a linear transforma-
tion and possibly changing A into 1 — A. Since linear terms do not influence
the Hessian, we may assume that h does not have a linear term.

i) Assume s, = n—1. Since h does not have a linear term, h is degenerate
on account of lemma 5.2.4 and g € Clxy,z2,...,2,—1]. It follows by
induction on n that g is linearly equivalent to one of the forms above.
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ii) Assume sp < n —2. If n = 2, then h is of the form a;(z1,z2). So

iii)

assume n > 3. From lemma 5.3.4, we obtain that we may assume
that tkH;, 2,.2,9 = 2. Since rkHg = 2, there exists an irreducible
R € Cly1,y2,ys] such that

0 0 0
R <8—xlg’ Ers 8—@,9) =0

Since rkHy, 20,259 = 2, it follows from proposition 5.2.5 and corollary
5.2.8 that R is degenerate as a polynomial in Cly,y2,ys3]. It follows
that we may assume that R € Clyz,ys]. Since s, < n — 2, it follows
from again proposition 5.2.5 and corollary 5.2.8 that rkH, »,g = 0.

From lemma 5.3.4, it follows that one of the three principal minors of
size two of Hy, 4,259 has rank 2. Since rkH, 5,9 = 0, only Hy, 2,9 and
Hz, 259 can be that principal minor. Assume without loss of generality
that rkHz, 2,9 = 2, i.e. 8%18%29 #0.

The second column of Hg reveals that the first row of Hg is indepen-
dent of the second and the third. Assume that awl amsg =pu 821 aimg
for some p € C. Then we can replace g by g|zy—zy—puas to obtain that
6%1 823 g = 0. But since 82 339 g # 0 and rkH,, 5,9 = 0 are preserved,
it follows that the third row of Hg has become zero. This contradicts

sp<n—2,s80 3%13%3 g is linearly independent over C of 821 822 qg.

Consequently, if 5?—52 g is linearly dependent over C of 8%18%2 g, then we
1

can destruct that by replacing g by ¢|zs=zs+2,, because substituting

T3 = T3+ 1 in

o . o)

(st + ) s o (o 2% ) 9
ger tons) 99 | = o0r 503
-+ 5% ) 559 ket

2

gives (8%61 (7] ————_ 8iai(g|x3:x3+z1), %%(gh?g:Ig‘Fxl)).

So assume that -~ 2g is linearly independent over C of 890 az g and
that rka,xS,,,,,xm_lg = 0 for some m > 4.
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From ii), it follows that for some T" € GL3(C),

Tt (H$17$27$77LQ)T =

* X K

oS O ¥
S O ¥

Let A\ be a nonzero linear combination of T'es and T'e3 such that Ay = 0.
2

Then A' - Hyy opeg - A = 0. Since g—w%g # 0, it follows that A3 # 0

Consequently, we can choose A such that A3 = 1.

Notice that there exists another nonzero hnear combination w of Tes
and Tes such that us = 0. Since e 2g and 8331 d:c g are linearly in-

dependent over C and 2g =0, it follows that p; = 0 as well. So
Cea+CA=Cu+Cx = CTeg + CTes. It follows that

*

t
S Hl‘l,l‘g,xmgs = *
*

o O ¥
S O *

as well, where S := (e1 | e2 | A).
So replace g by g’:u =r1+\1Tm — g’:c sz to obtain that Hazl v2,2m 9 18 of
the form of the right hand side above. Notice that 97 g and 821 622 g are

only affected by an invertible linear substitution and therefore remain
linearly independent over C. Furthermore, tkHz, 25 2,19 = 0 is
preserved as well.

It follows that rkHy, »,,g = 0. Take i such that 3 <7 < m—1. Looking
at det Hyy 20,2;,0m9 = 0, we obtain

90 N (20 N,
8.?61 8:529 axi 8a:mg N
o)

Since a_maing = 0, we obtain %Wg = 0. So rkHzy 5,29 = 0.

By induction on m, we obtain rkH;, 4,...2,9 = 0. So g is of the desired
form. O

The following lemma is from 1876, at least the homogeneous version of it,
where the operator E, and hence f — Ef — f as well, comes down to an
easy multiplication.
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Lemma 5.3.6 (Gordan and Néther). Assume h € Clz] and det Hh = 0.
Then there exists a nonzero R € Cly| such that R(Vh) = 0. Put Q :=
(VR)(Vh) and let E := ", %8%1 Then (Eh—h)(z+tQ) = (Eh—h). In
particular, if h is homogeneous of degree > 2, then h(z + tQ) = h.

Proof. From proposition 1.2.9, it follows that an R as above exists. From
proposition 3.1.9, we obtain that z + @ is a quasi-translation. If 7 f-Q =0,
then by ii) of proposition 3.1.2

D4 4+10) = T flomerio O

ot
= Jflo=attq - Q(z +1Q)
= (jf : Q)’m:x—FtQ
=0

and hence f(x+tQ) = f. Taking f = %h, we obtain (a%ih)(x—l—tQ) = %h
for all 7. Now by the product rule of differentiating,

J(ER) = J (2" -Vh)=T(JTh-z)=2"-IVh+ Th- Tz = 2"Hh + Th

so J(Eh — h) = 2*Hh. By differentiating (Vh)(z + Q) = Vh with respect
to t, we obtain Hh - Q = 0. It follows that J(Eh —h)-Q = 2*Hh - Q = 0.
Now take f = Eh — h above to obtain the desired result. O

Theorem 5.3.7 (Gordan and Nother). Assume h € Clx] is homogeneous,
n =5 and det Hh = 0. If h is not degenerate, then there exists a g that is
linearly equivalent to h, such that

g = f(z1,22,a1(21, 22)33 + az(x1, x2) 24 + as(z1, v2)75)
for some f € Clxy,22,t] and a € Clz, 22]>.

Proof. From theorem 5.2.10, it follows that it suffices to show that s, > 2.
Let R € C[y| be homogeneous and nonzero, such that R(Vh) = 0. Choose
R of minimal degree and put @ := VR(Vh).

If degh < 1, then s, =4 > 2, so assume that degh > 2. Then by the above
lemma, h(x + tQ) = h. We distinguish two cases:

e The components of () are linearly independent over C.
From theorem 3.5.4, it follows that Q(C®) contains a point p # 0
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such that the Zariski closure W of Q(C®) is a union of projective lines
through p. Assume without loss of generality that p = e5. For each
qg € W, we have ¢ + \p € W for all A € C. It follows that Q5 is
algebraically independent of @)1, Q2, @3, Q4.

Let A be the leading coefficient to x5 of h, i.e.
h= Az 4+ O(z" 1)

and A € Clxy,z2,x3,24)\{0}. Looking at the leading coefficient with
respect to ¢t in h(z + tQ) = h, we obtain h(Q) = 0. Since Qs is
algebraically independent of Q1,Q2, @3, Q4, h(Q1,Q2,RQ3,Q4,t) = 0
follows. Again by looking at the leading coefficient with respect to ¢,
we obtain A(Q) = 0.

Since n = 5, the fifth component of VA is zero. The fifth component
of Vh has degree m—1 < m, so z§*(V A) is the leading part of Vh with
respect to 5. So the leading coeflicient with respect to x5 of R(Vh) is
R(VA), whence R(VA) = 0. From lemma 5.3.8 below, it follows that
Q1,Q2,Q3, Q4 are linearly dependent over C. Contradiction.

e The components of () are linearly dependent over C.
Without loss of generality, we assume that ()5 = 0. Now write

h = Azg + B!

such that A € Clxy,x2,z3,24]\{0} and B € C[z|. If m = degh, then
trivially s = 4 > 2, so assume deg h —m > 1. Since Q5 = 0, it follows
that deg, h(x+1tQ) < deg h —m. Looking at the corresponding leading
coefficient with respect to ¢t in h(z + tQ)) = h, we obtain 2" A(Q) = 0,
because degh —m > 1. So A(Q) = 0.

Furthermore, we have 6%5}2 = 0, because we chose the degree of R

minimal and @5 = 0. It follows that the bottom coefficient with respect
to x5 of R(Vh) = 0 equals R(VA) = 0. From lemma 5.3.8 below, it
follows that @Q1,Q2, @3, Q4 are linearly dependent. So there are two
independent linear relations between the components of (). Now apply
proposition 5.2.7 to obtain s > 2. O

Lemma 5.3.8. Let n =5 and h € Clzy, z2, x3, 24, 5] be homogeneous and
R € Cly1,y2, Y3, Y4, y5] be homogeneous and irreducible, such that R(Vh) =
0. Assume further that A € Clxy,x2,x3,x4)]\{0} is homogeneous such that
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R(VA) =0 (n =5, so the fifth component of VA is zero) and A(Q) = 0,
where @ = VR(Vh). Then Q1,Q2,Qs3, Q4 are linearly dependent over C.

Proof. If ys | R, then it follows from the irreducibility of R and @ = VR(Vh)
that Q1 = Q2 = Q3 = Q4 = 0. So assume that y5 { R. Since A is
homogeneous and R(VA) = 0, it follows from proposition 5.1.3 that the first
four components of VA are linearly dependent over C, say that L(VA) =0
for some linear form L € Clyi,y2,ys3,y4]. Assume first that tkHA = 3.
Then the relations between the components of VA form a prime ideal of
height one, which is a principal ideal. Since L is irreducible, (L) must be
that principal ideal, and L | R. Since R is irreducible it follows that R
is linear. Consequently, @) is constant. In particular, Q1,Q2, Q3, Q4 are
linearly dependent over C.

So assume that tkHA < 2. Since there exists a linear relation L between
the components of VA, A can be expressed as a polynomial in three homo-
geneous linear coordinates. The rank of the (3 x 3)-Hessian with respect to
these three linear coordinates of A cannot be larger than 2, since the rank of
the original Hessian is at most 2. So this (3 x 3)-Hessian is singular as well.
It follows from proposition 5.1.3 again that A can be expressed as a poly-
nomial in two linear coordinates. Since A is homogeneous and bivariate, A
decomposes into linear factors, and one of these factors is already a relation

between Qh Q27 Q37 Q4- O

Now let n = 5 and assume that h := f(z1, 22, a1(z1, 22)x3 + az(x1, x2)xs +
as(xz1,x2)xs) is homogeneous, where f € C[xy,x2,t], and define g by g :=
(%f)(ml, ro,a1(r1, T2)r3 + az(wy, v2)xy +a3(x1, x2)xs5). Since trdege(ay, az,
a3) < 2 and (a1, ag, as) is homogeneous, there exists a nonzero homogeneous
R € Clys, y4,ys] such that R(a1,az,a3) = 0. It follows that

R (ot gt goch) = Rl (@), aa(on, ), s, 2)) =0
Let r be the degree of R and ¢ := (VyR)(a1,a2,a3). Then the Jacobian
of Q := (V,R)(Vh) = g"1q(x1,22) has rank 2 at most. This was proved
in 1876 already by P. Gordan and M. Nother in [34, §8] in order to obtain
theorem 5.3.7.

At last we will classify all homogeneous Hessians of rank 3. We start with
investigating dimension 5.
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Lemma 5.3.9. Let h € C[z] be homogeneous, n = 5 and r := rkHh < 3.
Then h is degenerate.

Proof. Assume that h is not degenerate. Then we can choose
g = f(z1,72,a1(21, 22)73 + az2(x1, v2) T4 + a3(w1, T2)75)

for some f € Clxy,x2,t], where aj,as,as are linearly independent over C
and homogeneous of the same degree. Assume without loss of generality
that deg,, as > deg,, a1 > deg,, az. Then deg,, as —deg,, a3 > 2.

Let d := deg g. Since rkHh < 3, it follows that g+ 24 has a singular Hessian.
Since deg,, g < d—2, it follows that %(gthg) is linearly independent over
C of the other components of V(g + z%). So g + x4 is not degenerate. It
follows that

g+ 33 = f(21, 20, b1(21, 20) 23 + ba(21, 20) 24 + b3(21, 22) 25

where z := Tz for some T € GL5(C). Now write 7-! = LPL, where L and
L are lower triangular and P is a permutation. This is possible, because
one can get an invertible matrix on permutation form by row operations to
below and column operations to the left only.

If we replace g by g(Lz), then g keeps the form g = f(x1,x2, a1(x1, x2)x3 +
az(x1,r2)xs + az(w1,22)x5) and the property deg,, az — deg,, a3 > 2 in
maintained as well. But g + 24 is affected and becomes § := g + (Lzz),
where Lsx = L3ix1 + Lssxs + Lszzs and Lss # 0.

Due to the above replacement of g by g(Lx), T becomes T'L = L='P~! and
z becomes L1 P~1z. Furthermore,

G = f(21,22,b1(21, 22) 23 + ba(21, 22) 24 + b3(21, 22) 25)

Since Lz = P!z and the form of § above is not affected by substituting z =
L'z, it follows that we may assume that T'= P~!. So z is a permutation
of x.

Since deg,, az — deg,, ag > 2, it follows that deg,, as > deg,, a3 +2 > 2,
and by degas = degaz > deg,, a2, we obtain deg, a3 > degagz —deg,, a3 >
deg,, as — deg,, a3 > 2. Consequently,

1 . _ _ 1 -
5 degarz g > degx4 g = dega:5 g < 5 degxl g (55)
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Notice that
deg,, g =deg,, g =deg, g <d

and similarly
deg,, g =deg,, g =deg, g <d

Since deg,, g = d it follows that x3 € {21,22}. So the degree with respect
to three of the variables {x,z2, 24,25} of § is equal to each other. This
contradicts (5.5), so h is degenerate, as desired. O

Notice that the below theorem, which classifies all homogeneous Hessians of
rank 3 at most, is equivalent to theorem 5.1.5.

Theorem 5.3.10. Let h € C[x] be homogeneous and r := rkHh < 3. Then
there exists a g that is linearly equivalent to h such that g € Clz1,x9, ..., x,].

Proof. The case n = r is trivial and the case n = r + 1 follows from propo-
sition 5.3.2. So the cases n = r + 2 and n > r + 3 remain.

i) Assume that n = r+2. The case n < 4 follows by applying proposition
5.3.2 twice, so let n = 5. The above lemma tells us that h is degenerate.
So we can choose g of the form f(x1,x2,x3,24). But since rkHh < 3,
we obtain det Hy, 45 25,2, f = 0. 1t follows from proposition 5.3.2 that
h is degenerate of order 2, as desired.

ii) Assume that n > r + 3. From lemma 5.3.4, it follows that we may
assume that rkHgy, 2,29 = r. Notice that g is homogeneous as

a polynomial in K[z, z9,..., &y, Try1, Trio|, where K is the algebraic

closure of (C(xr_bxﬂrg, xr_jQ:UTH, e ,xr__bxn), and that its correspond-

ing Hessian H., 25, 2,2 11,20429 has rank 7 as well, because % = 8‘2,_
(2 K2

for all i <r+1 and

0 1

0 0
= Trp2 g —— + T35 —— + -+ X —>
azr+2 Ty42 < T 8xr—l—2 T 8%’,«4_3 naxn

So the row spaces of H$1,$21---7$r7$r+172r+2g = H21722,---7zr12r+172r+2g and
Hzg are equal.

0
Ozr41

It follows from case i) that g is linearly dependent over K of

9,9, 9
81‘197 axQ.g?"'?axrg
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But since tkHg = r = 1kHy, 2,,...2,.9, it follows that %ﬂg is al-
gebraically dependent over C of the above components of Vg. Now
reason as in ii) of the proof of proposition 5.2.5 to obtain that the
above algebraic relation R over C and the above linear relation R over
K are essentially the same. So M?ﬂg is linearly dependent over C
of the first » components of Vg. In a similar manner, it follows that
%ﬂ_ g is linearly dependent over C of the first r components of Vg for

all 2 > 1. This gives the desired result. O

5.4 Nilpotent Hessians of corank one

Definition 5.4.1. We call a vector v isotropic if v'v = 0. We call a row of
a matrix isotropic if its transpose is isotropic.

If h € Clz] such that rkHh = n — 1, then there is essentially one dependence
between the rows of Hh on account of proposition 1.2.9. By applying the
chain rule on J(R(Vh)) as in the proof of lemma 1.2.8, we see that this
dependence is Q"Hh = 0, where Q = (VR)(Vh) and R € C[y] is (any
polynomial that is divisible by) the essentially unique irreducible gradient
relation of h.

This fact can be used to show that () is isotropic as a vector in case the
quasi-translation x + () comes from a nilpotent Hessian of corank one. In
addition, one can show that there are two essentially different homogeneous
relations between the components of such a @ in case n > 3.

Theorem 5.4.2. Let h € C[z] such that degh > 2 and rkHh < n—1. Then
there exists a nonzero R € Cly| such that R(Vh) = 0. Let Q := (VR)(Vh).
Then h(tQ) = 0, where h is the leading homogeneous part of h.

If in addition Hh is nilpotent and tkHh = n — 1, then @ is isotropic as a
vector and trdegct@ < max{n —2,1}.

Proof.

i) From lemma 5.3.6, it follows that E(h) — h is an invariant of z + Q.
Looking at the highest degree part with respect to ¢ of (E(h) —h)(z +
tQ) — (E(h) — h), we obtain h(tQ) = 0.
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Assume Hh is nilpotent and rkHh = n—1. We show that Q) is isotropic
as a vector. Since rkHh =n — 1 and Hh - Q = 0, it follows that @ is
dependent of every v # 0 for which Hh - v = 0.

Let M := (Hh)™, where M # 0 and (Hh)™*! = 0. Choose a nonzero
column v of M. Since Hh - M = 0 it follows that Hh-v = 0. Since M
is symmetric and M? = (Hh)?>™ = 0, we obtain that v is isotropic. So
(Q is isotropic as well.

Assume trdegct@ > n — 1 and n > 3. Then the ideal of relations
between components of ¢Q) is principal and homogeneous, whence it is
generated by an irreducible divisor of h. Due to n > 3 we have that
Yoy y? is irreducible. Since @ is isotropic, it follows that the ideal
of relations between components of tQ is generated by >, yl We
obtain that Y7, 2 | h.

i=1T§

We will derive a contradiction. Since Hh is nilpotent, it follows that
trHh = 0. We show that this is not the case. For that purpose, we
write h = (327, 22)" - b, where 31", @2 t h. Now

r—1
o - n
Bx,-h = 2rx; (; :L'f) h+ (Z:p > 8@

whence

9 n 7"71~ 3
%E = 27"(21‘3) h+4(r—1)r (Zx) h +
4
i=1

2 2ra; <Z: x%) <Zx ) —h

Notice that trHh = Sy %h. Consequently
trHh = (2nr +4r(r — 1)) <Za¢> h+
4r <Z m?) Eh + <Z l’?) trHh (5.6)

where E := " | x5 a . Since Eh = degh - h and trHh = 0, it follows
that > 0, 22 | h. Contradlctlon, so trdeget@ < mn — 2. O
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The operator f — trH f is called the Laplace operator. In the above proof,
it is shown that polynomials that are divisible by > 1" ; 51;12 cannot be killed
by the Laplace operator. A more general result can be found in [3, 5.5]. This
result is over R instead of C, but by decompositions in real and imaginary
parts as in (2.4), one can get the same result over C.

By the above theorem, we can immediately show that the rows of nilpotent
Hessians in dimension 3 are dependent over C. Furthermore, it provides a
crucial step for a similar result in dimension 4.

Corollary 5.4.3. Assume h € C[x], and Hh is nilpotent. If n = 3, then the
rows of Hh are dependent over C. If n =4, then s, > 1.

Proof. If rtkHh < n—2, then s, > 1 follows by elimination and we can apply
theorem 5.1.4 to obtain the desired result for n = 3 as well. So assume
rkHh = n — 1. Then the above theorem gives trdegctQ) < n — 2. Say that
Q@ has degree r and define

Q = $2+1Q|x:x7—lilx
Then Q is the homogenization of ) and
rkj%anQ = trdegcQ < trdegetQ < n — 2
We distinguish the cases n = 3 and n = 4 to prove the corresponding claims.

i) Assume n = 3. Then rkJ Q = 1 and hence the linear span of the image
of @ has dimension 1. So the linear span of the image of (Q,0) =
Q|mn +1=1 has dimension 1 as well. Now apply proposition 5.2.7 to
obtain that we can choose the gradient relation R degenerate of order
n — 1. So there exists a linear combination of the components of VA
that is dependent over C and hence contained in C.

ii) Assume n = 4. Then tkJQ = 2 and hence by theorem 3.4.1, the
linear span of the image of Q has dimension 5 —2 = 3 = n— 1 at most.
Now apply proposition 5.2.7 to obtain that we can choose the gradient
relation R degenerate. So sp > 1. O

Definition 5.4.4. Let h € C[x]. We call g orthogonally equivalent to h if
there exists a T € GO, (C) such that g = h(Tx). We call g symmetrically
equivalent to h if there exists a permutation P such that g = h(Px).
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The below theorem exploits the fact that () is isotropic as a vector. We shall
use this theorem later. Although the use of the theorem below is not clear
yet, observe that the right hand side of the displayed formula is an algebra
of n — s linear forms. The theorem says that this number of linear forms is
larger than necessary in case less than three of these linear forms are in the
second line of the algebra.

Theorem 5.4.5. Assume Hh is nilpotent of corank 1 and R(Vg) = 0 for
some g that is orthogonally equivalent to h and a nonzero

R e C[yT+1 + iys-i-l? Yr42 + iys+27 sy Ys + inS—T‘7
Y25—r+1, Y25—r+25 - - - ,yn]

If either n = 2s —r+1 orn = 2s —r + 2 (i.e. the line above has 1 or 2
linear forms), then sp, > s.

Proof. Choose R of minimal degree. Put @ := (VR)(Vyg). From theorem
5.4.2, it follows that @ is isotropic as a vector. But from the form of R, it
follows that (VR); =0 for all j <7 and (VR),4; =1(VR)sy; for all j with
1<j<s—r. SoQ; =0forall j <rand Qry; = iQs4; for all j with
1 <j < s—r. It follows that (Qos—r+1, Q2s—r+2, - ., Qn) is isotropic as well.
Assume first that n = 2s—r+1. Then (Q2s—r+1) is isotropic, so Q2s—r+1 = 0.
Since R was chosen of minimal degree, it follows that ay%_rﬂR = 0. So
sp > s, as desired.

Assume next that n = 2s — r + 2. Then (Qas—r+1, Q2s—r+2) is isotropic, so
Q2s—rt1 £1Q2s—r+2 = 0. Since R was chosen of minimal degree, it follows
that ( 9 _)R=0. So s; > s, as desired. O

82/2577”4»1 :l: 1 ay257'r+2

5.5 Orthogonal transformations

Assume h € C[z] such that Hh is nilpotent. If ' € GL,(C), then g := h(T'z)
does not need to have a nilpotent Hessian. Take for instance h = (1 + iz)?
and g = x2. But from (5.2), it follows that g does have a nilpotent Hessian
if T € GO,(C). So we can transform, but not as freely as with singular
Hessians.

In order to understand what we can do with orthogonal transformations
only, we formulate a proposition.
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Proposition 5.5.1. Assume b is a symmetric bilinear form over a finite
dimensional vector space V over C. Let vy, vs,...,v, be a basis of V. Thenb
is uniquely determined by the symmetric matriz B defined by B;j := b(v;, vj).
Let r :=rkB. Then (V,b) is isomorphic to

Ce1,Ces,...,Cer,C(er4+1 +ient1), Cleryo +ieny2), ..., Cle, + iean_r)

with the standard symmetric bilinear form -*-. Furthermore, (V,b) can be
embedded in (C™,-*.) for any m > 2n —r. In addition, two such embeddings
¢ and Y are orthogonally equivalent, i.e. there exists a T € GO, (C) such
that ¥ (v;) = T'¢(vi) for alli.

Proof. Since B is symmetric and rkB = r, we can write
SBS' = diag(1',12,...,17,0" ", 072, ... 0")

for some S € GL,,(C). It follows that

n

b (Z Sikvk, Z Sjkvk> = Z szngkl SBSt)ij
k=1 k=1

k=11=1

so by changing the basis v by

n n n
E S1kVk, § SokVks - - - s E Sk Uk
k=1 k=1 k=1

we obtain B = diag(1,12,...,17,0"1 072 ... 0").

i) Take ¢(v;) = e; for all i < r and @¢(vr4) = epti + i€yyy for all 4 > 1.
Then one can easily show that ¢ induces an isomorphism of (V, b) and

Ceq,Ces,...,Cep,Clert1 +ient1), Clepyo +ienia), ..., Cle, +iean—r)

with the standard bilinear form. Assume m > 2n — r and let ¢ be the
corresponding embedding in C?"~" C C™.

ii) Assume v is another embedding of (V,b) in C™. Let w; := 1 (v;). We
must show that w; = Te; for all i < r and w,4; = T'(e,4;+iep4q) for all
i > 1, for some T' € GO,,(C). Now w; = Te; for all i < r determines
the first r columns of T'. Notice that these r columns are orthonormal
and that they are orthogonal to w,; for all ¢ > 1.
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Now assume by induction that we have columns
L2,....r,r+1In+1,r+2n+2,....r+1—1,n+:—1

of T', i.e. these columns are orthonormal and orthogonal to w,; for all
J >, and wy4; = T(ep4j + iep4j) for all j < i. Notice that since w;

is independent of wjy1, wita,...,wy, the dimension of the space that
is orthogonal to w41, w;ite,...,w, (a subspace of C™) is one bigger
than that to w;, w11, Wiy, ..., w,. Now let t; be a vector of the first

space that is not contained in the second space. Define

. r4+i—1 n+i—1
ti = tl' — Z ((Tej)tti)Tej — Z ((Tej)tti)Tej
j=1 j=n+1

then #; is orthogonal to the r +2(i — 1) columns of T' we have thus far.
Furthermore, #; is contained in the space that is orthogonal to w1,
Wi42, . . ., Wy, but not in the space that is orthogonal to w;, w;t1, w;y2,
.+, Wy. Since wit; # 0, we define the (r + 7)-th column of T by

1 - 1 -\"'.
Tepyi:= m (2751' + <<wz - U)T{ztl) ti) wi)
(2 (2

to obtain by ttw; = w'; and wiw; = 0 that

1 o 1
t _ tr .
(T€T+i) T€T+’i = m <4tztz + 4 ((wl — w t
and

Tenti:=—i(w; — Teryq)

to obtain that w; = T'(ey4i + ien4i)-

One can easily show that the induction hypotheses are preserved, so
there exists a T' € Maty, 2,—r(C) with orthonormal columns such that
Y(v;) = T'¢(v;) for all i. Now extend T' to an orthogonal matrix to get
the desired result. O

Corollary 5.5.2. Assume M € Matg,, has rank s. Then M decomposes as

M =SUT
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where S is a square matriz, T is orthogonal and
U= ( ARAY )

il
Proof. let V be the row space of M. Then by the above proposition, we
obtain that (V) is isomorphic to the row space of U with the same bilinear
form. So there exists a T' € GO,,(C) such that

where r < min{s,n — s}.

V =CUT + CU,T + --- 4+ CU,T

whence M; = S;UT for all i for a suitable square matrix S, as desired. [

The following theorem shows a connection between linear and orthogonal
equivalence. In fact, the connection is that each ‘formula of linear reduction’
has s 4+ 1 ‘orthogonal cases’, namely r =0,1,...,s — 1, s.

Theorem 5.5.3. Assume h is linearly equivalent to a polynomial of the form

f<$1,$2, o Ty (T, T, L, Ts) - T,

E?:_ls bi(l’l, Ly ey IL‘S) . x5+i)

Then h is orthogonally equivalent to a polynomial of the form

f(x]n ey Ty T4l + i$3+]_, <oy s + ixQS—Ta
n—s ~ . .
Zizl ai(xlv ey Ty Tyl 1T 1, ..., Ts + 1x25—r) * Ls4i,
n—s i . .
Zi:l bi(xla coy Ty Tppl T 1T sp 1,0, T+ leS—T’) " Ls+i

Furthermore, the degrees of f and f with respect to their last two arguments
are the same.

Proof. Assume
h = f(Mlx, Mox, ..., Mgz, > " ai(Miz, Moz, ..., Mx) - Mgyx,

S bi(Myw, Mo, . .., Myz) - Msﬂm)

where M € GL,(C). Let M be the matrix consisting of the first s rows of M.
From corollary 5.5.2, we obtain that M = SUT', where S, U and T are as in
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that corollary. Now replace h by h(T~'x) and f by f(SZ,Tsi1,Tst2,...,Tn),
where & = x1, 29, ..., xs, to obtain that

h=f (Ux, > ai(Ux) - My T ',y bi(Uz) - M5+,~T1x>

i=1 =1

Since for all ¢ > 1,
My T 2 € Clay, ..., %, Try1 +i2sq1, ..., Ts +izos ]+ Casiy + -+ Cayy

we can write h in the desired form. O

5.6 Invertibility properties of degenerate gradient
maps

In this section, we shall show that the invertibility of gradient maps for which
the non-linear part is degenerate is equivalent to the invertibility of another
map in lower dimension. Since every symmetric matrix of full rank can be
expressed as SS9, it follows that we may assume that the linear part of the
gradient map is equal to x.

Proposition 5.6.1. Assume [ is linearly equivalent to f. Then V[ is in-
vertible, if and only if V f is invertible.

Furthermore, if f= f(T'z) and the linear part of Vf is x, then the linear
part of Vf is x as well, if and only if T is orthogonal.

Proof. Assume f = f(Tx). The first assertion follows from (5.1): V f=
TY(Vf)(Tz). The second assertions follows from (5.2): Hf = T'H f|o—1s
and the fact the the Jacobian of x is the identity matrix. O

Assume h € Clz] such that Vh is degenerate, i.e. the rows of J(Vh) = Hh
are dependent over C, say A\'Hh = 0. Then Vh is not invertible, because
its Jacobian determinant is zero. So let us look at the invertibility of Vf =
x+Vh, where f = h+2 >, 22. In order to preserve the nilpotency of Hh,
we may only use orthogonal transformations in general. But in case we do
not assume that Hh is nilpotent, we need orthogonality in order to preserve
the linear part « of Vf.



5.6. INVERTIBILITY ... OF DEGENERATE GRADIENT MAPS 145

Theorem 5.6.2. Assume \'Hh = 0 for some h € Clz]. If X is not isotropic,
then there exists a g that is orthogonally equivalent to h such that

et Hg =0

Furthermore, © + Vg is a(n invertible) Keller map, if and only if & + Vzg
is a(n invertible) Keller map over C, where & = x1,%2,...,Tp_1.
If X is isotropic and nonzero, then there exists a g that is orthogonally equiv-
alent to h such that

(e1 +ien)'Hg =0

Furthermore, x + Vg is a(n invertible) Keller map, if and only if & + Vzg
is a(n invertible) Keller map over Clz1 + iz,], where & = x9,x3,...,Tp_1.

Proof. Take T € GO,,(C) such that T~!\ is either dependent of e,, or equal
to e; + iep, and put g := h(Tz). If X is not isotropic, then elHg =
et TVHh|p—7, T = 0. If X is isotropic, then (e; + ie,)'T* = A' and hence
(€1 +ien)'Hg = 0.

If e! Hg = 0, then 2+ Vg is in fact an (n—1)-dimensional polynomial map up
to an elementary translation on the last coordinate. This gives the desired
result for the case that A is not isotropic.

So assume that (e; +ie,)'Hg = 0. Let
S = (5.7)

Since Vg € Clz1 + izy, z2, ..., Tn_2,Tp_1]", it follows that (Vg)|,—g-1, =
(V9)|z,=0. Furthermore, p := (8%1 + i%)g € C, whence

S(V9)lyms-10 = < (v@,xng)\zn:o )

The first component can be cleared by applying an elementary translation
from the left to x + S(Vg)|,—s-1, and the last component of SVg|,_g-1,
by applying an elementary map from the right to 2 + S(Vg)|,—g-1,. This
gives the desired result. O
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The notion of strong nilpotency was introduced by G.H. Meisters and C.
Olech. In [25], another definition of strong nilpotency is given by A.R.P. van
den Essen and E.-M.G.M. Hubbers: see also [24, §7.4]. In order to make the

disorder complete, here is a third definition.

Definition 5.6.3. Let A be a commutative ring and H € A[z]" be a poly-
nomial map with nilpotent Jacobian. We call JH strongly nilpotent if there
exists an m € N such that

TH| oy - TH| oy -+ TH|yyom =0

where y() = ygi), ygi), . ,yg) is a tuple of n indeterminates for each i.

The definition of Hubbers and Van den Essen differs from the above in that
m must be n. The below proposition shows that this does not matter as
long as the base ring is reduced.

In the definition of G.H. Meisters and C. Olech, m must be n as well, but
in addition, the y(¥ must be vectors over the base ring. So this definition
is equivalent to that of Hubbers and van den Essen in case the base ring
contains Q. Since m does not need to be n in the above definition, the
above definition is more similar to the definition of nilpotent.

Proposition 5.6.4. If A is a reduced commutative ring and H € A[x]" such
that JH is (strongly) nilpotent, then one can take n = m in the definition
of (strongly) nilpotent, i.e. JTH™ =0 (and

jH]m:yu) . jH‘x:y@) '''' jH‘I:y(n) =0

(@ (0 (4)

where y(i) = Y13 Yy e ,yni is a tuple of n indeterminates for each i).

Proof. Since A is reduced, it suffices to show the assertion for A/p, where
p runs through the prime spectrum of A. So we may assume that A is an
integral domain, i.e. A is contained in a field.

Now the result follows from the following fact: if adding a factor JH or
jH|x:y<m+1) to the right of a product JH™ or

jH|x:y(1) : \7H|:z:y(1) """ jH|x:y<m)

does not decrease the rank of the row space of the product, then the row
space is stationary under adding such factors to the right. O
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Proposition 5.6.5. Assume JH is a square matriz with only zeros in the
submatriz of the leading m rows and the rightmost n—m columns. Then JH
is (strongly) nilpotent, if and only if the leading principal minor of size m
and the complementary principal minor of size n —m of JH are (strongly)
nilpotent.

Proof. We only prove the nilpotent case, since the strongly nilpotent case
is similar except that the formulas are annoyingly complicated. Let M be
the leading principal minor of size m of JH and N be the complementary
principal minor of JH. Then

(M0
7= )

Now the forward implication is trivial The backward implication follows from
the fact that M"™ = N = 0 implies that 7H" - JH" = 0. O

The following theorem shows that for (strong) nilpotency, there are similar
results as for invertibility.

Theorem 5.6.6. Let g € Clx]. IfetHg = 0, then Hg is (strongly) nilpotent,

if and only if Hzg is (strongly) nilpotent, where & = x1,x2,...,Tp_1.
If (e1 + ien)"Hg = 0, then Hg is (strongly) nilpotent, if and only if Hzg is
(strongly) nilpotent (over C(x1 +izy)), where & = x2,3,...,Tn_1.

Proof. The first assertion follows from the above proposition with m = n—1.
For the second proposition, notice that the nilpotency of Hg is equivalent
to that of M := ST ((Vg)|,—5-14), where S is as in (5.7) on page 145. Next
apply the above proposition, with m = n—1 on M and m = 1 on the leading
principal minor of size n — 1 of M. O

If g € C[z] and (e,—1+ie,)"Hg = 0, then the component of Vg are contained
in Clxy,x9,. .., Tn—2, Tn—1+iz,] and hence, the substitution z,,_+iz, = 1in
Vg or Hg makes sense. Such a substitution in g directly might be ambiguous
for the linear part of g, but why worry when you delete this linear part by
taking the Hessian, as in the corollary below?

Corollary 5.6.7. Let g € Clz]. If (en—1 + ien)'Hg = 0 and g is homo-
geneous, then Hg is (strongly) nilpotent, if and only if H(g|z, i+iz,=1) 1S
(strongly) nilpotent.
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Proof. Again, we only prove the nilpotent case. Notice that H(gl|z, ,+iz,=1)
can be obtained from H;g by substitutions and adding zero rows and zero
columns, where £ = z1,x3,...,T,_2. This and a permuted version of the
above theorem give the forward implication.

The backward implication follows by substituting ¢ = (z,—1 + iavn)d*2 and
&= (vp_1 +irn) 12 in tH(glz,_,+iz,=1), where d = deg g. O

Example 5.6.8. Notice that (x4 +iv5)? — 1,2(x4 + ixs5), (v4 + iz5)? + 1 is
a Pythagorean triple. Therefore the polynomial
. 2 . . . 2 2
g1 = (((:c4 +iz5)” — 1)561 + 2(xq + ix5)T2 + 1((904 +iz5)° + 1)3:3)

has a nilpotent Hessian, for it is orthogonally equivalent to (z1 + izs)? over

C(x4 + iz5). The polynomial
< x4 +izs)? — D)ay + 2(z4 + iws)wa +i((2z4 + irs5)? + 1):63) .
(2(304 + 1x5)1‘1 ((x4 + ix5)2 — 1)332)

is orthogonally equivalent to (z1 + iz2)zs = ((x4 +ixs)? + 1) 7121 +ize) -

((z4 + iz5)? + 1)a3 over C(zy4 + izs). In the context of corollary 5.6.7, the
homogenizations of these polynomials are

g3 = (((334 +iz5)? — (w6 + iz7)?) 21 + 2(z4 + i5) (26 + iw7) 72 +

i((.’E4 + ix5)2 + (566 + ix7)2)x3)2

and
gy = ( (4 + 11:5 — (z¢ + iz7) )a:l + 2(x4 + ixs) (6 + ix7)T2 +
(24 +1i25)% + (26 + i$7)2)$3) :
(2(z4 + izs)(we + iz7)21 — ((24 + ir5)? — (z6 + ix7)2)$2)
Next

g5 = g3 + (w6 + iz7)°2y and g6 := ga + (w6 +iz7)°14

have nilpotent Hessians as well, since they are orthogonally equivalent to
g1 + x4 and g9 + x4 respectively over C(xg + iz7).
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By generic substitutions, one can see that rkHg; > 3+ |i/2] for all i. Check-
ing the gradient relations y? +y3 +y3, y3 + y2 and yZ + 2, for each of the g
(y2 + 2 only for i > 3), we obtain trdegcVg; < 3+ |i/2], so by proposition
1.2.9,

rkHg, =3+ |i/2]

for all 7. In section 5.8 (in the proof of theorem 5.8.6 to be precise), we shall
show that the Jacobians of these maps are not strongly nilpotent.

5.7 The dependence problem for Hessians

In chapter 2 (corollary 2.2.6), we have seen that the unipotent and homo-
geneous dependence problem for Hessians in dimension 2n has a negative
answer in case the unipotent and homogeneous dependence problem has a
negative answer in dimension n respectively. With the knowledge that the
unipotent and homogeneous dependence problem have been debunked in di-
mension 3 and 5 respectively, we obtain that the unipotent and homogeneous
dependence problem for Hessians have a negative answer in dimension 6 and
10 respectively.

In this section, we will show that the unipotent and homogeneous dependence
problem for Hessians has an affirmative answer in some cases. These cases
are summarized in the theorem below.

Theorem 5.7.1. Assume h € C[z] such that Hh is nilpotent. Then the rows
of Hh are linearly dependent over C if either n <4 or rkHh < 2.

If h is homogeneous in addition, then the rows of Hh are linearly dependent
over C if either n <5 or rkHh < 3.

Corollary 5.7.2. Assume h € Clz| such that Hh is nilpotent and n > 2. If
the rows of Hh are dependent over C, and either n <5 or rkHh < 2, then
there ewists a nonzero isotropic A\ € C" such that \*Hh = 0.

If h is homogeneous and the rows of Hh are dependent over C, and either

n < 6 or tkHh < 3, then there exists a nonzero isotropic A\ € C" such that
AHAh =0 as well.

Proof. Since the rows of Hh are linearly dependent over C there exists a
A € C" such that A\**h = 0. Assume A\ is not isotropic. Then h is or-
thogonally equivalent to some g € C[Z] up to its linear part, where & =
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(z1,22,...,Tp—1). From theorem 5.7.1, it follows that the rows of Hzg are
dependent over C, say u*Hg = 0 for some p € C™ with (u1, pio, . . ., fin—1) # 0.

Since changing i, does not affect u*Hg = 0, we can choose pu, such that
w is isotropic. Take T' € GO, (C) such that h(Tx) — ¢ is linear. Then
(Tp)'Hh = p*T Hg(T~'z) = 0. Since p is isotropic and T is orthogonal, it
follows that T'u is isotropic, as desired. O

The rest of this section is devoted to the proof of theorem 5.7.1. The case
n < 3 follows from corollary 5.4.3. The case that h is homogeneous and
rkHh < 3 follows from theorem 5.1.5. So three cases remain: rkHh < 2,
n = 5 with h homogeneous, and n = 4. If we distinguish between s; > 2
and sp < 1 in the last case, then we get four cases.

Case 1: tkHh < 2. The case rtkHh < 1 follows from theorem 5.1.4. So
assume rkHh = 2. Since Hh is nilpotent, it follows that n > 3. From
theorem 5.3.5 and theorem 5.5.3 with s = 1, it follows that h is orthogonally
equivalent to either

g :=ai(x1) + az(z1)xe + ag(x1)xs + - - + ap(z1)x) (5.8)
or
g := a1(x1+ize) +as(x1+ixe)ro+as(xy +ize)xs+- - - +an(x1 +ixe)x, (5.9)

or the rows of Hh are dependent over C. Assume first that (5.8) is satisfied.

From trHg = 0 we obtain that aa—;gg = 0, whence dega; < 1 for all 4. This
1

gives that the second and third row of Hg are dependent over C, for n > 3.

Assume next that (5.9) is satisfied. Since the Laplace operator f +— trH [ is
additive and the only term of g that survives this operator is as(z1 +ix2)x2,
we obtain that trH(ag(x1 + ize)xe) = 0, whence ag is constant. It follows
that (1,1,0,...,0)"Hh = 0, as desired. Notice that this is an alternate proof
for the case n = 3 in addition.

Case 2: n =5 with h homogeneous. From theorem 5.3.7 and theorem 5.5.3
with s = 2, it follows that h is orthogonally equivalent to either

f@1, 22, a1(21, 22) 23 + (5.10)

9= as(x1,x2)rs + az(x1, x2)xs)

or
f(x1,xe + i3, a1 (21, 2 + ix3)23 +

. . 5.11
ag(x1, xe +ixg)xy + as(xy, ro + ix3)Ts) ( )

9=
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or

f(z1 + iz, o + izg, a1 (21 + i3, 22 + 124) 23 +

= . . . . 5.12
ag(x1 +ix3, vo +ixg) s + ag(z1 + izs, X2 + ix4)25) (5.12)

or h is degenerate.

First assume that (5.10) is satisfied. Since h is homogeneous, the three
polynomials a1, as, as are homogeneous of the same degree, say d. If d =0
then f is trivially degenerate. So assume d > 1. Write f = ~,(y1, y2)y5 +

Yr—1(y1,y2)ys * 4 ---. Then §:= ;;;jlg is of the form
5

f=bo(x1,22) + bi(x1, x2)x3 + bo(z1, x2)xs + b3(21, T2) 25

with b; = r!ag_lwaj for all 7 > 1. Since trHg = 0 and the operator a%r
commutes with the Laplace operator trH, we get that trHg = 0. It follows
from the form of g that for all j > 1, z;otrHbj(x1,z2) is the leading term

with respect to ;4o of trHg. So trHbj(x1,22) = 0 for all j > 1.

So b; (w1, 2) is of the form \j(z1 +iwa) ™+ (71 —ize)" for some Aj, uj € C.
It follows that the polynomials bs, b3, by belong to a 2-dimensional C-vector
space and hence are linearly dependent over C. Since b; = r!agflfyraj for all
j > 1, also the polynomials a1, as, as are linearly dependent over C.

It follows that (a%gg, %g, 8%59) and (ai(x1,z2),a2(x1,z2),a3(x1,z2)) are
dependent as vectors. So the last three rows of Hg are dependent over C, as
desired.

Next assume that (5.11) is satisfied. If rkHh < 3, then h is degenerate, so
assume that Hh has corank one. Then the components of

iaq (1}1, Tro + ixg)
as(xy1, e +iz3)
= az(x1, x2 + iz3)

0 0
(%g%)g 9
559 - (a—f)

9z59

are algebraically dependent over C, because they are homogeneous of the
same degree. From theorem 5.4.5 with n =5, s = 2, and r = 1 respectively,
it follows that sp > 2. Now apply iv) of theorem 5.2.10 to obtain the desired
result. The case (5.12) is similar, except that r = 0 in theorem 5.4.5, because

0 : 0

921 T 1023 ) 9 5 iai(xy +irs, 22 +i24)

B 49 = — ias(xq +ixs, w9 + ix

90; Tigor ) 9 (8:::3 ) o 2( 1+ izg, 2 + 1)
) = ag(x + ixs, 2 + izg)

9z59
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Case 8: n =4 and s, > 2. If s, = 3, then the rows of Hh are dependent
over C due to proposition 5.2.4. So assume s, = 2. From ii) of theorem
5.2.10 and theorem 5.5.3 with s = 2, it follows that h is equivalent to either

g :=ai(x1,x2) + ag(x1, x2)xs + ag(z1, x2)xy4 (5.13)

or
g :=ai(x1,x2 +ixs) + as(w1, v2 + ix3) T3 + as(z1, v2 + ix3) 24 (5.14)

or

g := ay1(x1 +ixs, xo +ixg) + ag(w1 +ixs, xo +ixg)xs + az(zy +ixs, xo +ixg) 2y
(5.15)
where ag, az € C[p] for some p € Clzy, x2].
Assume first that either (5.13) or (5.14) is satisfied. If rkHAh < 2, then the
rows of Hh are dependent over C, so assume that Hh has corank one. Just
as in case 2, we apply theorem 5.4.5, this time withn =4, s =2, and r = 2
for (5.13) and r = 1 for (5.14). We obtain s; > 2, so the rows of Hh are
dependent over C.

Next assume that (5.15) is satisfied. Put

o O O =
o O = O
S = O =
—_ O = O

Notice that

g(T™ x) = ay (21, 29) + az(x1, T2)x3 + as(x1, T2)x4

and
00 i O
7Tt 0 0 0 i
Xk ok k
Xk ok ok
Consequently,

T(Vg)(T~ ') = TTHT ) (Vo) (T~ a) = TV (9T 2)
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SO
ig2g(T ) iag(x1, 2)
i 0 -1 .
G = T(Vo)(T ') = | 1o 9T 2) | _ 1a3(l’*1,332)
*
k k

Since G is a linear conjugation of Vg and Hg is nilpotent, it follows that
JG is nilpotent. Looking at the right hand side above, one can see by
proposition 5.6.5 that the leading principal minor of size 2 of J(G, which
is Jz, ao(ia1,1a2), is nilpotent. Now apply theorem 2.2.7 to obtain that the
rows of Jy, z,(ia1,iaz) are dependent over C. Hence the first two rows of
J G are dependent over C. This gives the dependence over C of the rows of
Hh.

Case 4: n = 4 and s, < 1. From corollary 5.4.3, it follows that the case
sp, = 0 does not occur, so let sp = 1. From iii) of theorem 5.2.10 and theorem
5.5.3 with s = 1, it follows that h is equivalent to either

g = f(z1,a1(z1)22 + ao(z1)w3 + as(z1)zs) +
bl(.%'l)afz + b2($1)$3 + 53(3}1)1‘4 (5.16)

or

g= f(acl + iz, a1 (z1 +iz2)xe + ag(x1 + ix2)xs + asz(z1 + ixg):v4) +
bl(.’L'l + i.%'g)l'g + 52(1'1 + 1372)933 + b3($1 + ix2)$4 (5.17)

If deg,, f < 1, then rkHg < 2 and hence the rows of Hh are dependent over
C. So assume r := deg,, f > 2 and let ,(y1) be the leading coefficient of f
with respect to ys.

Assume first that (5.16) is satisfied. Since r > 2 and the leading coefficient
with respect to x;11 of trHg equals 53_;2(% (x1)ai(z1)") for all 4 > 1, it follows
1
that a; € C for all 4. If a; = 0 for all 4 then rkHg < 2, so assume a; # 0. Then
(QQ% — alaixg)g = agby(r1) — a1ba(z1) and (aga?m — alaim)g = agby(z1) —

a1bs(z1) are algebraically dependent, whence sp > 2. Contradiction.

Assume next that (5.17) is satisfied. Then the components of

(i n ii) 9 9
8561 8x2 9 ax397 8:E4g
9 iay (561 + 1:[72) ibg (561 + 1:[72)
- ()

az(z1 + ixe) + | bo(xy +ix2)
= ag(x1 + ize) bs(z1 + iz2)
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are contained in (C[(a%g f)|z=, 1 +iz2] and hence algebraically dependent.
From theorem 5.4.5 with n = 4, s = 1 and r = 0, it follows that s, > 1.
Contradiction.

5.8 Linear triangularizable gradient maps

Assume h € C[z] such that Vh is linearly triangularizable: say that the
Jacobian of M(Vh)(M~'z) is lower triangular. Now VA can be conjugated
with an orthogonal matrix without affecting the symmetry of its Jacobian,
and M (Vh)(M~'z) can be conjugated with a lower triangular matrix with-
out affecting lower triangularity of its Jacobian. This can be used to simplify
M.

Lemma 5.8.1. Assume M € Maty, ,(C). Then M can be decomposed as
M = LPST (5.18)

where L € Mat,, ,,(C) is lower triangular, P is a permutation, T is orthog-
onal and S is of the form

I, 0 il
S = @ I n—2s (Z)
0 I

where s < n/2.

Proof. By adding zero rows below to M or removing rows below from M,
we obtain that M is square. Since PST is invertible, removed rows can be
restored afterwards.

i) By row operations to below and column operations to the left, we can
get M of the from DP, where D is diagonal and P is a permutation.
So M decomposes as M = LDPL, where L and L are lower triangular
with ones on the diagonal. It follows that we may assume that M =
PL. So assume from now on that M is invertible.

ii) Assume first that for all ¢ with 1 < ¢ < n, there exist at most one j
with 1 < 5 < n such that Mlet # 0. Since M is invertible, it follows
that for all ¢ with 1 <4 < n, there exist exactly one j with 1 < j <n
such that M; M} # 0.
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By way of a multiplication with an invertible diagonal matrix from the
left, we can obtain that M;M} = 1 in case M;M} # 0 and i = j, and
MZM]t = 2i in case MZMJt # 0 and ¢ # j. It follows that M is of the
desired form M = LPST, where L is a diagonal matrix.

iii) Assume next the opposite of ii), i.e. that there are i,7 with 1 < i <
j < n such that Mlet # 0, and either M;M{ # 0 for a k # j, or
Mijt # 0 for a k # i. Choose i as small as possible first, and j as
small as possible after that. Then ¢ < j.

If ¢ < j, then M; M} = 0, and by adding a multiple of M; to M;, we
can obtain M;M} = 0 as well. If M;M{ # 0 for some k # j, then
k > j and we can obtain M;M} = 0 by adding a multiple of M; to
Mj. Notice that this works both in case ¢ = j and in case ¢ < j. If
MM} # 0 for some k # i, then k > i and we can obtain MM} = 0
by adding a multiple of M; to M.

All of the above row operations can be eaten up by the lower trian-
gular matrix L in the decomposition scheme 5.18. Advancing in this
direction, 7 increases until it does not exist any more, in which case
ii) applies. The diagonal matrix in ii) can be eaten up by the lower
triangular matrix L as well, as desired. O

Notice that

L9 i\ L .
Q) In—25 @ — (Z) In—2s Q)
a9 I —5irr 0 L1,

The following lemma shows how we can improve the permutation P in (5.18).
In fact, the permutation P can be eaten up by the orthogonal transformation,
because it can pass through S.

Lemma 5.8.2. Assume M € Mat,(C) is symmetric. If PSMS™1P~1 is
lower triangular for some permutation P and an S of the form

I, 0 in
S = @ In—25 @
o0 I

then we can choose P such that it commutes with S.
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Proof. Assume PSMS~!'P~! is lower triangular. If s = 0, then S = I,, and
hence PS = SP. So assume from now on that s > 1. We distinguish four
cases.
o P = eﬁ and P, = e!,.
Since the first and last column of P.S are dependent of e; and e, only,
and the first and last row of S~1P~! are dependent of e} and e, only,
it follows that

(P (1,1) (Snn)) (1,0) Mnny) (1,1) (S, ))(_1 1y (Fn, n))(_z 1
= ((PS) ) (1,1 (Mn)) (1,1) (PS) () (1.1

is lower triangular. So by induction on n, we can replace (P, n)) 1,1
by a permutation that commutes with (S, ))(1,1) Without affecting
the lower triangularity of (M, ,))(1,1)-

Notice that after this maneuver, P commutes with S. Since the column
space of the first row of PSMS~!'P~! without the corners is not af-
fected and neither is the row space of the last column of PSMS—1 P!
without the corners, it follows that PSMS~'P~! is lower triangular,
as desired.

e P =¢l and P, # €.
Looking at the first row of PSMS™'P~1 we get (e} +iel )M S~1P~!
is dependent of €. So (e} +iel,)M is dependent of e} PS = e} + iel,.

Since M is symmetric, we obtain by transposition that 2iM S~ e, =
iM (e, —ie1) = M(ej+iey) is dependent of e; +ie, = 2iS~1e,. By mul-
tiplication by PS from the left, we see that PSM S~ 'e, is dependent
of Pe,,.

Take r such that Pe, = e,. Then P le, = e, and we obtain that
PSMS~'P~le, is dependent of e,. Therefore we can cycle the r-th row
of PSM S~ P~ to the bottom and the 7-th column of PSM S~ P~ to
the right side without affecting the lower triangularity of PSM S~ P~
This way, we obtain P, = e, and the previous case gives the desired
result.

o P =c¢! forsomei ¢ {l,s+1,s+2,...,n— s}
Let @@ be the permutation that flips 27 and z; on one hand and, in
case 1 < n, flips x,, and x,41—; on the other hand. Then () commutes
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with 5. So
(PQ)S(QT'MQ)S™H(PQ)™

is lower triangular. Furthermore, the first row of PQ is equal to
el, so from the above cases, it follows that PS(Q'MQ)S—'P~! is
lower triangular for some permutation P that commutes with S. So
PQ1SMS~'QP~! is lower triangular and PQ~! commutes with S,
as desired.

o P, =c¢! forsomei€ {s+1,5+2,...,n— s}
Looking at the first row of PSMS™1P~! we get PLSM S 1P te; =0
for all j # 1. Since P71 = P!, it follows from e{P = P; = e! that
P~le; = e; and that all other columns of P~! are a unit vector # e;.
Consequently, e}SMS_lej =0 for all j # 1.

Since i € {s+1,s+2,...,n — s}, we have e!S = e!. Furthermore,
the column space of all but the i-th column of S~! is equal to that of
I, so by etMS™le; = et!SMS~te; = 0 for all j # i, we obtain that
M;; = efMI,e; = 0 for all j # 4. So the i-th row of M is dependent
of ef. Since M is symmetric, it follows that the i-th column of M is
dependent of e;. Since S‘lel = S~ le; = e;, we obtain that the first
column of PSMS~'P~! is dependent of e;.

Consequently, we can cycle the first row of PSMS~'P~! to the bot-
tom and the first column of PSMS~'P~! to the right side without
affecting the lower triangularity of PSMS~'P~!. After this maneu-
ver, P might still be of the form e} withi € {s+1,s+2,...,n — s},
but if we repeat this maneuver over and over again, we obtain finally
that P = e! for some i & {s+1,5+2,...,n— s}, and the above cases
give the desired result. ]

So after a suitable orthogonal transformation, the conjugation with S in the
above theorem changes the Hessian in a lower triangular Jacobian, for some
s with 0 < s < n/2. In case the Hessian is nilpotent, we can replace S by
I, +1ilI},, a matrix that does not depend of s.

Lemma 5.8.3. Assume M € Mat,(C) is symmetric and nilpotent. If
SMS~' is lower triangular, where

I, 0 i
S = 0 I 0
it 0 I

s
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for some s < n/2, then

1
(I, + 15 M (I, +1I5) 7t = §(In +AIR)M (I, —iI%)

1s lower triangular and symmetric with respect to the anti-diagonal.

Proof. The proof is somewhat similar to the first case in the proof above.
From the structure of S, it follows that the central principal minor M of size
n—2s of M is the same as that of SMS~1. Since M is symmetric and lower
triangular, it follows that M is diagonal. But SMS~! is lower triangular
and nilpotent, so the diagonal of M is zero.

So M = 0. Tt follows that we can do row operations on the central n — 2s
rows of SMS™! and column operations on the central n — 2s columns of
SM S~ without affecting the lower triangularity of SMS~!. This gives the
lower triangularity of

I, 0 0 I, 0 0\

0 Inos+ilk 5, O | SMS™ | 0 I, os+il5 5, 0

0 ] I, 0 0 I

= (I, +iIL)M(I, +iI5)~t

= U+ i) (T, — i) (5.19)
1

The symmetry with respect to the anti-diagonal follows from the formula on
the right hand side. O

Theorem 5.8.4. Assume h € Clx]. Then Vh is linearly triangularizable, if
and only if there exists a g that is orthogonally equivalent to h such that

S

g = g a; (331 +1xp, T2 +1Tp—1,...,Tj + i:rnﬂ,j) “xj+
Jj=1
n—s
E a; (w1 +ix,, 2o +ixp_1,..., s + imn+1_5,a:j) T+
Jj=s+1
Qoo (xl + 1Ty, xo +iTp_1,...,Ts + ixn+1_s) (5.20)

for some s < |n/2].
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If HH is nilpotent, then Vh is linearly triangularizable, if and only if there
exists a g that is orthogonally equivalent to h such that

[n/2]
g = Z a; (xl +izy, w2 +iTp_1,..., 21 + ixn+2_j) ST+
j=1
Ao (xl +izn, x2 +iTp—1,... 1y T|ny2] T+ il’nJrl,Ln/QJ) (5.21)

where a1 is implicitly constant.

Proof. Assume that Vh is linearly triangularizable. From lemma 5.8.1, it
follows that we can choose g such that the Jacobian of PS(Vg)(S~1P~1x)
is lower triangular, where

L, 0 i
S = 0 I,_9s 0
o0 I

for some s < n/2. From lemma 5.8.2, it follows that we can choose g such
that S(Vg)(S~'z) has a lower triangular Jacobian. Notice that g € C[Sz].
So we can write

S
g = Z%‘(Slw,&% ooy Snp1-52)) - Spy1—jT +
=1

Z a; (S’lx, Sex,...,Ssx, Sjx, Sjpix, ..., Sn,sm)) -Sjr +
s+1
doo (S12, Sox, .. ., Ssa:)

We show that a; € Clxy, z2,...,z;] for all j < s. For that purpose, let j < s
and assume by induction that a; € Clz1, e, ..., z;] for all i < j. Then every
term of g except that with a; is contained in Clx; + ixp11-j,21,...,2j-1,
Tjt1y .oy Tpj, Tnt2—j,--., 2y and therefore killed by % + i It
follows that

OTnt1—;5°

0 0
Vo = (L 1T (0;(S12, S, . Sg1s) - Ss1—j
S;jVg <<'“)xj+18xn+1_j> (aj(Siz,Soz, ..., Spy1-4T) - Sny1-jT)
0
= 2i—(a; - Tpyi—;
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So the j-th component of S(Vg)(S™'z) is equal to

0

. “1y o
S;(Vg)(S™ x) 210@‘”“,]-

(aj . I‘n+1,j) (522)

But since the Jacobian of S(Vg)(S~!'z) is lower triangular, it follows that
a; € Clzy,zo,...,x;], as desired.

In a similar manner, one can show by induction on j that for j with s +1 <

Jj<n-—s,aj €Clxy,xg,...,2, 2;) and that
_ 0
Si(Vg) (S~ w) = ?(aj ) (5.23)
Ty
So we have

s

g = Z a; (Sll', Sox, ..., Sjl')) . Sn+17j{L‘ +
j=1

Z a; (Slcc, 52.73, ce ,SSCC, SJJJ) . Sjl‘ +

Jj=s+1

Eloo (Slm, Sz.%', ceey Ssm)

Since Sp41—jr = 2ir; — ir; + Tp1—; = 2iz; — 1Sz for all j < s, it follows
that g is of the desired form.

In the nilpotent case, we can take S := I,, + iI} and on account of lemma
5.8.3, the Jacobian of S(Vg)(S~'x) is lower triangular. But S and S above
with s = |[n/2] differ at most an elementary diagonal matrix as a factor,
so we can take s = |n/2]. The extra condition that the diagonal of the
Jacobian of S(Vg)(S~'z) is zero gives the desired result.

For the converse implication, notice that the first n—s rows of 7 (S(Vg)(S~!-
x)) are of the desired form by way of (5.22) and (5.23). For the last s rows of
J(S(Vg)(S~1z)), it suffices to show that the lower right principal minor of
size s is lower triangular. We do this by showing that this principal minor is
the reflection of the upper left principal minor of size s of J(S(Vg)(S~1x)).
Set M := Hg|,—s-1,. By conjugating J(S(Vg)(S~'z)) = SMS~! as in
(5.19), we get a matrix that is symmetric with respect to the anti-diagonal.
But the upper left and lower right principal minors of size s of M are only
affected by the substitution corresponding to this conjugation. This gives
the desired result in case Hh is not nilpotent. In the nilpotent case, one can
see that J(S(Vg)(S~'z)) has zeros on the diagonal, if g is as in (5.21). O
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If h is homogeneous of degree 2, then its Hessian has constant entries. So
there is a correspondence between quadratic forms and symmetric matrices
over C (more generally over rings with %) More is known about orthogonal
conjugations of symmetric matrices over C. We refer to [31] for more infor-
mation. In terms of quadratic forms, one can prove the following with the
techniques in [31].

Proposition 5.8.5. Define a simple quadratic form as one whose Hessian
has only one eigenvector up to scalar multiplication.

i) After a suitable orthogonal transformation, a simple quadratic form h
for which Hh has eigenvalue A satisfies

(I, +ilL)YHA(I, +iI5) ™ = AT, + N,

where Ny, is the nilpotent matrix of size n with ones on the subdiagonal
and zeros elsewhere.

it) After a suitable orthogonal transformation, a quadratic form can be
written as the sum of simple quadratic forms such that no pair of them
shares any of the variables x1,xa, ..., Ty.

The proof is left as an exercise to the reader. In [16], it is shown that
quadratic forms can be transformed orthogonally such that their Hessian
becomes tridiagonal, i.e. only entries on or adjacent to the diagonal may be
nonzero. Furthermore, tridiagonal equivalents of symmetric Jordan blocks
are constructed. The symmetric Jordan blocks

1
(In + Hfz)()\]n + Nn)(In + ilfz)_l =AM + 9 ((Nn + Nrtz) + i(Nn B Nvtz)r)

of [31] are not tridiagonal.

The last theorem of this chapter classifies for which dimensions n and ranks r,
gradient maps with nilpotent Jacobians are always linearly triangularizable.

Theorem 5.8.6. Assume h € C[z] such that Hh is nilpotent. Then Vh is
linearly triangularizable in each the following cases:

i) n<d4,

it1) n <5 and h is homogeneous,
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i11) n < 6, h is homogeneous and the rows of Hh are dependent over C,

iv) rkHh < 2,

v) tkHh < 3 and h is homogeneous.

Furthermore, there exist g € Clx]| with nilpotent Hessians of rank r such that
Vg is not linearly triangularizable in case:

vi) n>5and3<r <n-1,

and even g € Clz] that are homogeneous in addition if

vii) n >7and 4 <r <n-—1.

Proof.

i)

ii)

Assume n < 4. The case n = 1 is trivial, so assume 2 < n < 4. From
corollary 5.7.2, it follows that there exists an isotropic A € C" such
that A\"Hh = 0. Replacing h by h(Tz) for a suitable T' € GO,,(C), we
obtain A = ej + iey. It follows that A is of the form of ¢ in (5.21) in
case n = 2.

So let n > 3. From theorem 5.6.2, it follows that H,, .z, ,h is nilpo-
tent. It follows that h is of the form of g in (5.21) in case n = 3.

So let n = 4. Then there exists an isotropic yu € C(x1 +iz4)? such that
W Hyy 25k = 0. But since p has only two coordinates, it follows that
is dependent of either (1,i) or (1, —i). Again by replacing h by h(Tx)
for a suitable T' € GO, (C), we obtain u = (1,i) and that h is of the
form of g in (5.21).

Assume n < 5 and h is homogeneous. The case n < 4 follows from
i), so let n = 5. From corollary 5.7.2, it follows that there exists an
isotropic A € C" such that A*%h = 0. Replacing h by h(Tx) for a
suitable T € GO,,(C), we obtain A = e; + iey,.

It follows that H(h|z,+iz,=1) is nilpotent. From i) with n = 3, we
obtain that V(h|z,+iz,=1) is linearly triangularizable. So we may as-
sume that V(h|z,+iz,=1) is of the form of (5.21), with = replaced
by x2,x3,...,2n—1. By homogenization, we can get h back out of
V(h|z;+iz,=1), and h is of the form of (5.21).
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iii)

iv)

vi)

The proof of this case is similar to that of ii).

Assume rkHA < 2. From theorem 5.3.5 and theorem 5.5.3 with s = 1,
it follows that we may assume that either

h =ai(x1) + az(z1)x2 + - - - + an(x1) 2y (5.8
or
h = ay(z1 + ixe) + ag(x1 +ix2)xe + - - - + ap(x1 + ize) 2y (5.9
We show that h is orthogonally equivalent to
g :=ai(x1 +ize) + agwa + as(xy + ixg)xs + - - - + ap(z1 +iz2) 2y

with as € C. Notice that g above is indeed linearly triangularizable.
If degh = 2, then the quadratic part of A is a product of two linear
forms. Since Hh is nilpotent, this product is orthogonally equivalent
to one of (z1 +ix2)?, (x1 +ize)ws, (z1 +ize) (23 +ixs). It follows that
h is of the desired form.

So assume degh > 3. Since trHh = 0, it follows that h cannot be
of the form (5.8). So h is of the form (5.9"), but again by the trace
condition, degas < 0 must be satisfied, as desired.

Assume rkHh < 3 and h is homogeneous. From theorem 5.3.10, it
follows that h can be expressed as a polynomial in three linear forms.
So by way of an orthogonal transformation, we can embed h in dimen-
sion 6. It follows from iii) that Vh is linearly triangularizable. One
can show that h is orthogonally equivalent to a g of one of the forms
below.

p(x1 + ize, x3 + izg, T5 + i26)
p(z1 +izo, 3 + ixg) + (21 + ixe, T3 + 174) 25

p(z1 + ix9, x5 + ix4) + ¢(21 + iT2) 23

Assume n > 5 and 3 < r < n — 1. The gradient maps of g; and g
in example 5.6.8 are not linearly triangularizable, since they do not
satisfy DP+. This proves the case n = 5. So let n > 5. We distinguish
two cases:
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e 3<r<n-—1.

By induction, it follows that there exists a g € C[Z] such that
Hzg is nilpotent of rank 7, but Vzg is not linearly triangulariz-
able, where ¥ = x1,29,...,25_1. From theorem 5.6.6 and the
equivalence of linear triangularizability and strong nilpotency of
the Jacobian, which is shown in [24, §7.4], we obtain that Hg is
nilpotent of rank r, but Vg is not linearly triangularizable, as
desired.

r=n—1.
If n = 6, then one can take

g=g2+ (2(904+i$5)1‘1 - (($4+i$5)2—1)$2—i(($4+i$5)2+1)$6>2

(5.24)
with go as in example 5.6.8, since rkHg = 5 and Vg does not
satisfy DP+. If n > 6, then the existence of a map g with the
desired properties follows from vii) below.

vii) Assume n > 7 and 4 < r < n — 1. From corollary 5.6.7 and the

equivalence of linear triangularizability and strong nilpotency of the
Jacobian, which is shown in [24, §7.4], it follows that homogenizations
with 2,1 + iz, of gradient maps in C[#]"~2 that do not satisfy DP+
are not linearly triangularizable, where & = z1,29,...,Z,_2. So the
gradient maps of g3, g4, g5 and gg in example 5.6.8 are not linearly
triangularizable. This gives the case n = 7.

The case 4 < r < n — 1 is similar to the case 3 <r <n —1in vi). So
let n > 7 and r =n — 1. We distinguish two cases:

e 7 is odd.

Notice that the algebraic relations between the components of V gg
in example 5.6.8 are generated by yg +iy7. So assume inductively
that there exists a g € C[z] that is homogeneous of degree 6 such
that the algebraic relations between the components of V3§ are
generated by y,—3 + iyn—2-

Put g = §+a,_2(7p_1+iz,)°. Then it is clear that y, 1 +iyy, is a
relation between the components of Vg. Now all other such rela-
tions are generated by y,—1+iy,, because x,_o and x,,_1 +iz, are
algebraically independent over C(V:9) = C(Va, ao....2n_39), and
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C(xn—2,Tn_1 +izy) = (C((axf_3 + 181‘3_2 )g, az‘z_lg). By substi-
tuting z,—1 +izx, = 0 in Hg, we obtain Hg. From the equivalence
of linear triangularizability and strong nilpotency of the Jacobian,
which is shown in [24, §7.4], it follow inductively that Hg is not
linearly triangularizable, as desired.

e 1 is even.
From the proof of the above case, we obtain that we may assume
that n = 8, provided we give a polynomial g such that the alge-
braic relations between the components of Vg are generated by
y7+iys. Now the homogenization with x7+izg of g+ x5, with g as
in (5.24), has the desired properties. This follows from corollary
5.6.7 and a computation of the Hessian rank. O
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Chapter 6

Power linear Keller maps
and Zhao graphs

6.1 Introduction

Definition 6.1.1. A map H € C[z]" is called power linear (of degree d) if
H is of the form (Az)*¢ (H; is a power of a linear form for all 4). A map
F € Clz|" is called special power linear (of degree d), if it is of the form
x+ (Az)*® (F; — z; is a power of a linear form for all 4, or similarly F — z is
power linear). A power linear Keller map is a special power linear map that
satisfies the Keller condition (Keller maps cannot be power linear maps, so
the word ‘special’ is redundant). So if F' is a power linear Keller map, then
F — z is a power linear map.

The following theorem is proved by several authors: i) is proved by Van den
Essen in [23], but the essential idea comes from [18] by Druzkowski. iii) is
proved by Cheng in [10, Th. 2].

Theorem 6.1.2 (Cheng, Druzkowski, Van den Essen). Assume z + (Ax)*?
is a power linear Keller map and let r := rkA. If for all homogeneous Keller
maps x + H of degree d in dimension r,

i) x + H is invertible,
it) © + H is tame,

i11) H s linearly triangularizable,



168 CHAPTER 6. POWER LINEAR KELLER ... ZHAO GRAPHS

iv) H satisfies DP(+),
then x + (Ax)*? or (Ax)*? respectively has this property as well.

Proof. Since J(Ax)*¢ is nilpotent, » < n follows. From theorem 6.2.11, it
follows that there exists a homogeneous H € C[xy,z2,...,2,|" such that
H and (Az)*¢ are GZ-paired (a property of a homogeneous map on one
hand and a power linear map on the other hand, see definition 6.2.6 for the
precise definition). From i) of proposition 6.2.7, we obtain that x + H is a
homogeneous Keller map. Now i), ii), and iii) follow from proposition 6.2.7
and iv) follows from proposition 6.3.3. O

We study GZ-pairing in sections 6.2 and 6.3.
Observe that if H = (Ax)*? is power linear, then

JH = diag((Az)*4=V) . dA
This leads to the following definition.

Definition 6.1.3. We call M a power linear quasi-Jacobian if M is of the
form

M = diag((Aa;)*(dfl)) - B
for some matrices A € Maty ,(C) and B € Maty(C), where N > n.

Power linear quasi-Jacobians can be Jacobians of power linear maps, but
also the Zhao-matrix in section 6.4, which is associated with homogeneous
symmetric Keller maps, is a power linear quasi-Jacobian. We shall derive
some results about Zhao matrices in section 6.5. Furthermore, the results
of chapter 7 will be formulated for power linear quasi-Jacobians instead of
Jacobians where possible, and results about Zhao matrices will be derived.

But first, we formulate a proposition to obtain a cubic linear map with
nilpotent Jacobian that does not satisfy DP:

Proposition 6.1.4. Let H = (Hy, Ho, ..., Hy,) be homogeneous of degree d
such that J H is nilpotent and the components of H are linearly independent
over C. Assume further that there are N d-th powers L’f,Lg,...,L‘fV of
linear forms L;, such that each component H; of H can be written as a
linear combination of these linear powers. If the N linear powers are linearly
independent over C, then there exists a homogeneous power linear map G =
(G1,Ga,...,GN) of degree d such that JG is nilpotent, the components of
G are linearly independent and tkJG =rkJL < n.
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Proof. Since H; € C[xq, 29, ...,x,] for all i < n, we may assume that L; €
Clz1, g, ..., 2y, for all i < N as well (substitute z,41 = zp42 = -+ = 0).
The components of H are linearly independent, so we can extend them to
a basis of CL{ @ CLY @ --- @ CL‘}V by adding linear powers L¢. So after
renumbering the L;’s, we have

Cli{ecCLi® - -®CLy=CH® - - ©CH,®CL:, @ ---&CL% (6.1)

Now let F := (Hy,Ha,...,Hy, L, Le 5, .. L%) and X := 21,29,...,2ZN.
Since L; € Clz1,x9,...,xy] for all i, Jx F is nilpotent as well. Write

From (6.1), it follows that T € GLy(C). Put
G:=T'F(TX)= (L}, L], ..., L{)|x=rx

Then G is a power linear map and JxG is nilpotent. Furthermore, rk7xG =
rkJx (LY, LY, ..., LY) = tkJx (L1, Lo, ..., Ly), for Ix (L4, L4, ..., L%) = d-
diag(L$™, L471.  L4Y - Ix(Ly, La, ..., Ly). O

The above proposition can be used to construct a cubic linear counterex-
ample to the Linear dependence problem in dimension 53. The number 53
appears on the VW beetle Herbie.

Example 6.1.5. The following map is a slight variation on the map of
corollary 4.2.5 with n = 10:

6210(9r1 — T1072)
6x9(r9r1 — T1072)
6210(29r3 — T1074)
6z9(rgr3 — T1074)
7 6z10(x9xs — T10%6)
6z9(rg5 — T1076)
6xg(r114 — T2T3)
6.%'9 (373:(}6 — 1'4.%'5)
6(xg(x124 — T2T3) g x7(T3T6 — T4X5))
Tg

and by the proof of corollary 4.2.5, we see that H is a cubic homogeneous
counterexample to the Linear dependence problem as well (J H is nilpotent).
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Furthermore, there are 53 cubic linear powers such that each component of
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H can be written as a Z-linear combination of these powers:

Hy

Hiyo

Since these 53 linear powers are linearly independent, it follow from propo-
sition 6.1.4 that there exists a cubic linear counterexample to the Linear

(x1+ 29+ 5E10)3 — (21 + $9)3 — (o1 + 5610)3 + l‘? —

(zg + 710)" + T + 239 — (22 + 210)® — (T2 — 210)° + 223
—(x + g + 210)> 4 (w2 + 29)> + (z2 + 219)% — 25 +

(zg +210)® — 23 — 23 + (21 + 29)® + (21 — 19)> — 223
(z3 + g + 210)° — (23 + 29)> — (23 + T10)° + 23 —

(g + x10)° + 28 4+ 239 — (4 + 210)° — (24 — 210)° + 223
—(24 +m9 + 10)> + (24 + 19)> + (x4 + 210)> — 25 +

(z9 + 210)® — 28 — 235 + (23 + 29)> + (23 — 19)> — 203
(25 + @9 + 210)° — (w5 + 29)° — (w5 + 710)° + 23 —

(zg + 10)® + 28 + 235 — (x6 + 710)° — (26 — 10)> + 227
— (6 + @9 + 210)° + (26 + 29)" + (w6 + 210)° — 2§ +

(zg + x10)> — mg — x?o + (25 4 29)> + (x5 — x9)% — 2z§
(z1 + x4 + 29)% — (x1 + 24)> — (21 + 29)> — (24 + 19)> +
x4+ 2 — (29 + 23 + 29)> + (w2 + 23)% + (22 + 29)® +
(z3 4+ 29)% — 23 — 23

(z3 + 26 + 29)> — (x3 + 26)> — (23 + 29)> — (z6 + 19)> +
23+ 3§ — (24 + 25+ 29)° + (24 + 25)% + (T4 + 29)° +
(x5 + 29)3 — 25 — 23

(21 + 24+ 28)° — (21 + 24)% — (5 + 21)> — (25 + 24)° +
23 4 203 — (19 4+ 23+ 28) + (22 + 23) + (w8 + 12)° +
(w8 + x3)° — 23 — (w3 + 26 + 27)° + (w3 + 6)® +

(27 + 23)® + (w7 + w6)® — 2§ — 205 + (24 + 25 + 27)° —
(w4 +25)° = (@7 + 22)° = (27 + @5)° + 23

3
Lo

3

dependence problem in dimension 53: the Herbie example.
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6.2 GZ-pairing and the linear dependence problem

Let us start with a very useful lemma:

Lemma 6.2.1. Let Ly, Lo, ..., L, € K[x] be linear such that 2 <r < d-+1
and
MLY + XLd + ...+ NLE=0 (6.2)

for some A\ € C"\{0}, where K is a field such that either K O Q or the
characteristic of K is greater than d. Then there are i # j and an s € C
such that L; = sL;.

Proof. Since A # 0, we may assume without loss of generality that Ay #£ 0. If
Ly # sL, or L, # sLq for some s € K, then we are done, so we may assume
that L; and L, are independent. So there exists a linear basis a1, aq, ..., a,
of Clz] with a; = L; and ay = L,.
The case d = 1 is easy, so assume d > 2. Differentiating (6.2) with respect
to a; gives

L+ oL+ 4 LT =0

for certain p; € K. In particular, u; = d\; # 0, so u € C"~1\{0} and the
result follows by induction on d. O

The following proposition shows that one can always find powers of linear
forms as in example 6.1.5.

Proposition 6.2.2. Let f € K[x] be a homogeneous polynomial of degree d
over a field K such that either K D Q or the characteristic of K is greater
than d. Then f can be written as a linear combination of linear powers of
degree d.

Proof. Since each polynomial is a sum of monomials, we may assume that
f is a monomial. Assume first that f = x{xg_r. We show that f can be
written as a sum of x¢, (x1 + 22)%, (z1 + 222)%, ..., (z1 + dz2)?. So assume
that this is not the case. The space of homogeneous polynomials in 1 and x9
of degree d is (d+1)-dimensional, for it is generated by the d+ 1 polynomials

g, :c‘li_lxg, e :z:lxg_l, x3. Since the d+ 1 linear powers x¢, (x1 +x2)4, (11 +
229)%, ..., (x1 + dz2)? do not generate all homogeneous polynomials in z;

and xo of degree d, they are linearly dependent. This contradicts lemma
6.2.1 above, as desired.
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Assume next that f is a monomial in m > 3 indeterminates and that every
monomial of degree d in less than m indeterminates can be written as a sum
of d-th powers of linear forms. Then f = gh, where g is a (d — e)-th power
of an indeterminate and h has only m — 1 indeterminates.

By induction on m, we obtain that we can write
h:)\lLi—l-)\ng-i-"‘-l-)\rLi

for linear forms L; and A\; € K. Since f = A\gL§ + AogL§ + -+ - + A\ gL, it
suffices to write gL{ as a linear combination of linear d-th powers for each
1. For that purpose, we first write ¢gt® as a linear combination of linear d-
th powers, which is possible because ¢t¢ is bivariate. Next, we substitute
t=1L;. O

Corollary 6.2.3. Assume H = (Hy, Ha,...,Hy,) is homogeneous of degree
d with a nilpotent Jacobian. If H does not satisfy DP, then there is an N > n
and a power linear map G € C[X|N of degree d with a nilpotent Jacobian
that does not satisfy DP either. Furthermore, tkJG < n.

The above corollary was simultaneously obtained by Dayan Liu, Xiankun
Du and Xiaosong Sun in [13]. Unfortunately, their Herbie has the number
67 on it.

Corollary 6.2.4. For each d > 3, the Jacobian conjecture can be reduced to
power linear Keller maps of degree d.

Proof. The proof is left as an exercise to the reader. First, reduce to special
homogeneous Keller maps of degree d, using [24, Prop. 6.2.13]. After that,
reduce to d-th power linear Keller maps using proposition 6.2.2. U

The following proposition is the power linear variant of proposition 4.6.3.
We will use it later.

Proposition 6.2.5. A power linear map (Ax)*? satisfies DP(+), if and only
if there exists a T € GL,(C) such that T~ (ATx)*¢ is of the form (Bz)*?
with By = 0 and By dependent of €Y.

Proof. The backward implication goes similar as in the proof of proposition
4.6.3. The forward implication goes similar as well. At first, we can choose
the rows of 771 of the form e! as far as they are not equal to A (or u), in
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order to obtain that T—'(ATxz)*? is power linear. So we obtain (Bjz)? € C
and (Baz)? € C[z1]. But that implies that By = 0 and that By is dependent
of e!, as desired. g

Write X = x1,29,...,2Zy,...,xn and let E; be the i-th standard basis vector
of size N. The following definition of GZ-paired is essentially that of paired
in [32], see also [24, §6.4]. It is somewhat more general in the sense that
d > 2 instead of d = 3, and that G does not need to be power linear, but
the latter is for technical convenience only.

Definition 6.2.6. Assume n < N and let H = (Hy, Hy,...,H,) € Clz|"
and G = (G1, G, ..., GN) be homogeneous of degree d > 2. Then H and G
are weakly GZ-paired (through B and C) if there exist B € Mat, x(C) and
C € Maty ,,(C) such that

i) H = BG(Cz),
ii) BC = I,
iii) ker B C ker JG.
If n < N and
iii") ker B = ker JG.
then H and G are GZ-paired (through B and C).

Notice that ii) implies that tkB = rkC = n. Assume H and G = (AX)*?,
are GZ-paired through B and C. Then by iii’), ker A = ker JG = ker B,
whence

tkA =n (6.3)
as well. Since n < N, corkA =N —n > 0. Sodet A = 0.

Proposition 6.2.7. Let H € C[z]" and G € C[X]"N be homogeneous of
degree d > 2 and assume H and G are (weakly) GZ-paired through B and
C'. Then the following holds.

i) STYH(Sz) and T-'G(TX) are (weakly) GZ-paired through S—'BT
and T=1CS for all S € GL,(C) and T € GLy(C),

it) det J(x + H) = 1, if and only if det Ix (X + G) = 1.
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i) X + G is invertible, if and only if x + H 1is.
iw) X + G is tame in dimension M > N, if and only if x + H 1is.
v) G is linearly triangularizable, if and only if H is.
vi) G = G(CBX) and H(BX) = BG,
vii) det J(x + H) = det(JIx (X + G))|x=cuz»
viit) det Ix (X + G) = det(J(z + H))|z=Bx,
ir) If C € Maty ,,(C) and BC = I,,, then H and G are (weakly) GZ-paired

through B and C as well.
Proof.
i) This follows directly from the definitions,
ker J(T'G(TX)) = ker J(G(TX)) = T ' ker(J Q)| x=1x

and
T 'ker Blx—rx =T 'ker B = ker BT = ker S™' BT

ii) This follows from vii).

iii) Since B € Mat, n(C) has full rank, dimkerB = N —n. Let M €
Maty n—n(C) such that the columns of M are a basis of ker B and
define T' := (C' | M). Since for each i < n, the i-th column e; of
BT = (I,, | 0) is independent of the other columns of BT, it follows
that for each ¢ < n the i-th column of T is independent of the other
columns of T. Together with the fact that the columns of M are
independent, we obtain that T is invertible. Moreover, one can easily
see that the first n rows of T~! are the rows of B.

Since ker JG 2 ker B, (JG)M = 0 follows. Consequently, the last
N — n columns of (JG)T are zero, whence (JG)T = ((FJG)C | 0)
and F := T7'G(TX) = T~'G(Cx). Furthermore, by the fact that the
first » rows of T~! are the rows of B, we obtain (Fy,Fy,...,F,) =
BG(Czx) = H. So for i = 1, we have

JH' @)

L (6.4)

jXFi:<
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and hence also for i = 2,3,.... We obtain that X + F is invertible, if
and only if x + H is. So X + G is invertible, if and only if x + H is.

This goes similar to iii), using that X + (H, Fy11,. .., Fjp_1,0™, 0™+
o, 0MYyand X + (H, Fpyt, ..o Froot1, By, 0mF 00 0N) differ an ele-
mentary map from the right.

This goes more or less similar to iii). From (6.4), we obtain that JH
is nilpotent, if and only if JxF is, but in a similar manner, one can
see that J H is strongly nilpotent, if and only if JxF is.

By way of the equivalence of linear triangularizability and strong nilpo-
tency of the Jacobian, which is shown in [24, §7.4], we see that that G
is linearly triangularizable, if and only if H is.

Since F = T71G(TX) = T7'G(Cx) and G(Cx) = G((C | 0)X), we
obtain TF(T7'X) = G = G((C | )T 'X), and G = G(CBX) follows
because the first n rows of 7! are exactly B. Substituting x = BX
in H = BG(Cx) gives H(BX) = BG(CBX) = BG, as desired.

Notice that by (6.4) with i =1, Tx (X +F) = (Ix (X +F))|x=(2,0,...,0)-
Consequently,

detJ(z+ H) = detIx(X + F)|x=(z0,..,0)

= det (T_l(jX (X + G)) ‘X:TXT> ‘X:(;&o,...,o)

= det (T*l(jX(X + G))‘X:ch>
= det (Ix(X +G))lx=cz
Notice that (J(z + H))|x=7-1x = (J(x + H))|z=px, whence
det Ix (X +G) = detJ(X +TF(T7'X))
= det (T(Tx(X + F))|y_yy T7")
= det (J(z+H))|x_p1x
= det (J(x+H))| _zx
Assume C' € Maty,,(C) and BC = I,,. By substituting X = Cx in
H(BX) = BG obtained in vi), we see that
H = H(BCz) = BG(Cx))
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so H and G are (weakly) GZ-paired through B and C as well. O

The following theorem says that each homogeneous H of degree > 2 that
cannot be made power linear by way of linear conjugations can be GZ-paired
with a power linear map, but unlike [32] and [24, §6.4], it takes linear relations
between the components into account.

Theorem 6.2.8. Let H € C[z]™ be homogeneous of degree d > 2. Assume
that there are exactly m independent linear relations between the components
of H and that H is degenerate of order s (m and s may be zero).

Assume in addition that there exist M —m — s linear forms Ly4+1, Lipya, - - -,
Ly _s that are linearly independent over C, such that each component of H
can be written as a linear combination of L%H, ng+27 . 7L?\475~

Then there exists an N > n with M —s < N < M and a power linear map
G € C[X]N of degree d such that H and G are weakly GZ-paired. Up to
the condition N > n, H and G are even GZ-paired. Furthermore, H and
(G1,Ga,...,Gr—s) are weakly GZ-paired, G1 = Gg = -+ = G, = 0 and
Gm+1, Gmta, - -, GN are linearly independent over C.

Proof. Since H is degenerate of order s, we can obtain H € Clzy,xo,...,
Tpn_s), by replacing H by S~'H(Sz) for a suitable S € GL,(C). This is
allowed on account of i) of proposition 6.2.7.

Assume L is degenerate of order s’. Then 0 < s’ < s,s0 N := M —s+s < M.
Again by replacing H by S™'H(Sz) for a suitable S € GL,(C), we may
assume that L; € Clzq,z9,...,2,_g] for all i < M — s.

i) Since there are exactly m linear relation between the components of
H, it follows that the dimension of the vector space
CH,+CHy +---+CH,

over C is n — m. It is a subspace of codimension (M — s —m) — (n —
m)+ s =N —nof

V:=(CLY,,®CL: ,® - ®CLY_,)® (Cxl_, @ ®Cal)

so after renumbering the L;’s and defining Ly_g4; := ©,—y4; for all
1 > 1, we have

V = (CHi+---+CH)o Ll & --oCLY_,) o
(Capt_gy @ @ Cay)
= (CHy+---+CH,) & (Lt o oLl _oCLY) (6.5)



6.2. GZ-PAIRING AND THE ... DEPENDENCE PROBLEM 177

Furthermore, L% 115 Lfn Loy ,L?\,_l, Ly are linearly independent over
C.

ii) Now let
Fi=(Hy,...,Hp L%y, ..., L% 1, LY)

Since (L%, 1, LY o, ..., L% ) is degenerate of order < s’ with respect
to x, we obtain that (L%, L% .. ..., L% |, L%) is not degenerate
with respect to z. It follows that ker j(ngH? ng+2v .. 7L3l\7717 Lﬁlv) =
{0} x CN="_and by (6.5), we obtain ker 7F = {0}" x CN~" as well.

Consequently, H and F' are weakly GZ-paired through B and C, where

B=(I,|0) and c;(%)

and ker B = ker JF'.

iit) From (6.5), it follows that there exist a T € Maty y_m(C) of rank
N — m such that

F= T ’ (L;in—Flegn—i-Q?' : 'aL(]iV—laL(]iV)

By adding independent columns on the left of T, we see that there
exist a T' € GL,,(C) of the form 7" = (x | T') such that

F=T-0'...,0m L% \ L% o ..., L%_1,L%)

So if we define Ly = -+ = L,, = 0, then F = T - L*®. Tt follows from
i) of proposition 6.2.7 that H and G := T™'F(TX) = L(TX)*® are
weakly GZ-paired through BT and T~'C. Furthermore, we obtain by
ker B = ker J F' that

ker(BT) = ker(BT)|x=rx = ker(JF - T)|x=rx = ker JG

Since L%+1,Lgl+2, . .,L‘Ji\,_l,L‘]j\, are linearly independent over C, it
follows that H and G are GZ-paired in the desired way, except that
we have N > n instead of N > n. This gives the desired result.

If we do not add Cz__ ; &+ @® Czd to V, then we can prove in a similar
manner that H and (Fy, Fy, ..., Fx_s) are weakly GZ-paired through (I,|0)
and (15) and that H and (G1,Ga,...,Gn_s) are weakly GZ-paired in the
desired way. O
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Notice that in the above proof, the last N — n rows of T', and hence those
of T71 also, are E' |, E! ,,..., EY, so the last N — n rows of the matrix
C in the above proof are zero. For n =1 and H = :L“il, there does not exist
a G such that H and G are GZ-paired in the way of theorem 6.2.8, so the
condition that N > n is necessary.

One can see that the maps H and G in proposition 6.1.4 are weakly GZ-
paired.

Example 6.2.9. The map

A~

2 2
H = (zows, 2] — x3x5, 20102 — 2475, 25, 0)

is quadratic linear and its first four components are linearly independent over
C (ﬁ is both the map of lemma 4.2.7 with d =2, A=1 and B = x5, and a
symmetric conjugation of (4.6.8)). Each component of H can be written as
a linear combination of the nine quadratic powers

w1212, L%
where
(La, L3, ..., Lg) = (w94 x5,22 — 5,21 + 5,21 + T2, 221 + x3 + T5,
211 + 3 — o2, 13 + 14 + 25, 23 + T4 — T5)
The coefficients of 2 are 0, —1,2, —1,0 in this order, so each component of
H = H-—22.(0,-1,2,-1,0)
= (2oxs, 22 — x3T5 + X2, 20100 — T4x5 — 202, 23 + 2,0)

can be written as a linear combination of the eight quadratic powers L3, L3,
.. ,Lg. Furthermore, the L;’s are already in the right order, i.e.

CLioCli® - -®CLi=CH; +---+CH;®CL2®---®CL3

Taking
0o £ -2 00 0 0 0 O
00 0 1 0 -2 1 0 0
0 b 11 4 b
0o+ 2 0 o0 o0 0 0 0
T=(1 0 0 0 0 0 0 0 0
00 0 0 0 1 0 0 0
00 0 0 0 0 1 0 0
00 0 0 0 0 0 1 0
00 0 0 0 0 0 0 1
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in the proof of theorem 6.2.8 gives that H and G := (AX)*? are GZ-paired,
where

o 0 0 00 0 O 0 O

1 0 0 1 0 -+ 1 0 o0
-10 0 1 0 -3 1 0 0

1 -2 00 0 0 0 0
A:o%—i10—iioo
1 0 -1 -1 1 + 1 11
40-1-11%-%-%%

i 1 1 1

S0 o d 1T

4 4 4 4

Notice that G satisfies DP. One can easily see that G does not satisfy DP+,
however. Substituting 1 = 1 in (G2,Gs,...,Gy) gives an 8-dimensional
map G over Clxg, 3, ...,x9] with nilpotent Jacobian that does not satisfy
DP. The components of G are squares of affinely linear polynomials.

The reader may show that the map (0,0, x% +XoT4, x1T3 — T2T5, m% +x124), A
map of the type of theorem 4.6.7, can be GZ-paired with a quadratic linear
map in dimension 9 as well. Dimension 9 is the best one can get for both
types of maps. This will be shown in the proof of lemma 7.2.3 in the next
chapter.

The following theorem shows us that theorem 6.2.8 can be used to find a
G of minimal dimension such that H and G are GZ-paired (in the proof of
6.2.8, G has dimension N =m+1+s <m+1+s=M):

Theorem 6.2.10. Let H, n, m, s as in theorem 6.2.8 and assume that
exactly | linear d-th powers are necessary in order to write each component
of H as a linear combination of these powers. Let G := (AX)*?. If H and
G are weakly GZ-paired, then N > m + 1. If H and G are GZ-paired, then
N>m+1+s.

Proof. Say that H and G are weakly GZ-paired through matrices B and
C. Since H(z) = BG(Cz), each component of H can be written as a linear
combination of the components of G(Cz), which are linear powers. Sol < N.
In particular, N > m —+ [ + s is satisfied in case m = s = 0.

Just as in the proof of theorem 6.2.8, we may assume that H; € Clz1,x9, ...,
Tn—s| for all i <mn.
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From BC = I,, it follows that the rows of B are independent, i.e.
A= A'B is injective. From this and H(z) = BG(Cx), it follows that
there are at least as many linear relations between the components of
G(Cx) as there are between the components of H. So there are at least
m independent linear relations between the components of G(Cz).

Say that there are m’ > m independent linear relations between the
components of G(Cx). Replacing G by P~1G(PX) (and B by BP and
C by P~1C) for a suitable permutation P, we may assume that the
last N —m/ components of G(Cx) are linearly independent and thus
each component of G is linearly dependent of G411, Giyga,...,GN.

From H = BG(Cz), we obtain that each component of H is linearly
dependent of G,/41(Cx), Gpry2(Cx),...,GN(Cx), whence | < N —
m/. So N >m’ +1>m+1, as desired.

Assume from now on that H and G are GZ-paired. Since each com-
ponent of G is linearly dependent of G,r41, Gpyrg2, . .., GN, €ach row
of 7G = d - diag((AX)*(@=1). A is dependent of the last N — m’ rows
of JG.

Since d-diag((AX)*(@1) is invertible over C(z1, 9, ..., 2x), each row
of A is dependent of the last N — m/ rows of A. This is not affected
by multiplication with the matrix C consisting of the last s columns
of C. So each row of AC is dependent of the last N — m/ rows of AC.

From BC = I,, and ker A = ker B, it follows that ker AC' = {0}. So the
columns of AC, and hence those of AC as well, are independent. Since
the first m’ rows of AC are dependent of the last N — m/ rows, there
exist a permutation P within the coordinates i1, Tm/+2,-.., TN,
such that the lower right minor of size s of P"1AC = P~1AP .- P~1C
is invertible.

Replacing G by P~'G(PX) (and changing B and C accordingly), we
may assume that the lower right (s x s)-minor of AC' is invertible. On
account of this fact, we can choose an (n x n)-matrix S of the form

Infs(b
SZ( : @)

such that the last s rows of ACS are zero.
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iv) Since H; € Klz1,22,...,Ty—s] for all i, we have H(x) = H(Sz). It
follows from H(r) = BG(Cx) = B(ACz)*? that

H(z) = H(Sz) = B-G(CSz) = B - (ACSz)* (6.6)

Notice that the last s components of G(CSz) = (ACSz)*® are zero.

So both the first m’ and the last s components of G(CSz) = (ACSxz)*?
are dependent of the components in between. So by (6.6), at most
N — m/ — s components of G(CSz) = (ACSz)*¢ are needed to write
each H; as a linear combination of them, i.e. N —m/ —s > [. It follows
that N >m/ +1+s>m+ 1+ s, as desired. Il

The following theorem shows that GZ-pairing can be done reversed as well:
one can start with a power linear map G and find an H such that H and G
are GZ-paired. This was useful for the first theorem in this chapter.

Theorem 6.2.11. Assume G € C[X|V is power linear of degree d > 2 and
tk7G = n < N. Then there exists a H € Clx]" such that H and G are
GZ-paired.

Proof. Since G is power linear with Jacobian rank n, G is of the form G =
(AX)*? such that kA = n. It follows that there exists a T € GLy(C) such
that the rightmost N —n columns of AT~! are zero. Put I := TG(T7'X) =
T(AT'X)* and let H := (Fy, Fy,..., F,).

From i) of proposition 6.2.7, it follows that in order to prove that H and G
are GZ-paired, it suffices to show that H and F' are GZ-paired. For that

purpose, define B := (E}, ES, ..., EY) and C := (Ey | B2 | --- | En). Then
H = BF(Cx) and BC = I,,. Since tkJF = n and F € C[z]V, it follows
that ker JF = {0}" x CN~" = ker B, as desired. O

v) of proposition 6.2.7 was simultaneously obtained as [14, Th. 3(2)] by
Dayan Liu, Xiankun Du and Xiaosong Sun. Furthermore, the authors ob-
serve in [14, Lm. 5] that A = ACB in case H and (AX)*? are GZ-paired
through B and C. This is also true if H and (AX)*? are weakly GZ-paired:
since B(CB — I,,) =0 and ker B C ker A, A(CB — I,,) = 0 as well. [14, Th.
3(1)] can be used to prove the following.

Proposition 6.2.12. Assume G is power linear over C and JG> = 0. Then
x + G is invertible.
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Proof. The proof of this is more or less similar to that of [14, Th. 4], which
states that G is linearly triangularizable in case deg G = 2. From [14, Th.
3(1)], it follows that there exists a H with JH? = 0 such that H and G
are GZ-paired. Since JH - H = deg H - JH? = 0, we obtain by iii) of
proposition 3.1.2 that = 4+ H is invertible (see also [18, Th. 4]). Now apply
iii) of proposition 6.2.7. O

More results of this type can be obtained with results of [56] and [57].

6.3 DP-fair GZ-pairing

If H and G are GZ-paired, then H does not need to satisfy DP(+) in case G
does. But in some occasions, H does satisfy DP(4) in case G' does, namely
if G is DP(+)-fair.

Definition 6.3.1. Assume G € C[X]|". We call G DP-fair if
AeCV and A'G=0 = A" kerJxG =0
We call G DP+-fair if in addition

A e CN and A'G =0 and "
M e CN and MtG e Clatx] o M kerIxG =0
Assume H € C[z]|" such that H and G are GZ-paired through B and C. We
call H and G DP(+)-fairly GZ-paired through B and C' if G is DP(+)-fair.

Proposition 6.3.2. Assume G € C[X|N is power linear of degree d > 2
and tkJG =n < N. If G is DP(+)-fair, then there exists a H € C[z]|" such
that H and G are DP(+)-fairly GZ-paired.

Proof. This follows immediately from theorem 6.2.11 and the definition of
DP(+)-fair. O

Proposition 6.3.3. Let H € Clz]" and G € C[X]|" be homogeneous of
degree d > 2.

i) If H and G are GZ-paired and H satisfies DP(+), then G satisfies
DP(+) as well.



6.3. DP-FAIR GZ-PAIRING 183

it) If H and G are DP(+)-fairly GZ-paired, then G satisfies DP(+), if

and only if H does.

iii) If G is DP(+ )-fair, then T~*G(TX) is DP(+)-fair as well.

w) If H and G are GZ-paired, then the number of independent linear re-

lations over C between the components of G is greater than or equal to
that of H.

v) If H and G are DP-fairly GZ-paired, then the number of independent

linear relations over C between the components of G is equal to that of
H.

vi) If H and G are GZ-paired and the number of independent linear rela-

tions over C between the components of G is equal to that of H, then
H and G are DP-fairly GZ-paired.

Proof. Assume H and G are GZ-paired through B and C.

i)

i)

Assume H satisfies DP, say \'*H = 0 for some nonzero A\ € C". Since
H(BX) = BG it follows that A*BG = A\'H(BX) = 0. Since the rows
of B are independent, A\'B # 0 follows, as desired.

Assume H satisfies DP+, say \'H = 0 and p*H € C[A\'z] for some
independent A\, € C". Then A\*BG = 0 and u'BG = p*H(BX) €
C[A*Bz]. Since the rows of B are independent, p'B is independent of
A'B, as desired.

Assume H and G are DP-fairly paired and G satisfies DP, say that
A*G = 0 for some nonzero A € CV. Then

At ker B= A" -ker JxG =0

so A! is a linear combination of the rows of B, i.e. A € im(B"). Say that
A = B*) for some A € C". Clearly, A # 0 as well. From A'G(Cx) = 0,
it follows that AH = ABG(Cz) = AG(Cz) = 0, as desired.

Assume H and G are DP+-fairly GZ-paired and G satisfies DP+, say
that A'G' = 0 and M'G € C[A'X] for some independent A,M € CV.
As above, we obtain that A = B'\ for some A € C", and similarly
M = By for some p € C". Clearly, A and p are independent as well.
Now

M'G(Cz) € C[A*Cx] = C[\'BCz] = C[\'z]
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It follows that u*H = p*BG(Cx) = M'G(Cx) € C[A\'z], as desired.
iii) Assume M'T~'G(TX) € C[A*X] for some A,M € CV. Then
(T7H*"M)"G = M'TL.G(TT71X) € CA'T™'X] = C[((T71)*A) ' X]

Notice that ker Tx (T~ 'G(T'X)) = ker(IxG-T) = T ' ker JxG. If ei-
ther G is DP-fair and A = 0, or G is DP+-fair and ((T7!)'A)'G(TX) =
0, then

Mbker Ix (T7'G(TX)) = M'T ker Tx G = (T71)'M) " ker TxG = 0

where we secretly use the homogeneity of G for the first case. This
gives the desired result.

iv) The proof is similar to that of i). The independence of the rows of B
makes that A — B\ is injective.

v) The proof is similar to that of ii). The fact that y* — y'B is a function
makes that B'\ — ) is injective.

vi) Assume A'H = 0 for some A\ € C". From v) or proposition 6.2.7, we
obtain that
(B'M\)'G = \'BG = \'H(BX) =0

Assume that the number of independent linear relations over C be-
tween the components of G is equal to that of H. Since A — B!\ is in-
jective, every A satisfying A'G' = 0 is of the form B\, i.e. Atker B = 0.
So A'G = 0 implies A'ker JxG = Atker B = 0, as desired. O

Corollary 6.3.4. Assume n > 2 and H € Clz|" is homogeneous of degree
d > 2. Then there exists an N > n and a power linear G € C[X|N such that
H and G are DP-fairly GZ-paired. Furthermore, G satisfies all properties of
theorem 6.2.8.

Proof. From proposition 6.2.2, it follows that there are linear forms L;,_ 41,
Lyp_m+2,...,Ly_s that satisfies the properties of theorem 6.2.8, where m
and s are as in theorem 6.2.8. From theorem 6.2.8, it follows that there exists
a power linear G € C[X]", such that both H and G have m independent
linear relations between their components, and such that H and G are GZ-
paired up to the condition N > n. If N > n, then we obtain the desired
result by vi) of proposition 6.3.3.
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So assume from now on that N = n. Then B and C in the definition of
GZ-paired are just square matrices. From i) of proposition 6.2.7, it follows
that we may assume that H itself is power linear. Since n > 2 and d > 2,
we have ("_Cll+d) > n, so there exists a homogeneous polynomial i of degree
d in C[z] that is linearly independent over C of the components of H. From
proposition 6.2.2, it follows that we can choose a power of a linear form for

h. Now H and (H,h) are GZ-paired in the desired manner. O

The following theorem shows that in case a power linear map G € C[X]" is
not DP-fair, then G is essentially a map in dimension N — 1 up to a linear
conjugation. Next, one replaces G by this linear conjugation and wonder
whether G is DP-fair as a map in dimension N — 1. If not, then G is
essentially a map in dimension N — 2 up to a linear conjugation, etc.

So we can make G DP-fair in some sense. Furthermore, if H and G are

GZ-paired, then making G DP-fair as above does not affect that H and G
are GZ-paired.

Theorem 6.3.5. Assume G € C[X]V is not DP-fair and there exists a
T € GLy(C) such that T-'G(TX) is power linear. Then we can choose T
such that in addition,

T7'G(TX) € Clay, x, ..., xny—1]V 1 x {0}

i.e. T"'G(TX) is essentially a map in Clx1,z2,..., oy 1)V L.

If H € C[z]® and G € Clay,x2,...,2x_1)V ! x {0} are GZ-paired, then H
and G are also GZ-paired as maps in dimensions n and N — 1 respectively.

Proof. Assume G € C[X]" is not DP-fair. On account of iii) of proposition
6.3.3, we may assume without loss of generality that G itself is power linear.
Then there exists a A € C¥ such that A'G = 0 and At - ker 7G # 0. So we
can choose V € ker JG such that AtV = 1.

Now let o be a permutation of {1,2,..., N} such that the on-th coordinate

of A is nonzero. Then we can take T of the form

T_l = (Egl _VU1At7E22 —V02At,...,Et -V

ON—1 ON-1

A%, AY)

and one can verify that 7'V = Ey, i.e. TEy =V € ker JG. From this
and A'G(TX) = 0, we obtain

T_IG(TX) € (C[l‘l,xg, e IENfl]N_l X {0}
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Furthermore, it follows from A'G(TX) = 0 that T~!G(TX) is power linear,
as desired.

Assume H € C[z]" and T~!G(T X) are GZ-paired through B and C. Since
T-'G(TX) € Clay,z2,...,2x-1]", we have Exy € ker JT'G(TX). It
follows that the last column of B is zero. Consequently, the matrix C' that
we obtain from C by replacing its last row by the zero row satisfies BC' = I,
as well.

From viii) of proposition 6.2.7, it follows that H and T-'G(TX) are GZ-
paired through B and C as well. This gives that H and T~1G(T X) are also
GZ-paired as maps in dimensions n and N — 1 respectively, as desired. [

Obtaining similar result as in theorems 6.2.8 and 6.3.5 above for DP+ instead
of DP is not directly possible. Assume that in theorem 6.3.5 above, G
satisfies DP+. One can obtain that G € Clz1,z2,...,2x_1]" by a linear
conjugation, but G, = 0 might be impossible. In that case, we can get
(1 = 0 by a linear conjugation. Now one can show that G is DP+-fair in case
we cannot get Gy € C[z1] in addition. So let us assume that Gy € C[zy].

Now we have the following problem: H and G1,Go,...,Gn_1 do not need
to be GZ-paired. Take for example the map Hin example 6.2.9. That map
is GZ-paired with (G, 22), where G is as in example 6.2.9, but the pairing is
not DP+-fair, because (G, 2) satisfies DP+ and H does not. G itself does
not satisfy DP+, just as H , but H and G are not GZ-paired. Therefore H
was modified to a map H such that H and G were GZ-paired.

6.4 Symmetric Keller maps and powers of linear
forms

Since the Jacobian conjecture can be reduced to both power linear maps and
gradient maps, one can wonder whether the Jacobian conjecture is satisfied
for power linear gradient map. The answer to this question is affirmative.
More precisely, power linear gradient maps that satisfy the Keller condition
are quasi-translations.

Theorem 6.4.1. Assume H € C[z] is power linear of degree d > 2. Assume
in addition that JH is symmetric. Then JH = Hh for some h € C|x]
of degree d + 1 and h is a sum of powers (\'x)™ with pairwise different
variables x;.
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Assume trJH = 0. Then JH? = Hh?> =0 and x+ H is a quasi-translation.
Furthermore, \'A = 0 for all powers (\'z)T! in the above sum.

Proof. Write H = (Ax)*?. Now let G be the graph of n vertices and connect
vertex 7 and j, if and only if H; and H; have a variable in common. Assume
H; and Hj; have variable zj, in common. Since d > 2 and %Hk = %Hi #0,
it follows that A; and Aj are dependent and that Hy, H; and H; have
variables x;, and x;. Similarly, A; and A}, are dependent and Hy,, H; and H;
have variables zj and x;.

Since H; has variable z;, we can write H; = (d + 1)\;(A'z)?. Then %Hi =
d(d+1)AAi(A'z)* L. Similarly, we can write H; = (d+1)X;((X)*z)?. Then
o2 Hj = d(d+ 1NN ((X)'2)*~1. Tt follows from %H = 52-H; that A and
N are equal up to a (d + 1)-th root of unity and that H; = (d + 1)\;(\tz)?.
So every component of more than one vertex of G has a A\ associated to it,
and one can see that A is the sum of the powers (\'z)9*! as desired. Since
trH ((Atz)T ) = d(d+DA A 2)4 T and H((Atz)4T1) = d(d+1) AN (Abz)d—!
it follows that

(H((A'2)™)? = trH((\'2) ™) - H((A'2) ™)

Assume tr7 H = 0. Due to the fact that the powers (Az)%*! have no variables
in common, we obtain that trH((Afz)?*1) = 0 for all X in the above sum of
powers that makes h and that (Hh)? =

Since trH((Atz)®1) = d(d + 1)AA(A\'x)?~1, it follows that A\'A = 0. Since
JH? = (Hh)? = 0 and H is homogeneous, we have JH - H =0. So x + H
is a quasi-translation on account of iii) of proposition 3.1.2. O

The following lemma shows that the operator f +— trHf is surjective. We
use that property to prove proposition 6.4.3 below.

Lemma 6.4.2. If f € C[z] is homogeneous of degree d, then

_ ) (i) o(s—
trH(ZHT 12rn+2(d~1%1 ))(trH)( 1)f>

Proof. Write o = S_7_| 2 and put h = ¢"h. Notice that in order to get (5.6),
the assumption > 1, 22 { h is not necessary. Assume f is homogeneous of
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degree d. Substituting i = (trH)°"~V f in (5.6), we obtain

tH (0" (tr#)° ) f) — o (1) f
= (2o +4r(r = 1))o" N (H) TV f 4 dro U E((H) 7V f)
= (Qm“ +4r(r—1)+ 47~(d —2(r — 1)))0r71(trH)°(’”*1)f

= (27"(” +2(d+1- T)))UT_I(trH)O(T_l)f

Substituting 7 = s and dividing by [[7_; 2r(n +2(d +1 —r)), we get

L trH (of (trH)° D f) — o8 (trH)°5 f

Z 151HT 12r(n+2(d+1—r))

B 00 O'S_l(tI'H)O s—l)f

N Z (—1)s—1 Hi;% 27‘(n +2(d+1-— 7“))

s=1

s=1

oo

o (trH)> f
Z s 2r(n+2(d+1—r))

S=

so by canceling out terms we get

> trH(as(trH)o(s_l)f)
— (-1 o 2r(n+2(d+1—1))

0
s(trH)osf
Z P 2r(n+2(d+1—71))

= f

s:O
This gives the desired result. O
Proposition 6.4.3. Let f € C[z] be a homogeneous polynomial of degree d

over C. Assume trHf = 0. Then f can be written as a sum of linear powers

(Atz)4 such that \*A = 0

Proof. Notice that it suffices to show that f is a linear combination of linear
powers (A'z)? such that A*A = 0. We distinguish two cases.

o n < 3.
Let V; be the vector space over C of homogeneous polynomials of de-
gree d in C[z]. Notice that dim V; = ("Jrj*l), the number of monomials
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of degree d in C[z]. From lemma 6.4.2, it follows that trHVy; = Vy_o.
Now by the isomorphism theorem, we obtain

dim{h € Vi |trHh =0} = dimV;—dimVy_»
B n+d—1 B n+d—3
N n—1 n—1

Thisis0ifn=1,2if n =2, and

(33 (1)@ ranneamse

if n = 3. Assuming f # 0, n > 2 follows. If n = 2, then (z1 + iz2),
(x1 — ixg)? is a basis of {h € V| trHh = 0}. So assume from now on
that n = 3.

Notice that we can choose 2d + 1 powers (Alz)? with A\'A = 0 that are
pairwise linearly independent. Now I claim that they are automagically
linearly independent and therefore a basis of {h € V; | trHh = 0}.
For that purpose, let u; be the cross product of \; and A;14. Then
iy 8%1 + '“Zéa%g + '“i38%3 kills both Alz and /\,ti+dac, whence

d
0 0 0 ¢ \d
(H (Mu 011 + Miy 5 Do + Mig (9—1:3)) ()‘jx) =0

i=1
for all j < 2d.

On the other hand, u;, 8%1 + i, 8%2 - /“‘isa%g cannot kill Ay, x, since
that would imply that Aog1 is dependent of A\; and Agz4;, which is im-
possible because /\gd +1)\2d+1 = 0 and A9g41 is not pairwise dependent
of one of A\; and Agy;. Consequently,

d
0 0 0
<H </"L'Ll a + Nwa + lu’lda )) ()\Qd-‘,—lx) 7& 0

=1

So (AL, 2)¢ is linearly independent of the other 2d powers (Alz)<.
The linear independence of each of the other powers (Alz)? goes in a
similar manner.

n > 4.
Write f as a polynomial in z, over C[zi,xo,...,2,-1]. Say that f



190 CHAPTER 6. POWER LINEAR KELLER ... ZHAO GRAPHS

has degree r as such. Now look at the coefficient of z], of trHf. By
induction on n, it follows that the leading coefficient of f is a sum of
linear powers (A'z)?~" such that A\, = 0 and A*A = 0. Take such a
linear power (A'z)9~" and assume by orthogonal transformation that
A= (1,i,0,...,0).

Now choose p1 = (0,...,0,i,1) and subtract (A\'z)?"(u'z)" from f.
We may do that because we can write yfﬂyg as a sum of d-th powers
of linear forms in y. The result is that either the leading coefficient of
f becomes a sum of less linear powers or r decreases, and the result
follows by induction. O

Assume JH is nilpotent and symmetric. Then H is of the form H = Vh
and trJH = 0. Assume h is homogeneous of degree d + 1. Since trJH = 0,
it follows that h can be written as a sum

N
h=Y (Az)"H!
i=1

for some A € Maty,,(C) with pairwise independent rows and A; A} = 0 for
all 4. Since

Th= ((1+1) - (A) D) = (1--1) - diag(Az)* - (d+1)A
it follows that
H:=Vh=(Jh)" = (d+1)A%(Az)*?

and
Hh=JVh=JH = d(d + 1)A'diag ((Az)* D) A (6.7)

from which it follows that the Zhao-matrix
Uy, = diag((Az)*@~1) 44" (6.8)

is a nilpotent power linear quasi-Jacobian, see also [61, Prop. 5.3].

Now W. Zhao looks at the graph G with vertices ¢ : 1 <1¢ < N and connect
vertices i, j by an edge, if and only if A;A% # 0. If AA" = 0, then G is totally
disconnected. We shall show that AA" = 0 in some cases.

On the other hand, if H = (Az)*? is power linear, then

JH = diag((Az)*@=V) . dA
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is power linear quasi-Jacobian as well. So both Jacobians of power linear
maps and the matrices W) above are power linear quasi-Jacobians, and the
question is how they look when they are nilpotent.

Before we start studying nilpotent power linear quasi-Jacobians, we first
derive some preliminaries.

Definition 6.4.4. Let M be a power linear quasi-Jacobian of size N. We
call M reduced if for the rows My, Ms, ..., My of M

MMy +AsMy+ -+ AyMy =0 = A;M; =0 for all 4

where A; € C for all i. We call a power linear map H = (Hy, Ho, ..., Hy)
reduced if J H is reduced, or similarly, if

MHL +XMHy+ -+ M\ H, =0 — NH; =0 for all 4
where \; € C for all 7.

Proposition 6.4.5. Assume M is a power linear quasi-Jacobian of size N.
Then there exists a T € GLy(C) such that T~*MT is a reduced power linear
quasi-Jacobian.

In particular, if H = (Hy, Ho,...,Hy) is a power linear map, then there
exists a T € GLy,(C) such that T~ H(Tx) is reduced.

Proof. Assume Aj My 4+ AoMs+ -4+ AnyMpy =0 and A, M, # 0. In partic-
ular, the r-th row of M is nonzero. Take

Irfl
T'=| A Ay -+ An_1 An
@ INfr

Then T~'MT has one more zero row than M, namely the r-th row. Fur-
thermore, T-'MT is a power linear quasi-Jacobian as well. So the desired
result follow by induction.

Assume H is power linear. Then there exists a T € GL,(C) such that
T-YJH - T is reduced. Hence also J(T'H(Tz)) = (IT7'JH - T)|p=1z is
reduced. So T~'H(Tx) is reduced. O

Proposition 6.4.6. Assume A is a matriz over C with isotropic rows, and

every principal minor of size 2 x 2 at most of AA* has determinant zero.
Then AA* = 0.
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Proof. Notice that B := AA' is symmetric. Furthermore, its diagonal is
zero, because the rows of A are isotropic. Now

B}, = Bj;Bij = B;iBj; =0
for all 7,5, so B =0. U

Proposition 6.4.7. Assume h = > (Az)*! and AA* = 0. Then H =
Vh satisfies (3.4). In particular, x+ Vh is a linearly triangularizable quasi-
translation.

Proof. From proposition 5.5.1, it follows that we may assume that A;x €
Clzy + izn, 2 +1Tn—1, .., T ns2] + 1Tpy1-|n/2)] for each i. So h is of the
form of g in (5.21), with aco(x1 + iTp, 22 + iTp—1,. .. s T2 + il‘n+1—Ln/2j)
as the only nonzero term.

From (5.22), it follows that the first s := |n/2] components of S(Vg)(S™1z)
are zero, where S = I, +il}. The possible component in the middle is zero
as well by way of (5.23). Furthermore, JS(Vg)(S~1x) is symmetric with
respect to the anti-diagonal, because S* = 2iS~1 = 2I(S~1)%. So iii) of
proposition 3.4.3 gives the desired result. O

6.5 Symmetrically triangularizable quasi-Jacobians

Definition 6.5.1. We call a power linear quasi-Jacobian M of size N lin-
early triangularizable if there exists a T € GLy(C) such that T-'MT is a
triangular matrix.

We call a power linear quasi-Jacobian M symmetrically triangularizable if
there exists a permutation P such that P~ M P is a triangular matrix.

Let
M = diag((Aa;)*(dfl)) -B

be a nilpotent power linear quasi-Jacobian such that the rows of A are pair-
wise independent. The aim of this section is to show that for large d, M
is symmetrically triangularizable. At first we show that M is symmetri-
cally triangularizable if d > corkA. This has already been conjectured by
He Tong at the conference ‘Polynomial Automorphisms and Related Topics’
on October 2006 in Hanoi, Vietnam (for power linear Jacobians instead of
power linear quasi-Jacobians).
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After that, we show that for d > corkA 4+ 1, M is symmetrically triangular-
izable in case M is already linearly triangularizable. Furthermore, we shall
show that this latter bound on d is tight and we derive some corollaries for
power linear Keller maps and Zhao graphs. But we start with a key lemma
for power linear quasi-Jacobians:

Lemma 6.5.2. Assume M = diag((Az)*(%=1).B is a nilpotent power linear
quasi-Jacobian of size N and some principal minor of size m of B has a
nonzero determinant. Then there exists a nonzero relation R € C[Y] of
degree m such that

R((Allt)d_l, (Agx)d_l, ceey (AN.TU)d_l) =0
and deg,, R(y) <1 for alli < N, where Y = (y1,¥y2,..-,yn)-

Proof. Write

Buiyi By oo Binwn

Bo1ys By -+ Banys
det | tIny + . . .

Byniyn Bnoyn -+ Bynyn

= N+ R+ RN 2+ £ Ry 1 (Y)t + Ry(Y)

Since M is nilpotent, det(tIy+M) = V. The coefficient of t¥ =7 of det(tIy+
J(Az)*?) equals

Rj((All‘)d_l, (AQ‘T)d_l, ceey (ANCL‘)d_l) =0

for all j > 1. Furthermore, it follows from the definition of determinant that
deg,, R; <1 for all 4,j. Now B has a principal minor of size m x m that

has a determinant a # 0, say with rows and columns 41,49, ...,%,. Then
the coeflicient of y;,yi, - - - vi,, of Ry, equals o, whence R,, # 0. From the
definition of determinant, it follows that R,, has degree m. O

Lemma 6.5.3. Let R € C[y| be a nonzero relation with deg,, R < 1 such
that
R(wclla xg7 cee 737?7 ()‘l,lxl + )\1,2172 +--+ A1,7‘:137‘)0l7
(Ag121 + Ao 4 - - - + Ao ),
ce ()\0711‘1 + )\072‘%2 + -+ )\arl‘r)d) = 0 (69)
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where n = r+c. If d > 2°t1(2¢T1 —2), then two of the arguments of R above
are linearly dependent. More precisely, if R has degree m and

= () ()
() () (2)) oo

then two of the arguments of R above are linearly dependent.

Proof. Let m be the degree of R. Without loss of generality, we may assume
that a%lR # 0. Then A;; # 0 for some 7 as well, so we may additionally
assume that A\; 1A 1---Av 1 #0and Ayqq1 = - = Ac1 = 0 for some d>1.
Then there exists a nonzero relation R € Kly1,y2,---,Ye+1] with deg R<m
and deg,, R <1 for all 4, such that

R(afil, A1y + -+ )\1,r$r)d7 coy (A 40+ )\c’,rxr)d) =0 (6.11)

where K = C(xg,x3,...,2,), because the arguments of R that are not in-
cluded as arguments of R are constants in K. Now write R as a sum of its
terms: R = aqty + aats + - - - + aity, where a; € C* and ¢; is a monic term
for each 7, and define

gi == Y - t’i(xla )\1,1-%1 +oot >\1,7‘$7‘5 ce Ac’,lxl + )\c’,rxr)
for all 4. Since t;(y)? = t;(y*%) for all i, (6.11) comes down to
gi+gs+t+gi=0

Since deg R < deg R = m and R has degree < 1 with respect to each of its

¢ 4+ 1 arguments, it has
d+1 d+1 d+1
+ ot
0 1 m
+1 +1 +1
< (T (T 4+ (€
0 1 m

2C+1

k

IN

IN

terms. So (6.10) implies d > k(k — 2).
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So assume that (6.10) is satisfied and hence d > k(k — 2). From theorem
B.3.2, using Lefschetz’ principle on the algebraic closure K of K, it follows
that there are ¢ # j such that g; € K[z1] and g; € K[z;] are linearly
dependent over K and hence over K as well.

Since t; and t; are not linearly dependent over K (otherwise they would not

have been separated as individual terms of R), there exists a linear factor L
of both g; and g; such that

L = li(xl, )\1}1.%1 + -+ )\1’7«1‘“ ce ,)\0/711'1 + -+ Ac/’r.l‘r)
= lj(:vl, )\1}11’1 + -+ /\l,rxra RN /\6/71331 + -+ )\C/’rxr)

for different l;,l; € {z1,22,...,2041}. So two arguments of R must be
linearly dependent over K. Since the leading coefficients with respect to a4
of both arguments of R are constants in C, these arguments of R are linearly
dependent over C. The arguments of R are a subset of those of R, so the
desired result follows. |

Theorem 6.5.4. Assume M = diag((Ax)*(d_l)) -B is a nilpotent power lin-
ear quasi-Jacobian of size N and the rows A; of A are pairwise independent.
If some principal minor determinant of B is nonzero, then

More precisely, if some principal m x m minor determinant of B is nonzero,
then

2
e ((N—rl(;A+1)+<N—r11<A—|—1>+m+(N—rkA+1>_1>
m

Proof. From lemma 6.5.2, it follows that there exists a nonzero relation R
of degree m with deg, R <1 for all ¢, such that

R((Alx)dfl, (AQIL’)dil, ceey (ANx)dfl) =0

Put r = rkA. Assume without loss of generality that the first » rows of A are
independent, then the remaining rows of A are dependent of these r rows,
say that

Arpi = Nt AL+ NipAo + -+ N LA,
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for all 7. Furthermore, the linear forms Aix, Asx, ..., A.x are independent
and can thus be seen as variables. From lemma 6.5.3, it follows that

e () ()
((N—g+1)+(N—;+1)+...+(N—n:“) _2)

(O T e () )

as desired. 0

SO

Corollary 6.5.5. Assume H = (Ax)*? is a reduced power linear map and
J H is nilpotent. Let

m := corkA — #{i | A; = 0} < corkA4
and assume that d > (2™ —1)2. Then H is symmetrically triangularizable.
Proof. Let v be the indicator vector defined by

[ 0,if 4 =0,
YT Lif A £ 0,

Replacing the zero rows of A by sufficiently independent rows, we get a new
matrix A such that corkA = m. Furthermore,

diag((Az)" V) - diag(v) = diag((Az)" )
Since diag(v) - A = A, it follows that
M := J(Az)* = diag((Az)* @) . A = diag((Az)* @) . A

is a nilpotent quasi-Jacobian. It follows from theorem 6.5.4 that either two
rows of A are dependent or A does not have a nonzero principal minor
determinant.
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e Two rows of A are dependent.
The rows of A that have replaced zero rows of A are independent of
any other row of A (by construction). So two dependent rows of A
occur already as nonzero rows of A. So say that A; = AA3 # 0. Then
also (A1x)? = X4 (Asz)? # 0, which contradicts the assumption that
(Az)*? is reduced.

e A does not have a nonzero principal minor determinant.
From [19, lemma 1.2] (see also [24, prop. 6.3.9]), it follows that there
is a permutation matrix P such that B := P~'AP is triangular. Since
M — M P permutes the columns of its argument M in the same way
as M +— P~'M permutes the rows of its argument M, P~'diag(v)P =
diag(P~'v), whence

J(PT'HP) = J(P7'(APz)*?)
= P 'J((PBx)*)
= P ldiag((PBz)*" V) .dPB
— P '(diag(PBz))" 'P-dB
— (diag(P~'PBz))" "' dB
= diag((Bz)*""V) . dB
= J((Ba)")

so H is symmetrically triangularizable. O

Corollary 6.5.6. Assume h = Zi]il(Aix)dJrl and the rows A; of A are
pairwise independent and isotropic. Assume in addition that Hh is nilpotent.

If
2
g (N—rIQ{A—l-Q)

then AAY = 0.

Proof. From (6.8), it follows that

diag ((Az)*@-1) 44"
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is nilpotent. Now assume

<N—rkA+2>2
2

<(N—rkA+1) (N—rkA+1> (N—rkA+1> )2
= + + 1
0 1 2

N —rtkA +1 N —1kA+1 2
> 0 + ) —1

then every principal minor of size 2 at most of AA* has determinant zero on
account of theorem 6.5.4. Now apply proposition 6.4.6. ]

d

We advance on proving that power linear quasi-Jacobians (AX )*(d_l) - B
are symmetrically triangularizable in case they are nilpotent and linearly
triangularizable and d > corkA + 1.

Lemma 6.5.7. Let M = diag((AJ:)*(d_l)) - B be a power linear quasi-
Jacobian of size N, such that the rows A; of A are pairwise linearly in-
dependent and d > N —rkA + 2. Then every column of M, seen as a power
linear map, is reduced.

Proof. Let M = (My,Ms,...,M,,) be a column of B. We must show that

N
ZAZ(Azx)d_lMZ =0 = AZ(AZ:B)d_lMZ =0 for all ¢
=1

Substituting A; = A;M; below for all i, we see that it suffices to show that
n
D Ai(Air)"t =0 = Ay(Aiz)? =0 for all g
i=1

In fact, we will show that the left hand side implies that A = 0.

Take A € CN\{0} arbitrary and assume without loss of generality that
Ay (A1z)T1 #£ 0. Let r = rkA and assume without loss of generality that the
first » rows of A are independent. Then a; := A1x,a9 := Asx,...,a, := Ayx
are independent linear forms, and each Ajz is a linear combination of the
a;’s. So we have

ET:AZ‘CL?_I + Z Ai(Aix)d_l =0
=1 ]



6.5. SYMMETRICALLY ... QUASI-JACOBIANS 199

Differentiating the above with respect to aq gives

(d —1)Ayad™ —|—ZNA£E =
i=r+1

for certain N; € C. So we have at most N —r +1 < (d — 2) + 1 linear
powers (A;x)?2 that are linearly dependent. From lemma 6.2.1, it follows
that there are ¢ # j such that A; = sA; for some s € C. But the rows of A
are pairwise independent. Contradiction, so A = 0, as desired. O

Theorem 6.5.8. Assume M = diag((Am)*(d_l)) - B is a nilpotent power
linear quasi-Jacobian of size N and the rows A; of A are pairwise linearly
independent. If M is linearly triangularizable and d > N —rkA+ 2, then M
is symmetrically triangularizable.

Proof. Since M is linearly triangularizable, there exists a T' € GL,,(C) such
that T~ MT is lower triangular.

i) Assume that T cannot be taken equal to the product of a permutation
matrix and a diagonal matrix. Let r be the index of the first row of
T—! that has more than one nonzero coefficient, and choose T such
that r is as large as possible, and let A\ be the transpose of the r-th row
of T~1. Let CY be the j-th column of MT. Since T-'MT is lower
triangular,

MY £ 20 0, O

for all j > r. It follows from lemma 6.5.7 with M = M'T" substituted
that CU) is reduced, whence

ACY =0

for all i and all j > 7. Since T~ ! is invertible and A* = (T~ 1),., we can
choose 7 such that \; # 0 and E! is independent of the first r — 1 rows

of T~1. So CY = 0 for all j > r. Tt follows that
M, (s
=0 (6.12)

S

o) _

for all M with Mg # 0 and all j,s > r.
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Now write Ef as a linear combination of the rows of T—1:
Ef = My(T™ 1)1+ Ma(T")g + -+ My (T,

such that Mg # 0. Then s > r follows from the choice of 7. Define S
by

Is—l

0
Sli=| My -+ My 0 ---
(') IN—S

the the s-th row of S™!T~! equals E!.

Since S is lower triangular, it follows that replacing 7" by T'S (and
T~YMT by ST'T-'MTS) does not affect the property that T-'MT
is lower triangular. Since s > r, it follows from (6.12) that the property
that C’i(J ) = 0 for all J > r is maintained as well. So we may assume
that the s-th row of T~! equals E!.

It follows from the maximality of r that s > r. Now take for P a
permutation such that

-1
P =Jx(x1, ., X1, s, Tpy e ooy L1, Lsp1y- -+, TN)

where X = (z1,22,...,2y). Then the first 7 rows of P~!T~! have
only one nonzero coefficient each. It follows from the maximality of r
that P~'T~'MTP cannot be lower triangular. But as a matter of fact,
P~ YT='MTP is lower triangular: since P cycles the columns r,...,s
of T"'MT to the right and P~! cycles the rows r,...,s of T"'MT
downward, the only concern is the r-th row of P~'T-'MTP. Since

Cl-(j ) = 0 for all j > r, this row is equal to

Q

r—1) C(r) C(T+1) C(N))P

)

Ef-MT-P = (M c® ... cf
(

= cMc® ... 0 o 0 )P
= e o 0 e 0)

So P7'T='MTP is lower triangular.
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iv) Contradiction, so T can be chosen equal to the product of a permu-
tation matrix P and a diagonal matrix D. Since conjugations with a
diagonal matrix do not affect triangularity, P~'MP = DT~ 'MT D!
is of the desired form. O

Corollary 6.5.9. Let H = (Ax)*? be a power linear map such that JH
is nilpotent. Assume that H is linearly triangularizable and reduced. If
d > corkA + 1, then there exists a permutation P such that P~'H(Pxzx) is
lower triangular. Furthermore, if we put

m := corkA — #{i | A, = 0}

then a P as above also exists in case d > m + 2.

Proof. We distinguish two cases:

e d>m+2.
Define A in a similar manner as in the proof of theorem 6.5.5. Again,
corkA = m and as before,

M = J(Az)*? = diag((Az)* V) - dA = diag((Az)*“@~V) - dA

is a nilpotent quasi-Jacobian. It follows from theorem 6.5.8 that either
two rows of A are dependent, or there exists a permutation P such
that P~1M P is a triangular matrix. The rest of the proof of this case
is similar to the proof of theorem 6.5.5.

e d > corkA + 1.
Since F is linearly triangularizable, the components of (Az)*? are lin-
early dependent, say that
A (A1) Ao (Agz)*® 4 -+ 4+ Ao (Ap2)* @ = 0
with A, # 0. Since (Az)*? is reduced, it follows that A, = 0 and hence

m < corkA — 1 (6.13)

So d > m + 2 and the previous case gives us the desired result. O
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We show that the estimates on d in corollary 6.5.9 are tight and hence by
the proof of corollary 6.5.9, the estimates on d in theorem 6.5.8 are tight as
well. For that purpose, notice that

2 (a% - é%) (gj(—l)i(f> (21 + i) — (— 1)l xg>
- i(—l)(?) (1 - é) (21 + i2)? — (-é) (—1)dd) 28!

and

d
_%aim (Z(—l)z (?) (.’Bl + i.’Bg)d - (—l)dd' l‘g)

=0
d .
- i;(_l)i@)%(wl +iv2)” - (—%) (—1)4dl gt
d
- ;(_1)21 <CZ: 11> (21 + iw2) ! — (—1)4 L (d — 1)1 22!
d—1
- (1)’ <d ; 1> (1 + i) — (1) (d — 1)1 2!
=0

By induction on d, we can obtain that

d

> (-1 <d> (21 + ix9)? = (=1)4d! x4 (6.14)

, i
=0
for all d > 1.
Example 6.5.10. Put n = d + 2 and
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then by (6.14),
d
Z(—l)i (f) Hiio = (—1)%d 24

Now define T' € GLg12(C) by T; F = e for all i # 2, (T 1)y =0, (T~ )an =
1= (—1)0(3) and (T 1)g10) = (—1)i(?) for all ¢ > 1. Then T; = €} for all
i#2, Ty =0, Tog =1 and Ty 40y = —(—l)i(?) for all 4 > 1. Furthermore,

0
(—1)4d! (Tyx)?
. (1 + Tox)?
G:=T H(T:):) = (1:1 + QTQIE)d

(z1 + dTrx)?

is power linear, but the diagonal of its Jacobian is nonzero. So G is not sym-
metrically triangularizable. From lemma 6.2.1, it follows that G is reduced.

So the first estimate on d in corollary 6.5.9 is tight. By adding zero compo-
nents to G, we see that the second estimate on d in corollary 6.5.9 is tight
as well.

We shall give another example that is linearly triangularizable, but not sym-
metrically triangularizable. But this example will meet the estimates on d.
So what is the catch? The Jacobian is not nilpotent. For that purpose,
notice first that

STL
—_
Sl..
—

Cilzy + Cma)? =

s
Il
[en}
M= 1M
[en}
<
Il
[en}

= d’z2d! (6.15)
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Example 6.5.11. Now let n =d+ 1 and

0
dPxyzd!

H:= (21 + Cqao)?

(x1 + Cj_lm)d

From (6.15), it follows that
d-1
Hy — ZC&HH_Q = (z1 + xz)d (6.16)
i=1

Now define T' € GLg12(C) by T; ' = ef for all i # 2, (T~ 1)1 = 0, (T™})g2 =
1 and (T’l)Q(H_g) = —(4for all i > 1. Then T; = e} for all i # 2, Th; = 0,
Tyy =1 and To(i40) = Cfi for all 4 > 1. Furthermore,

0
(CL’l + TQ.’E)d
G=T'H(Tz)=| (@1+ D)

(w1 + ¢ o)

is power linear, but its Jacobian has a principal minor of size 2 without a
zero entry. So G is not symmetrically triangularizable. From lemma 6.2.1,
it follows that G is reduced.

One can easily see that by adding components xg, xﬁf, ... and zeros, one can
increase the Jacobian rank and dimension of each of the above examples.

6.6 (Ditto) linear triangularizability

Notice that a power linear map remains power linear after a conjugation
with a permutation. On the other hand, the map G in example 6.5.10 is not
symmetrically triangularizable, but admits a linear conjugation that makes
its Jacobian lower triangular without affecting the power linearity, because
H in example 6.5.10 is power linear with a lower triangular Jacobian. This
leads to the following definition.
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Definition 6.6.1. Assume H = (Az)*? is power linear. Then we call H ditto
linearly triangularizable if there exists a T € GL,(C) such that T-'H(Tz)
is power linear as well and JT~'H(T'z) is lower triangular.

So symmetric triangularizability implies ditto linear triangularizability. So
the map G in example 6.5.10 is ditto linearly triangularizable, but we will
prove that the map G in example 6.5.11 is not ditto linearly triangularizable.
But first we show that power linear maps with nilpotent Jacobians of rank
2 are ditto linearly triangularizable.

Theorem 6.6.2. Assume (Mxz)*? and (AX)*? are GZ-paired and (Mx)*?® is
ditto linearly triangularizable. Then (AX)*? is ditto linearly triangularizable
as well.

Proof. From i) of proposition 6.2.7, it follows that we may assume that
J(Mxz)*® is lower triangular. Say that (Mz)*? and (AX)*? are GZ-paired
through matrices B and C. Let T~! be a matrix of the form (f ), such that
the i-th row of T~ is of the form E; for all ¢ > n. Then the i-th component
of T71(ATX)*? is a power of a linear form all i > n and

ker AT = T 1 ker A = T ' ker B = ker BT = ker(I, | §) = {0}* x CN~"

so T7HATX)*d € Clz]V.

We shall show that T-'(ATX)*? is power linear with a lower triangular
Jacobian. Notice that we have shown already that the last N —n components
of T~Y(ATX)*? are of the desired form. Let C be the matrix consisting of
the first n columns of 7. Since T~}(ATX)*? € C[z]V, it follows that

T HATX)* = T7HATX)* 41— man—0 = T H(ACZ)™

By ix) of proposition 6.2.7, the first n components of T-}(ATX) € C[z]V
are exactly those of (Mxz)*?. This gives the desired result. O

Corollary 6.6.3. Assume A is a square matriz. Then (Az)*? is ditto lin-
early triangularizable as a power linear map in each of the following cases:

i) TkA <1,

ii) tkA < 2 and J(Az)*? is nilpotent.
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Proof. Let r = rkA. From theorem 6.2.11, it follows that there exists a
homogeneous H € C[z1,...,z,]" such that H and (Az)*? are GZ-paired
through matrices B and C'. Since either » < 1 or r < 2 and Jy,,... 2, H is
nilpotent, it follows that H is power linear and ditto linearly triangularizable.
Now apply the above theorem. O

Let
M = J(Az)* = diag((Ax)*(d_l)) -dA

be a nilpotent power linear (quasi-)Jacobian that is linearly triangularizable.
Just as with symmetric triangularizability, we will give tight estimates on
d such that (Az)*? is ditto linearly triangularizable in case d meets one of
these estimates. But we first give the examples. In order to prove that the
examples are not ditto linearly triangularizable, we need some preparations.

Proposition 6.6.4. Assume (Ax)*? is linearly triangularizable and A; = 0.
Then there exists a T € GL,(C) with Ty = €% and Tey; = e such that the
Jacobian of T~ (ATz)*? is lower triangular.

i) If (Ax)*? is ditto linearly triangularizable, then there exists a T as
above such that in addition, T~Y(ATxz)*® is power linear.

ii) If Ay = \et for some \ € C, then there exists a T as above such that
in addition, Ty = eg and Teyg = es.

i) If (Ax)*? is ditto linearly triangularizable and Ay = \e for some A €
C, then there exists a T as above such that in addition, T~ (ATz)*?
is power linear and Ty = €} (but not Tes = e3).

w) If (Az)*? is ditto linearly triangularizable and Ay = 0 (i.e. A = 0 in
ii)), then there exists a T as above such that in addition, T~ (ATx)*?
is power linear, Ty = €Y and Tes = e3.

Proof. Since (Az)*? is linearly triangularizable, there exists a T' € GL,(C)
such that JT~1(ATxz)*? is lower triangular. We show that we can choose T
such that T;! = ¢}, since then T} = e}.
First we show that we can choose 7" such that TZ-_1 = ¢} for some i. For that
purpose, write

= Ty e T
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with u; # 0. Now define

0
I E 0
0
Ll'=|m - pia o 0 -+ 0
0
0

then L is lower triangular, so JL T~ (AT Lxz)*? is also lower triangular.
Furthermore, the i-th component of L~ T~ (AT Lz)*? is zero and therefore,
L='T=Y(ATLx)*? is power linear in case T~ (ATz)*? is. Since (L~'T71); =

e}, we can replace T by TL to obtain T, ' = ¢!,

In order to get Tfl = e}, we replace T by TP and T~! by P~1T~! where P
is the cycle (z2, ..., 2,21, Tit1, ..., 2,) and P~ 1is the cycle (z;, 21, ..., % 1,
Tit1,...,Zn). To show that this works, it suffices to show that J P~ H(Px)
is lower triangular in case JH is lower triangular and H; = 0. This fol-
lows from JP~'H(Pz) = P'JH|,—p,P and the fact that P'M P is lower
triangular in case M is lower triangular and M; = 0 (see also the proof of
theorem 6.5.8).

So we can choose T such that 77 = €f. In order to get T'e; = e7 in addition,
define

then T'Le; = ey, so replacing T by TL and T~ by L~7~1 results in T'e; =
e1. Furthermore, the lower triangularity is preserved because L is lower
triangular. T} = e} is preserved as well, as desired.

i) Assume that T~!(ATz)*? is power linear with a lower triangular Ja-
cobian. As mentioned above, L™'T~Y (AT Lxz)*? is power linear with a
lower triangular Jacobian as well. So P~'L~'T~1 (AT LPx)*® is power
linear with a lower triangular Jacobian in addition, and by replacing
T by TLP just as above, we may assume that 71 = ef.

Since Ty ' (Az)* = (Az)i¢ = (A1z)* = 0and L™ = (L 'e; | ey |
-+ | en), it follows that L= T~Y(ATLz) = T—'(AT Lx) is power linear
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as well. So the above construction for obtaining 77 = etl and Tep = e
does not affect that T—1(ATz)*? is power linear.

Write
ey =Ty '+ + T

with v; # 0. In a similar manner as above, we obtain T;l = e for
some j. Notice that Tj_l(ATx)*d = (AsTz)? = (Ne1Tx)? = (\Tyz)¢ =
(Al‘l)d.

In order to get T2_1 = eb, we replace T by TQ and T~! by Q~'1T71,
where @Q is the cycle (z1,x3,...,2j, 22, Zj41,...,T,) and Q! is the
cycle (x1,2j,22,...,%j-1,Zj4+1,...,%n). To show that this works, we
must show that JQ 'H(Qz) is lower triangular in case JH is lower
triangular and H; € C[x1]. This follows from JQ 'H(Qz) = Q"%
JH|z—0.Q and the fact that Q*MQ is lower triangular in case M
is lower triangular and M; is a multiple of e} (see also the proof of
theorem 6.5.8).

So we can choose T such that 77 = €} and Th = ef. We can get
Tes = e in a similar manner as we obtained T'e; = e;. Both obtaining
Te; = e; and Teg = ey preserve the lower triangularity and 717 = e'i
and Ty = e, are preserved as well, since (T~ 1)91(T71)12 = 0, as desired.

This follows in a similar way as i) and ii). Since Ay # 0, it follows that
getting Ty = e, may affect the power linearity of the triangularization,
so that property is not included.

See iii). Now we do have Ay = 0, so getting T = e}, does not affect
the power linearity of the triangularization, as desired. O

Notice that by (6.16), the components of H in example 6.5.11 generate

C(z1 4 22)? + Clay + 222)4 + - - + Clay + dag)?

Hence, the components of J,,H generate

C(x1 + xg)d_l + C(z1 + 2x2)d_1 +--+C(x + d:):g)d_l

From lemma 6.2.1 with » = (d — 1) + 1, it follows that the dimension of this
space is d, so the last d components

Oy, 2y, 0

Oxa Oxa " 0o
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of Jy,H are linearly independent over C. Applying the below lemma with
j = 2 on the map G in example 6.5.11, we see that this map is not ditto
linearly triangularizable.

Lemma 6.6.5. Assume that H is homogeneous of degree d and j < 3 such
that Hy = --- = Hj_1 = 0 and H; € Clzy,x2,...,x;] for all i > j. Assume
in addition that Hj is not a power of a linear form and

0 0 0
Hji1, Hjia,

8.%‘ a’Ej ’ 8a:j

is linearly independent over C of a%jHj'

If there exists an S € GL,,(C) such that S; = €t for all i < j and S~ H(Sx)
is power linear, then there does not exist a T € GLy,(C) such that T~ H(Tx)
s power linear with a lower triangular Jacobian.

Proof. Assume there does exist a T € GL,(C) such that G := T-1H(Tz) is
power linear with a lower triangular Jacobian. Since G is a linear triangu-
larization of ST1H(Sz) and S; = ! for all i < j, it follows from proposition
6.6.4 that we may assume that T; = e} for all i < j as well.

Since G; = 0 for all ¢ < j and G; is a power of a linear form, but H; =
T;G(T~'z) is not, it follows that there exists an k > j such that Tj, #
0. Since T; = €} for all i < j and H € Clxy,22,...,z;]", it follows that
H(Tz) = H|y;=1;+ and

0 0
—H;(Tz) = Ty, | — H;
8$k ( ZL‘) J <8J}j )

zj=T;x

So
_ 9 90 T 1
0= 5,-Gi = 5,-T; ' H(Tz) =Ty, (77" 7,8 |

i.e. Tj_ljxjﬂ = 0. From H; = 0 for all i < j and the fact that

CEjZzj

0 0 0
8:1:] 7+1 8% J+25 7axj n
is linearly independent over C of 8%J_Hj, it follows that 7°(~1);; = 0 for all

1> j and that Gj = (T_l)joj(T.’E).
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Since (T71);; = 0 for all i > j and Tfl is independent of Ty = ¢!, Th =

e, ..., Tjm1 = 62‘717 we obtain (T71);; # 0. Since H; is not a power of a lin-
ear form by assumption, this contradicts the fact that G; = (T!);; H;(Tx)
is a power of a linear form, as desired. O

Example 6.6.6. Put

0

0
d d
L] — Ty

(1‘1 -+ 2$3)d

(z1 + das)?
(x2 + 563)d
(xg + 2%3)d

(z2 + dx3)?
Substituting (z1,x2) = (z1,23) and (21, z2) = (x2,x3) in (6.14), we obtain
d

,;(_Ui (Zi) (o1 +-2)" = Zd:(_l)i <Zl> (w2 +ia3)?  (6.17)

d d
(d . (d .
d(zy +x3)t = (2 — 2 + Z;(—l)’ (z) (z1 +iz3)? — Z;(—l)Z (z) (29 +ix3)?
1= 1=
It follows that there exists a T' € GLogg4o(C) such that T; = e} for all i # 3
and TH(T~'z) is power linear.

In order to show that TH (T 'z) is not ditto linearly triangularizable, it
suffices to show that 8%3]{4, a%gH@ e %Héd_t'_z are linearly independent

over C, on account of %Hg = 0 and lemma 6.6.5 with j = 3. So assume

0
T (AHa + AsH + -+ AgHy) =0

8$3
Applying 6%1 to the left hand side, it follows from lemma 6.2.1 with r =
(d—2)+1that \y = -~ = A\gy2 = 0. Using lemma 6.2.1 again with
r = (d—1)+ 1 (without applying %), we obtain A\gy3 =+ = Aogio =0

as well. So TH(T~'z) is not ditto linearly triangularizable.
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Example 6.6.7. Now let

0
0
2d2x1$g_1
(21 + Caza + 23)*

(21 + ¢4 oy + x3)¢
(331 + 22 — $3)d

(z1 + Cgma — x3)?

(21 + ¢4 oy — x3)¢

By substituting 1 = x1 + 3 in (6.15), we obtain

d—1 d—1
D Cilm+ G+ w3) + > Cilwy + (G — x3)?

i=0 i=0
= d*(xy + x3)ad "+ dP(xy — x3)ad !
= 2d%z 247! (6.18)
whence
Hs — GHy — (GHs — -+ — (" Hogio = (21 + w2 + 23)*

It follows that there exists a 7' € GLagy2(C) such that T; = e} for all i # 3
and TH(T~'z) is power linear.

Showing that TH (T~ 'z) is not ditto linearly triangularizable goes in a sim-
ilar manner as with the above example.

By adding components a:jl,a:g, ... and zeros, one can increase the Jacobian
rank and dimension of each of the above examples. The proof of this and
a similar result for example 6.5.11 is left as an exercise to the reader. The
following lemma is crucial for the desired estimates on d.

Lemma 6.6.8. Let A € Maty ,(C) with pairwise independent rows and

assume d > 2 and
k

0 > (Aiw)t =0 (6.19)

ox
=1

Then the following holds.



212

CHAPTER 6. POWER LINEAR KELLER ... ZHAO GRAPHS

i) If there exists ani < k such that Ay, # 0, then k > d—1+41kA > d+1.

it) If Ain #0 for alli <k and d > 3, then k > d — 3 + 2rkA.

i) If Aip #£ 0 for alli < k, d > 3 and Zle(Aiw)d is mot a power of a

linear form, then k > 2d — 3 + rkA > 2d.

Proof. Since the rows of A are pairwise independent, r := rkA > 2.

i)

ii)

Assume that there exists an ¢ < k such that A;, # 0. By removing
the rows A; with A;, = 0, we obtain that A;, # 0 for all i < k.
Furthermore, the decrement of rkA does not exceed that of k, so we
may assume that A;, # 0 for all i < k. In case d > 3, ii) gives

k>d—3+2rkA>d—-1+rkA>d+1

so assume d = 2. Then the terms of (6.19) are linear and k > rkA+1 >
3. This gives the desired result.

Assume that A;, # 0 for all i < k and d > 3. Assume without loss of
generality that Ay, Ao, ..., A, are independent. Then a; := Ajx, a9 :=
Aox, ..., a, := A,z are independent linear forms. Since A;, # 0 for all
1 < k, it follows that

i Ain(Ail’)d_l
=1

has Hessian rank 7. In order to have (6.19),

k

Z Am (Ai$)d71

i=r+1

must have Hessian rank r as well. So k > 2r. This gives the case

d=3.
9 9 d

In case d > 4, let D be a generic linear combination of 343’ Dag’ 2 Dan -

’ Oan
Then
k

k
_p 2 i 9 (At
0=D o D (A) = o > d(DAz)(Aix)

i=1 =2

and the result follows by induction on d.
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iii) Assume A;, # 0 for alli < k, d > 3 and S := Zle(AiiL‘)d is not a
power of a linear form. By (6.19), we obtain that S is degenerate, so
if » = 2, then S would be a polynomial in one linear form. Since S is
homogeneous and not a power of a linear form, r» > 3 follows. If d = 3
then by ii) and r > d, we obtain the desired result.

So assume d > 4. Just as in the proof of ii), assume that a; :=
Aix,a9 := Agx,...,a, := A,x are independent linear forms. We dis-
tinguish two cases:

e There is a j < r such that %S is not a (d — 1)-th power of a
linear form.
Assume without loss of generality that j = r. Since %(Aix)d =0
for all ¢ < r, it follows that

k

k

i=r i=1

is not a (d — 1)-th power of a linear form. So by induction on d,
we obtain 1 +k —r > 2(d — 1), whence k > 2d — 3 +r > 2d, as
desired.

J %S is a (d — 1)-th power of a linear form for all j.

Notice that if a%jS and a%j/S would be linearly dependent over
C for all 5,5', S € Clay,as,...,a,] would be degenerate of order
r — 1. But this is impossible because S is homogeneous and not
a power of a linear form. So we may assume that 3%15 and 8‘%23
are not linearly dependent over C.

Now each A;x can be expressed as a linear combination over C of
the a;’s, and either there exists an ¢ such that the coefficients of
a1 and as in A;x are both nonzero, or such an 7 does not exist.

In the first case, say that A, 1x = pia1 + peas + - - - + pra, with

uipe # 0. Notice that
po O 0
=S 6.20
(Nl day 5(12) (6.20)

is not a power of a linear form. But since

P2 0 0 _
(m 8@1 8a2) Ar+1$ =0
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(6.20) becomes the new 8%25 if we interchange A; and A,,1. So
k> 2d — 3+ r > 2d follows from the case above.

In the second case, we have that one of 0%1 and 8%2 kills at least

half of Ay412, Aryox, ..., Apz. Say that 2= kills at least half of

Arp1z, Arsox, ..., Apr and let S' = 8%15. Then S’ has at most
1 4 (k — r)/2 nonzero terms, and by induction on d, we obtain
from i) that 1+ (k—17r)/2>(d—1)+1. Sok>2(d—1)+7r >
2d — 3 4+ r > 2d, as desired. O

Theorem 6.6.9. Assume (Ax)*® has a nilpotent Jacobian and (Az)*? is
linearly triangularizable. If corkA < 2d — 2, then (Az)*? is ditto linearly
triangularizable. Furthermore, if

m := corkA — #{i | A, = 0}
satisfies m < 2d — 4, then (Ax)*? is ditto linearly triangularizable.

Proof. Since (Az)*? is linearly triangularizable, there exists a T' € GL,(C)
such that H := T~1(ATz)*? is lower triangular. In particular, (Az)*¢ sat-
isfies DP(+). From proposition 6.2.5, it follows that we may assume that
A; = 0 and Aj is dependent of e}. From proposition 6.6.4, it follows that
we may assume that T} = e} and Th = €b.

Assume that (Az)*? is not ditto linearly triangularizable. Then H is not
power linear. Let Hg be the first component of H that is not a d-th power
of a linear form. Notice that s > 3 and H, = T, ' (ATx)*.

Choose T such that s is as large as possible (without affecting 77 = €} and
Ty = eb). Next, choose T such that the number of nonzero entries of 77! is
minimal. We distinguish two cases:

e There exists an i such that (71 (A;Tx)? € Clxy, 2, ..., 25 1]\{0}.
Since T~ is invertible, we can write

et =Ty Ty N

where Ay # 0. If £ < s, then we can clean (T _1) si by row operations on
T~ and since these row operations correspond to a multiplication by
a lower triangular matrix L~! from the left, we can replace T by T'L
and T~ by L='T~! to obtain (T '), = 0, without affecting the lower
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triangularity of JH. This contradicts the minimality of the number
of nonzero entries of 771

So t > s. Again by replacing 7' by TL and T~! by L=!T! for a
suitable lower triangular L, we can obtain that the ¢-th row of 7!
becomes ef. So from the minimality of the number of nonzero entries

of T~!, we obtain that this is already the case up to a scalar factor,
ie. A\ = Ay =--- = X1 = 0 and hence Tt = )‘t e . It follows that

Hy =T, (ATz)* = \ 1 (A Tx)? € Clay, zo, ..., w4 1]
So if
P = (:1:17 L2y 3 Ts—1, Lty Ly ooy Tp—1, Ltt1s- - - ,fL‘n)

then (PH(P~1x))s is a power of a linear form and one can easily verify
that the Jacobian of PH(P~!z) is lower triangular (see also the proof
of theorem 6.5.8). This contradicts the maximality of s.

o (T7Y4(ATz)? & Clxy,29,...,2,1]\{0} for all i.
Let k:= #{i | T,; (A;Tz)? # 0} and take D of the form

D=2 0 ot
s a Hs+1 73— a Toi1 Hn 81‘71
such that D(T,;'(A;Tx)?) # 0 for all 4 such that T, (A;T2)? # 0.

Since Hj is not a power of a linear form and DHg = 0, it follows from
iii) of lemma 6.6.8 that

k> 2d - 3+ rk(diag((T™1)}) - AT) (6.21)
Since the matrix on the right hand side has n —k —#{i | A; = 0} more
zero rows than A, its rank is at least tkA — (n —k —#{i | A; =0}). It
follows that k + (n — k — #{i | 4, =0}) > 2d — 3 + rkA and
m=mn—1kA—#{i| A; =0} >2d -3
so the assumption m < 2d — 4 cannot be satisfied. So it suffices to

show that the assumption corkA < 2d — 2 cannot be satisfied either
For that purpose, we distinguish two cases:
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— Aj is dependent of As, Ay, ..., Ay.

Since T} = e}, Th = eb and Ay is dependent of e}, it follows
that (T71)s2(A2Tz)? € Clzy]. By assumption, (T~ 1)s(A;Tx)¢ ¢
Clx1, 22, ..., 25s-1]\{0} for all 4, so we obtain (T1)s(AsT2)? =
0. Furthermore, A1 = 0 and the matrix on the right hand side of
(6.21) has rank rk(As, A4, ..., Ap)—((n—2)—k) = rkA—(n—k—2)
at least. It follows from (6.21) that k—(n—k—2) > 2d —3+1kA4,
so corkA > 2d — 1. So the assumption corkA < 2d — 2 cannot be
satisfied, as desired.

— As is independent of Az, Ag,..., An.
Since As is dependent of e!, it follows that both removing the
first column and removing the second row of A decreases its rank.
Consequently, the first column of (As, Ay, ..., A;,) is dependent of
the other columns of this matrix, So by column operations on A,
we can clean the first column of (A3, Ay, ..., A,). Let S € GL,(C)
be the matrix that corresponds to these column operations. Then
(AS)Zl =0 for all 7 > 3.
Since A; = 0 and for each i, S; is dependent of e} and e} only,
it follows that S~!(ASz)*? is power linear. Replacing (Ax)*? by
S—1(ASz)*, we obtain that A;; = 0 for all i > 3. Now let A be
the matrix one obtains from A by removing both the first row and
first column, and & = (x1,x2,...,Zp—1). Then (fli)*d is a power
linear map and corkA = corkA. Furthermore, it follows by way of
the equivalence of strong nilpotency and linear triangularizability
that (AZ)*@ is linearly triangularizable.
So by induction on n, we obtain that either corkA > 2d — 1 or
(Az)*? is ditto linearly triangularizable. So assume T~ (ATZ)*?
is power linear with a lower triangular Jacobian. Then by propo-
sition 6.6.4, we may assume that T é1 = é1, the first standard
unit vector in dimension n — 1. Now T~1(ATz)*? has a lower
triangular Jacobian as well, where

Since Ty ' (ATx)*? € Clry] and T~ 'ey = ey, it follows that the
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map T~ (ATz)*? is power linear. This contradicts the assump-
tion that (Az)*? is not ditto linearly triangularizable, as desired.
O

Corollary 6.6.10. Assume (Ax)*? is linearly triangularizable and has a
nilpotent Jacobian. If n < 2d + 1, then (Ax)*¢ is ditto linearly triangulariz-
able.

Proof. The case tkA < 2 follows from corollary 6.6.3. So assume rkA > 3.
Then corkA <n—3 < 2d—2, and theorem 6.6.9 gives the desired result. [

In [9], it is show that power linear maps H of degree d > 2 for which
JH? = 0 are ditto linearly triangularizable. This result can be generalized.
Notice that JH? = 0 implies that = + H is a quasi-translation by way of
iii) of proposition 3.1.2, for JH - H = dJH? in case H is homogeneous of
degree d.

Proposition 6.6.11. Assume H is power linear over C, such that x+H is a
quasi-translation. Then H satisfies (3.4). Furthermore, H is symmetrically
triangularizable in case H is reduced.

Proof. Assume without loss of generality that H is reduced. Write H =
(Az)*?. From ii) of proposition 3.1.2, it follows that v(H;) = 0 for all 4,
where v(f) := deg, f(z + tH) is the exponent with respect to  + H. Since
C is a domain, it follows that v(A;x) = 0 as well. So the coefficient of ¢
in A;j(z + tH) is zero, i.e. A;H = 0. Since H is reduced, it follows that
H; = 0 for all j such that A;; # 0. So if the variables appearing in H are
x1,%9,...,%s, then H] = Hy = --- = Hy = 0. Now apply iii) of proposition
3.4.3 to obtain the desired result. O
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Chapter 7

Power linear Keller maps of
corank three

7.1 Introduction

The main theorem of this chapter is the following.

Theorem 7.1.1. Assume (Az)*? is power linear with a nilpotent Jacobian.
Put
m := corkA — #{i | A; = 0}

Ifm<1<dorm<3<d, then x + (A:U)*d 15 tame. Furthermore, (Ax)*d
is (ditto) linearly triangularizable in any of the following cases:

i) m<d—2andm <3,
it) m < d—1<3 and corkA < d,
i11) corkA < 3 < d.

The main theorem improves results of [19] (corank < 2 and degree 3 are
tame), [7] (corank < 2 and degree 3 are linearly triangularizable) and [11]
(corank < 2 and degree > 3 are (ditto) linearly triangularizable). Before
worrying about the proof of this theorem, let us first gather some results
about power linear Keller maps from the previous chapter and add some
new results as well.
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Theorem 7.1.2. Assume (Ax)*? is power linear with a nilpotent Jacobian.
If tkA <3 ortkA +d < 7, then x + (Ax)*? is tame. Furthermore, (Ax)*¢
1s linearly triangularizable in any of the following cases:

i) TkA <3,
it) TkA+d <6,
i11) tkA+d <7 and at most six rows of A are nonzero,

iw) tkA+d <7 andn <8.

We will prove theorem 7.1.2 in the next section. After that, we will prove
theorem 7.1.1 in a sequence of several sections. The next result is an imme-
diate consequence of both theorems.

Corollary 7.1.3. Assume (Ax)*? is power linear with a nilpotent Jacobian.
Ifd > 1 and at most seven rows of A are nonzero, then x + (Az)*® is tame.
If d = 3 and eight rows of A are nonzero, then x + (Ax)*® is tame as well.
Furthermore, (Az)*?® is linearly triangularizable in any of the following cases:

i) At most sixz rows of A are nonzero,

it) n < 8 and at most seven rows of A are nonzero,
i) n < 8 and d =3,
iv) d >5 and at most seven rows of A are nonzero.

Proof. We first prove the tameness results. Put
m := corkA — #{i | A; =0}
Notice that

m = (n—kA) = (n— #{i | A £ 0}) = #{i | A 20} —xkA  (7.1)
The case m < 3 < d follows from theorem 7.1.1, so assume that either m > 4
orl<d<2.

Assume first that 1 < d < 2. The case rkA < 5 follows from theorem 7.1.2,
so assume rkA > 6. Since d < 2 # 3, the assumptions tell us that we may
assume that at most seven rows of A are nonzero. Then m < #{i | A; #



7.1. INTRODUCTION 221

0} —rkA < 7—6 =1 on account of (7.1), and theorem 7.1.1 gives the desired
result.

So assume m > 4. The case rkA < 3. follows from theorem 7.1.2, so assume
rkA > 4. From (7.1) it follows that

#{i|A; #0} =rkA+m >44+4=38
So by the assumptions on the number of nonzero rows of A, we may assume
that d = 3 and #{i | A; # 0} = 8. This is only possible if rkA =4 = m, so
tkA+d=4+3 =7, and theorem 7.1.2 gives the desired result.

Next, we prove the linear triangularizability results.

i) Assume that at most six rows of A are nonzero. The case kA < 3
follows from i) of theorem 7.1.2, so assume rkA > 4. From (7.1), it
follows that

m=+#{i| A #0} —rkA <6 —-rkA <2

The case m < d — 2 follows from i) of theorem 7.1.1, so assume m >
d—1. Since d —1 < m < 6 —rkA, we obtain rkA + d < 7. Now apply
iii) of theorem 7.1.2.

ii) Assume that n < 8 and at most seven rows of A are nonzero. The case
rkA +d < 7 follows from iv) of theorem 7.1.2. So assume rkA +d > 8.
Then

corkA <n—1kA <8 —-rkA <d

and on account of (7.1),
m=H#{i| A #0} —1kA<T7T—1rkA<n—1-rkd=corkkA—-1<d-1

So by ii) of theorem 7.1.1, we obtain the case d — 1 < 3. So assume
d—12>4. Then d > 5, and iv) gives the desired result.

iii) Assume that n < 8 and d = 3. The case rkA < 4 follows from iv)
of theorem 7.1.2. In case rkA > 5, we have corkA < 3 on account of
n < 8, and iii) of theorem 7.1.1 gives the desired result.

iv) Assume d > 5 and at most seven rows of A are nonzero. The case
rkA < 3 follows from i) of theorem 7.1.2. So assume rkA > 4. Then
(7.1) and the assumption d > 5 give

m=#{i| A #0} —rtkA<T7T-4=3<d-2
and 1) of theorem 7.1.1 gives the desired result. O
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As we have seen in chapter 6, Zhao uses graphs to view homogeneous gradient
maps with nilpotent Jacobian. One of this graphs is the one that totally
disconnected, but that one corresponds to a quasi-translation that satisfies
(3.4) on account of proposition 6.4.7, i.e. a map that satisfies the Jacobian
conjecture. The graph corresponding to

h = (x1+ ix2)4 + (21 —ize) (a3 + ix4)3
= (z1 +iz)'+

. . 1. . .
(1 —izg + 23 + 1:(}4)4 + —i(zy — ixe + iz — x4)4 —

16 16
1
E(xl —ixg —x3 — 11'4)4 — Ei(xl —ixg —ixg + x4)4

is a so-called shrub.

This graph becomes totally disconnected when one removes the vertex be-
low: the root of the shrub. By proposition 6.4.7, we obtain that a totally
disconnected graph corresponds to a quasi-translation that satisfies (3.4). ii)
of the following theorem shows that the root may be removed in some sense,
and that shrubs correspond to compositions of two quasi-translations that
satisfy (3.4).

Theorem 7.1.4. Assume that h = Zf\;l(Aix)dH and that the rows A; of
A are pairwise independent. Assume in addition that Hh is nilpotent and
define h = Zf»i}l(Aim)dH.

i) If either AN 1s independent of A1, Ag,...,AN—1, or ANAY = 0, then
‘Hh is nilpotent as well.

i) If x+Vh is invertible, then there exists a T € GL,(C) and an elemen-
tary polynomial map E such that

x+ Vh = T_IE(T(I'—FVB))
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The above theorem can be used to prove the Jacobian conjecture for a map
x+ Vh as in this theorem by induction on N. The induction hypothesis that
& + Vh satisfies the Jacobian conjecture connects the conclusion of i) that
Hh is nilpotent and the assumption of ii) that x + Vh is invertible. We will
prove theorem 7.1.4 in section 7.3.

7.2 Proof of theorem 7.1.2

We first show the tameness result. The case rkA < 3 follows from theorem
4.1.4 and the case d < 1 is easy, so assume that So assume 4 <tkA+d <7
and d > 2. Put r := rkA. From theorem 6.2.11, it follows that there exists a
homogeneous H € Czy, 2, ..., x,]" such that H and (Az)*? are GZ-paired.

From iv) of proposition 6.2.7, it follows that it suffices to show that x +
(H,0m+1,...,0") is tame. In case r > 5, we have d < 7T—r <2 <d,sod = 2
and 7 = 5 follow, and theorem 4.6.8 gives the desired result. So assume
r = 4. Then d < 7 —r < 3, and theorem 4.6.5 and lemma 7.2.1 below
together give the desired result.

Lemma 7.2.1. Assume H is cubic homogeneous in dimension n = 4 with
a nilpotent Jacobian. Then (x,xs5) + (H,0) is tame in dimension 5.

Proof. If H is linearly triangularizable, then z + H is tame. So assume H
is not linearly triangularizable. From theorem 4.6.5, it follows that we may
assume that H is of the form

0
c(z1)
xo(r123 — X24) + (21, X2)
r1(2123 — T214) + q(21, T2)

H =

In case ¢ = p = ¢ = 0, we have that H = (x123 — 2214)(0,0, 22, 21) and
x4+ H is a quasi-translation of the form x + gH in theorem 3.4.4. This gives
the case ¢ = p = ¢ = 0. The general case can be reduced to this case by way
of 3 elementary maps from the left, namely the maps corresponding to the

substitutions yo = y2 — c(y1), y3 = y3 — p(y1,y2) and ya = ya — q(y1,92). O

We advance to the proofs of the linear triangularizability results of theorem
7.1.2. Again, set r := rkA. From theorem 6.2.11, it follows that there exists a
homogeneous H € Clzy, 2, ..., x,]" such that H and (Az)*? are GZ-paired.
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From v) of proposition 6.2.7, it follows that it suffices to show that H is
linearly triangularizable.

i) Assume r =rkA < 3. From theorem 4.1.4, it follows that H is linearly
triangularizable, which gives the desired result.

ii) Assume r +d = rkA +d < 6. The case r < 3 follows from i), so
assume 7 > 4. Then d < 2. The case d < 1 is easy, so assume d = 2.
Then 4 < r < 6 —d = 4, so r = 4. Consequently, H is linearly
triangularizable on account of theorem 4.6.5. This gives the desired
result.

iii) Assume r +d = rkA +d < 7 and at most six rows of A are nonzero.
From ii) it follows that we may assume that r +d =rkA+d = 7. The
case d < 1 is easy and the case r < 3 follows from i), so assume r > 4
and d > 2. Since r +d = 7, two cases remain

e r=4and d=3.
From lemma 7.2.4 below, it follows that H is linearly triangular-
izable.

e r=5and d=2.
In this case, we obtain that H is linearly triangularizable by way
of lemma 7.2.3 below.

iv) The proof of this case is similar to that of iii).

In order to obtain the required lemmas 7.2.4 and 7.2.3 below, the following
lemma is used.

Lemma 7.2.2. Assumen =5 and f € Clz].

i) Besides 22, (z1 +22)2 and x%, one requires at least two squares of linear
forms with x4 to obtain

[ i=z124 + p(21, 22)

as a linear combination of them, where p is quadratic homogeneous.
If one of the linear forms contains both xo and x4, then at least three
squares of linear forms are necessary besides 22, (x1 + 12)? and x3.
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ii) Besides x2, (v1 + 12)% and x3, one requires at least four squares of
linear forms, of which four are independent, to add up to

fi=x123 — w24 + (21, 22)

where q is quadratic homogeneous. But if one of the linear forms must
contain xs, then at least six squares of linear forms are needed besides
23, (1 + 22)? and 3.

Proof. We first show that restrictions with ‘besides’ are no real restrictions.
For that purpose, assume a, b and ¢ are the coefficients of x%, (w1 + 22)?
and z2, in this order, when we write f as a linear combination of squares of
linear form with as few linear forms as possible besides 2%, (z1 + z2)? and
23. Now define f = f — ax? — b(x; + x2)> — cz3. Then f has the same form
as f, but 23, (z1 +x2)? and 23 are no longer necessary to write f as a linear
combination of the above-mentioned squares of linear forms from which f is
a linear combination.

Notice that in order to write f as a linear combination of squares of linear
forms, at least rk’H f such linear forms are necessary.

i) Since the Hessian of f has rank > 2, at least two linear forms are
necessary to write f as a linear combination of their squares. Two
of these linear forms must contain x4, because f has x4 but not x7.
Assume that one of the linear forms, say L, has both x5 and z4. Now
make f in an arbitrary manner by subtracting a nonzero scalar multiple
of L? from f. Then f has Hessian rank > 2 as well, so two linear forms
are necessary to write f as a linear combination of their squares. With
similar arguments as with the previous f , we obtain the desired result.

ii) Since the Hessian of f has rank 4, at least four linear forms are neces-
sary to write f as a linear combination of their squares. Furthermore,
four of these linear forms must be independent. Now assume that one
of these linear forms has x5. By substituting a suitable linear form
into x5, we obtain that that linear form becomes x5. We may do this
substitution, because f has no x5 and is thus not affected by the substi-
tution. Now make f in an arbitrary manner by subtracting a nonzero
scalar multiple of 22 from f. Then f has Hessian rank 5. So five linear
forms are necessary to write f as a linear combination of their squares.
With similar arguments as with the previous f , we obtain the desired
result. O
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Lemma 7.2.3. Quadratic linear maps over C with nilpotent Jacobians of
rank 5 are linearly triangularizable in case the dimension is at most 8 or at
most 6 components are nonzero. Furthermore, they satisfy DP+ in case at
most 7T components are nonzero.

Proof. From v) of proposition 6.2.7 and theorems 6.2.11, 4.6.7 and 4.6.8,
it follows that it suffices to show that the quadratic homogeneous maps of
theorems 4.6.7 and 4.6.8 cannot be GZ-paired with quadratic linear maps
in dimension < 8 and neither with quadratic linear maps with at most 6
nonzero components.

Assume first that H is the quadratic homogeneous map of theorem 4.6.8,
i.e.

H = (0, xlxg,x% — T1%4, 2T0T3 — m1x5,x§) (mod :1:%)

Claim: besides 27, (z1 + x3)? and 3, at least six squares of linear forms are
necessary to make Hs and Hy as linear combinations of those squares.

Let us first prove the claim. From ii) of lemma 7.2.2, it follows that besides
22, (1 + x3)% and 22, at least four squares of linear forms are necessary to
make Hy = 2z9x3 — 2175 (mod z?) as a linear combination of their squares.
If less than six squares of linear forms are necessary, then these forms do not
contain x4, and another two linear forms are necessary for H3 on account of
i) of lemma 7.2.2. This proves the claim.

Now assume that H and G are GZ-paired through B € Mat, y(C) and
C € Maty,(C). By adding a component (B1X)? to G, we can obtain
Gn(Cx) = (B1Cx)? = 22, but the object becomes showing that N > 10 and
that G requires seven nonzero components. From H = BG(Cz) and H; = 3
(mod Gn(Cw)), it follows that x3 is a linear combination of the components
of G(Cz). From H = BG(Cz) and Hy = 3(z1+23)? (mod 2%, 23) it follows
that (z1 + x3)? is a linear combination of the components of G(Cz)

Since x?, (71 + x3)? and 23 are linear combinations of the components of
G(Cz) and H = BG(Cxz), it follows from the claim that nine squares of
linear forms are necessary to make the components of G(Cx) as linear com-
binations. Since H; = 0, we obtain by i) of proposition 6.3.3 that the com-
ponents of G(Cz) are linearly dependent, and N > 10 follows. So N > 9
originally, as desired. Furthermore, G has at least nine nonzero components
now, so at least eight nonzero components originally, as desired.
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Assume next that H is the quadratic homogeneous map of theorem 4.6.7,
ie.

H = (0, \2], 22oz4 + p(x1,72), 2123 — 2275 + q(71, ¥2), 2174 + 7(71, 2))

Claim: besides x%, at least seven squares of linear forms are necessary to
make the components of H as linear combinations.

Let us first assume that the claim is satisfied. Assume that H and G are
GZ-paired through B € Mat,, y(C) and C € Maty ,(C). Notice that G has
at least seven nonzero components, because at least seven squares of linear
forms are necessary to make the components of H as linear combinations.
Furthermore, it follows from i) of proposition 6.3.3 that G satisfies DP+
because H does. So it remains to show that N > 9.

Assume first that two components of H are zero. Then there are two inde-
pendent relations between the components of G on account of iv) proposition
6.3.3. It follows that the components of G(Cz) are generated by at most
N — 2 squares of linear forms. From the claim and H = BG(Cz), we obtain
N > 9. So assume next that only one component of H is zero. Then the
components of G(Cx) are generated by at most N —1 squares of linear forms,
but since H = BG(Cz) and Hy = Ax? # 0, we may assume that one of the
linear forms is 1. Again by the claim and H = BG(Cz), we obtain N > 9.

So it remains to prove the claim. Assume first that besides 27, less than six
squares of linear forms are necessary to make Hy = x123 — xoxs5 + q(21, 22).
Then these linear forms do not contain x4 on account of ii) of lemma 7.2.2.
Furthermore, at least four linear forms without x4 are needed to make Hy =
x123 — wox5 + q(x1,22) as a linear combination of them. For Hs = wox4 +
p(x1,x2), another linear form is needed: one with both x5 and z4. It follows
from i) of lemma 7.2.2 that three additional linear forms are required for
Hs = xox4 + p(x1,22) and Hy = x124 + r(x1, 22) together, which proves the
claim for this case.

So assume that besides 22, six squares of linear forms are necessary to make
Hy = xi1x3 — 2225 + q(x1,x2). Assume that the claim is not satisfied, i.e.
those six linear forms are all linear forms we need for components of H.
Then for some A € C, Hy — AHj5 is a linear combination of five squares of
linear forms besides x2, because one square can be eliminated by choosing A
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appropriate. Now set

1000 O
0100 O
S=10010 0
0001 =X
0000 1

then H := SH|py—gs+rz, is of the same form as H, where n = 5.

Furthermore, Hy = SuH |py—gqtrzy, = (Hi — NHs)|pg=25+ 2z, 1S & linear com-
bination of five squares of linear forms besides x?, because z? is not affected
by the substitution x3 = x3 + Az4. It follows that the claim is satisfied for
H instead of H and hence for H itself as well, because 27 is not affected by

the inverse substitution x3 = x3 — Ax4 either. O

Lemma 7.2.4. Cubic linear maps over C with nilpotent Jacobians of rank
4 are (ditto) linearly triangularizable in case the dimension is at most 8 or
at most 6 components of it are nonzero.

Proof. From theorem 6.6.9 (with m = 2), it follows that it suffice to show
linear triangularizability only. From v) of proposition 6.2.7 and theorems
6.2.11 and 4.6.5, it follows that it suffices to show that the cubic homoge-
neous map of theorem 4.6.5 cannot be GZ-paired with cubic linear maps
in dimension < 8 and neither with quadratic linear maps with at most 6
nonzero components.

So assume that H is the cubic homogeneous map of theorem 4.6.5, i.e.
H := (0, 2}, 20(v123 — 2224) + p(21, 72), 21 (2173 — T274) + q(21,72))

Claim: besides x3, at least seven cubes of linear forms are necessary to make
H, as a linear combination of them.

If the claim is satisfied, then we obtain the desired result by reasoning as in
the proof of the above lemma (the second map H there has a similar claim).
So it remains to prove the claim. Notice that

0 -

8—H4 = (2r173 — w214) + §(71, 72)

z1
for some homogeneous ¢ € C[z1, x| of degree 2. So by ii) of lemma 7.2.2, it
follows that besides 22, four squares of independent linear forms are needed
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to write %H4 as a linear combination of them, and maybe some other

squares of linear forms as well.

By applying 8%1 to the cubes of linear forms that make Hs as a linear

combination, we obtain that besides x‘i’, four cubes of independent linear
forms are needed to write Hy as a linear combination of them and maybe
some other cubes of linear forms as well. Let ai,as,as,as be such four
independent linear forms.

Since a1, ao, ag and a4 are independent, we may assume without loss of
generality that z; is independent of aj, ag, ag. Furthermore, it makes sense

to talk about 81’ a linear combination of 8i 68 , 88 , 8_ such that
P a4 9 xq1? T2 x3 i
Fa; 01 = aa4a2 aa ag =0 and —a4—1
Since 7 is independent of a1, as, ag and ay, as, ag are independent, it follows
o)
that A := zo-a1 # 0. Consequently,

0

6—a4H3 = A2m173 — 29m4) — p12y + G(1, 39 + A )
= ()\(2:1:1:1:3 o (1721:4) + d(xl’ $2)) |x2=az2+)\_1ﬂx1
for some homogeneous ¢ € C[z, x| of degree 2, where p := 3 Ja; 2. From ii)

of lemma 7.2.2, it follows that besides 27, at least four squares of linear forms
are needed to write A\(2x1x3 — x2x4) + §(z1,22) as a linear combination of
them. Since the substitution xy = x9 + A~} px1 does not affect m%, a similar
statement holds for %H?)'

By applying 8%4 to the cubes of linear forms that make H, as a linear
combination, we obtain that besides 23, a}, a3 and a3, at least four cubes of
linear forms are needed to write Hy as a linear combination of them. With

a3, a3 and a3, this adds up to seven cubes of linear forms besides z3, as
desired. 0

Notice that the bound of seven cubes of linear forms in the above proof can
be reached: m%xg can be done with three cubes, —xiz9x4 can be done with
four cubes, and ¢(z1,z2) may only require :c‘;’ The bounds in the proof
of lemma 7.2.3 can be reached as well. But that is not really surprising,
because in example 6.2.9 and the remark after it in the previous section , we

have seen that the bounds of lemma 7.2.3 itself are tight as well.
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7.3 Independent powers of linear forms

The following proposition was the starting point of finding the results of
theorem 7.1.1.

Proposition 7.3.1. Let F' be an invertible polynomial map over C and
G = (Fl, e ,Fn_l, Gn)

Assume that det JG = det JF. Then there exists an elementary invertible
polynomial map E, such that G = E(F). In particular, G is invertible.

Proof. Since F is invertible, we can write G,, — F,, as a polynomial in F,
say Gy, — F,, = p(F') with p € Cly]. Since det 7G = det JF, it follows that
det JH = 0, where

H = (Fl, e ,Fn_l,Gn - Fn)

From proposition 1.2.9, it follows that the components of H are algebraically
dependent over C and that F;, is algebraically independent over C of the
components of H, because H; = F; for all i < n — 1 and trdegcC(F) =
n. Consequently, G,, — F,, = p(Fi,...,F,_1,yn). Comparing degrees with
respect to y,, we obtain that G, — F,, = p(F1,..., F,—1,0). It follows that
E=2xz+(0',...,0" 1 p(z)) will do the job. O

If one is only interested in invertibility, then there is a stronger result then
the above proposition, due to E. Formanek. Formanek only assumes that
C[F,G,] = C[z] and det JG € C* to obtain that G is invertible. See [29]
or [24, §1.1, Exc. 9].

Formanek states that his result follows from a theorem of S. Wang in [52],
although this is not immediately clear at first glance. In Formanek’s own
proof of his result that does not use Wang’s theorem, he essentially re-
marks that the ideal of algebraic relations over C between Fy, Fb, ..., Fy41
is principal. So say that this ideal is generated by the relation R. Now by
Wang’s theorem, one can prove that anyR € C*, which is only possible if
R is of the form R = Ayn4+1 + p(y) for some A € C* and a p € Cly]. So
Fnyi1 = —A"1'p(F), which gives Formanek’s result.

Corollary 7.3.2. Assume F € Clx]™ such that the nonlinear part of F,
is contained in Clay,] for some linear form a,, and the nonlinear parts of
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Fi,...,F,_1 are contained in Clay,...,an—1] for some linear forms ay, ...,
an—1 such that Clay,aq,...,a,] = Clx].

Assume in addition that det JF € Clay,...,an—1]. Then det JF = det JG,
where G := (Fy, Fy, ..., F,_1,0). Furthermore, if either F' or G is invertible,
then there exists an elementary invertible polynomial map E such that G =
E(F). In particular, both F' and G are invertible in case one of them is.

Proof. Write @ = a1,a2,...,a,. Since a, is algebraically independent of
ai,...,an—1 and the coefficients of J F are contained in C|a], the Substitution
an = 0 in JF makes sense. Furthermore, it makes sense to talk about 6

for all ¢+ and we have J,a = I,,. From the chain rule and the fact that Ja is
a matrix over C, it follows that

(jF)’an:O = (jaF : ja)anzo = (jaF>an:0 -Ja

From the conditions on the nonlinear parts of the components of ', it follows
that the rightmost hand side is equal to

JuG - Ta=JG
0 (JF)|a,=0 = JG. From det JF € Clay,...,an—1], it follows that
det JF = (det TF)|a,—0 = det ((TF)|a,=0) = det TG
and proposition 7.3.1 gives the desired result. O

Proof of theorem 7.1.4. Let hatA be the matrix one obtains from A by re-
placing the last row by the zero row.

i) Assume first that Ay is independent of Ay, As, ..., Axy_1. Then there

exists independent linear forms a1, as, ..., a, such that A,z = a, and
such that A;x is dependent of aq,a9,...,a,_1 for each i < N — 1. So
by (6.7),

Hh = d(d+ 1)Aldiag((Az)* V)|, —0A
= d(d+ 1) Atdiag((Az)* V)|, oA
= Hh’arzo

as desired.
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Assume next that AyA* = 0. Then

A A

diag((Az)*(@"1)AA" = diag((Az)*(@~1)AA?

From (6.8), it follows that the left hand side is nilpotent. By (6.7), we
obtain that H(h + 0%*1) is nilpotent, as desired.

ii) Assume that z + Vh is invertible. Since Ay # 0, there exists a T €
GL,,(C) such that A%, =T 'e,. Consequently,

T(x+Vh)—T(x+ Vﬁ) — TV(ANx)d+1
= (d+1)TAN(Ayz)?
= (d + 1)€n(ANx)d

So T'(z+ Vh) and T'(z 4 Vh) are only different on the last component.
Since the former is of Keller type and the latter is invertible,

det J(T'(z + Vh)) = det T = det J (T'(x + Vﬁ))

It follows that T'(z + Vh) and T(x + Vh) satisfy the conditions of G
and F in corollary 7.3.2 respectively. This gives the desired result. [

The above techniques can be used to prove some of the tameness results of
the main theorem 7.1.1 of this section as well. For that purpose, we first
make a definition.

Definition 7.3.3. Let A be a matrix. Define the dependence number DN (A)
as the number of rows of A that is dependent of the other rows of A.

Proposition 7.3.4. Assume (Az)*¢ is power linear with a nilpotent Jaco-
bian. If DN(A) < corkA + max{3,7 — d}, then x + (Ax)*? is tame.

Proof. Notice that variants of corollary 7.3.2, where F' and G are different on
another component then the lowest one, hold as well. By applying corollary
7.3.2 and its variants n— DN (A) times, we can reduced to the case DN (A) =
n, because corkA increases along with DN (A), whence DN (A) < corkA +
max{3,7—d} is not affected. So we may assume that n < corkA+max{3,7—
d}, i.e. tkA < max{3,7 — d}. Now apply theorem 7.1.2. O
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But we will not use corollary 7.3.2 directly for reducing to the case DN (A) =
n, because it does not work as desired for some other properties that (A:c)*d
can have. For instance, applying corollary 7.3.2 to make the last row of A
zero, introduces a new linear dependence relation, namely ef,. What happens
with linear triangularizability is not clear to us, except that in case (Az)*?
is linearly triangularizable, then it remains linearly triangularizable after
replacing an independent row of A by the zero row by way of corollary 7.3.2.

In the next section, we will modify the above method of getting rid of rows
of A that are independent of the other rows of A. The new method does
not introduce new linear dependence relations and ‘conducts’ symmetrical
triangularizability and reducedness in both directions.

7.4 The crop matrix

Assume A € Mat,,(C) such that A, is independent of the other rows of A. In
order to avoid some complications in the definition of crop matrix below, it is
convenient to have A,, = 0. The following proposition shows that A,, =0
in case J(Ar)*? is nilpotent. So we may assume that A, = 0.

Proposition 7.4.1. Let A be a matrixz of size n such that A,, is independent
of A1, Ag, ..., Ap_1. If App #0, then trJ (Az)*® £ 0.
Proof. Assume A, # 0. Since

J(Az)*d = d diag((Az)*@-V) . A

it follows that
trJ (Az)* = d Z Agi(Ajz)?

Now differentiate d — 2 times with respect to x, to obtain

ad—2 42
e ———trJ (Az)* d'ZA“Am Az

Since the coefficient of A,z on the right hand side is d!A%-1 # 0 and A,
is independent of the other rows of A, it follows that the right hand side is
nonzero. So the left hand side is nonzero as well, which gives the desired
result. O
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Definition 7.4.2. Let A be a matrix of size n such that A4,,, = 0 and A4,, is
independent of Aq, Ao, ..., A,_1. Define

B:=A—ude, A,

where u is a new variable (and Ae,, and A,, are the last column and last row
of A). We call the upper left principal minor of size n — 1 of B the crop
matriz of A.

Theorem 7.4.3. Let A be a matriz of size n such that Apn =0 and A, is
independent of A1, As, ..., An_1 and let A be the crop matriz of A. Write
T =1x1,%2,...,Tn—1 and assume d > 2 is an integer. Then

i) x4+ (Ax)*? is_an invertible (tame) polynomial map over Clu], if and
only if z + ((Ax)*?,0) is,

i) J(Ax)* is nilpotent, if and only if J(Az)*¢ is,
ii) corkA = corkA.

Proof. Let A be the matrix that consists of the first n — 1 rows of A and
define

H := ((Az)*?, u(Anz))

Let B be the matrix that consists of the first n— 1 rows of B := A—uAe, A,,.
We first show that

det J(z + (Az)*) =1 <= detJ(z+ H) =1 (7.2)

Since

j(Aw)*d = (JH)‘u:d (Apz)d-1

the forward implication follows. Notice that each entry of (JAz)*? is con-
tained in C[Ajz, Asx, ..., Apx]. Since A,z is algebraically independent of
Ajz, Aoz, ..., Ap_1z, the substitution A,z = “3/u/d in J(Az)*® makes
sense, and the backward implication follows as well.

i) We show that the invertibility (tameness) of z + (Az)*?® is equivalent
to that of x + H, x + ((Bx)*?,0) and = + ((A%)*?,0).
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e Assume that either z+ (Ax)*? or 2+ H is invertible (tame). From
(7.2), it follows that

det 7 (z + (Az)*?) =det J(z + H) =1

Since z + (Ax)*? and z + H only differ at the last coordinate, it
follows from proposition 7.3.1 that both x + (Az)* and = + H
are invertible (tame). So z + (Ax)*¢ is invertible (tame), if and
only if x + H is.
e Since B = A(I, — ue,Ay), it follows that Br = Ax|z—y—ue, A,z
Consequently,
Br = Ax|z, =2, —ud,x (7.3)

Since A, = 0, it follows that uA,x does not contain x, and we
obtain
Az = BTz, =z, +udnz (7.4)

From (7.3), it follows that
(x + H)|xn:1‘n7UAnm = (53 + (Bx)*da fUn) =x+ ((Bl")*da 0)
So z+ H and z + ((Bz)*%,0) can be obtained from each other by

way of an elementary map from the right.

e Notice that A consists of the first n — 1 columns of B. So
Az = Bx‘m 0 (7.5)

Since A, is independent of A1, Ao, ..., A,_1, there exists av € C"
such that Av = ep. Set ¥ := (v1,v2,...,Vp-1). Since App, =0, it
follows that Ae,, = Be,. From this and Av = 0, we obtain

Ao = Buv— Beyu,

= (fl — u/lenAn)v — Beyuy,
= —Ben(uAnv + vp)

= —(u+wvp)Be,

So (—(u + vp)A | Ab)z = (—(u+ va)A | —(u + vy)Bep)z =
—(u + vy,)Bz. Consequently,

Bx = Az (7.6)
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and
A% = Bx ) (7.7)
F=a+ 1z,
Now let
1 =~
T = Inil UFVp
0 0 1

then by (7.7), Az = BT« and

z+ ((Az)*0) = T 'Tz+ ((BTz)*,0)
_ 1“4(Tx+f«BTxY{O»

So x + ((A)*,0) and x + ((Bx)*?,0) are linearly conjugate.

So the invertibility (tameness) of z + (Az)*® is equivalent to that of
r+ H, z+ ((Bx)*,0) and = + ((A%)*¢,0), as desired.

ii) Since J(Az)*? is nilpotent, if and only if det J(z + (Az)*?) = 1, it
follows from (7.2) that J(Az)*? is nilpotent, if and only if det J(z +
H) = 1. From the proof of i), we obtain that det 7 (x + H) = 1, if and
only if det J(z 4+ (A%)*%,0)) = 1, which in turn is equivalent to the
nilpotency of J3(A%)*?, as desired.

iii) From (7.3), (7.5) and A, = 0, it follows that

(A%, Apz) = Az|_ __ . (7.8)

From (7.6) and (7.4), it follows that
Az, Aoz, ... Ay_1z) = A% 7.9
(Arz, Az 1) o F=F———d(xptuldnc) (7.9)

u+vn

It follows that A and A have the same rank. Since A, is independent
of A1, Ay, ..., A,_1, the desired result follows. O

As we announced in the previous section already, the crop matrix behaves
more desirably with respect to DP than just zeroing independent rows. This
is made precise in the following theorem.
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Theorem 7.4.4. Let A € Mat,(C) such that A = 0 and A,, is in-
dependent of A1, As,..., An, and let A be the crop matrix of A. Write
T=1x1,%2,...,Tn_1. Then the following holds.

i) (Az)*? satisfies DP, if and only if (AZ)*® satisfies DP over C(u). More
precisely, the linear dependences over Clu] between the first n—1 com-
ponents of (Az)** and those between the components of (AZ)* are
similar.

i) (Az)*¢ is reduced, if and only if (AZ)*? is reduced over C(u).

iii) DN(A) = DN(A). More precisely, for each i <n—1, the i-th row A;
of A is independent of the other rows of A, if and only the i-th row A;
of A is independent of the other rows of A.

Proof.
i) Assume (Az)*? satisfies DP. Say that
M (A12)T 4+ Mo (Ag) 4+ A1 (A 18) =0
for certain \; € Clu]. From (7.9), it follows that

M (Arz)? + Ao (Agz)d + -+ N1 (A1) =0

Next, assume (AZ)*? satisfies DP over C(u). Say that
A (A1) + Ao (A2@)h + -+ A1 (Ap18)E + M4 @) = 0

for certain A\; € Clu]. Since A,, is independent of the other rows of A,
we obtain A\, = 0. From (7.8), it follows that

M (A12)T 4+ Ao (Ag) 4 -+ A1 (A 12)8 =0
This gives the desired result.
ii) Assume that (A%)*? is reduced and
M (A1) + No(Agz) + -+ A1 (A1) 4 M (Apz)d =0

for certain \; € C[u]. Since A,, is independent of the other rows of A,
we obtain A\, = 0. From i), it follows that

M (A1) 4+ Mo (Ap@) + -+ 4+ M1 (A1) =0



238 CHAPTER 7. POWER LINEAR ... MAPS OF CORANK THREE

Since (lezi)*d is reduced, it follows that \;4;7 = 0 for all i <n—1. By
(7.9), we obtain that \;4;x = 0 for all i < n—1. So (Az)*? is reduced.

The converse is similar, except that (7.9) is replaced by (7.8), to obtain
that (A;2)|z,=—ud,« = AiT for all i <n — 1.

iii) Replacing d by 1 in the proof of i), we obtain that for all A € C[u]",
MAx+ AAsz + -+ N1 A1+ N A =0
if and only if A\, = 0 and
MALE+ Nodod + -+ A1 Ay 12 =0
This gives the desired result. O

Corollary 7.4.5. Assume A € Mat,,(C) such that J(Ax)*¢ is nilpotent and
d>2.If
DN(A) — corkA < max{3,7 — d}

then (Ax)*® satisfies DP.

Proof. Assume DN(A) — corkA < max{3,7—d}. From iv) of theorem 7.4.4
and iii) of theorem 7.4.3, it follows that DN (A) — corkA < max{3,7 —d} as
well. From i) of theorem 7.4.4 and induction on n, using Lefschetz’ principle,
we may assume that A, is dependent of the other rows of A. By conjugation
with permutations, we may even assume that for each i, A; is dependent
of the other rows of A, i.e. DN(A) = n. So rkA = DN(A) — corkA <
max{3,7 — d}.

From iv) of theorem 6.1.2, it follows that it suffices to show that homogeneous
H in dimension n < max{3,7 — d} with JH nilpotent satisfy DP. The case
n < 3 follows from proposition 4.1.1 and corollary 4.1.3. In case n = 4, we
have d < 7—n = 3, and theorem 4.6.5 gives the desired result. If n = 5,
we have d <7 —n = 2, and H satisfies DP on account of theorem 4.6.8, as
desired. O

We will investigate now how the crop matrix acts with respect to DP+. The
behavior of the crop matrix with respect to DP+ is not so nice as that with
respect to DP. Furthermore, a lot of this behavior is still unknown.



7.4. THE CROP MATRIX 239

Theorem 7.4.6. Let A € Mat,,(C) such that Ay, = 0 and A,, is independent
of A1, Ao, ..., An_1, and let A be the crop matriz of A. Assume (Az)?
satisfies DP, say that A\*(Az)? = 0 for some nonzero A\ € C*. Write & =
T1,%2,...,Tn—1. Then the following holds.

i) If A, is dependent of X', then (A%)*® satisfies DP+ over C(u), if and
only if there exists a p € C" that is independent of A and e, such that
pt(Ax)d € C[\'z,x,]. Furthermore, pt(Az)? is a power of a linear
form with ,, in case u*(Azx)? € C[A\tz, x,]\{0}.

i) If A, is not dependent of A, then (A%)*? satisfies DP+ over C(u) in
case (Az)? satisfies DP+.

iii) If (AZ)* satisfies DP+ and there exists a v € C" with \'v = 0, such
that Av = e, then (Ax)? satisfies DP+ as well.

w) If (Az)*® satisfies DP+ and there exists a w € C" with \'w # 0, such
that Aw = e,,_1, then (Az)? satisfies DP+ as well.

Proof. From i) of theorem 7.4.4, it follows that Af((A%)*?,0) = 0. Since A,
is independent of the other rows of A, it follows that A\, = 0. Take v € C"
such that Av = e, and let © = (v1,v2,...,0p-1).

i) Assume A, is dependent of \. Assume first that there exists a u € C”

that is independent of A and ey, such that u*(Az)? € C[A\'z, z,,]. From
(7.8), it follows that p'((AZ)*¢, (A,z)?) € C[A\'z, —uA,z]. Since A!
is dependent of A, we obtain u*((AZ)*?,0) € C(u)[A'z]. Since u is
independent of A and e, it follows that (AZ)? satisfies DP+.
Assume next that (AZ)? satisfies DP4. From proposition 4.6.2, it
follows that there exists a p € C(u)™ with p, = 0 that is independent
of A, such that pt((AZ)*%,0) is dependent of (Afz)?. From (7.9), it
follows that u*(Az)*® is dependent of

_ An (o)

F=F— gt 0(entudn) Un

d
(xn + uA,ﬂ:))

Since A' is dependent of A,,, we obtain that u'(Az)*¢ € C[\'z, x,).

Furthermore, 1 is independent of A and ey, because p is independent of
Aand A\, = pu, = 0. From the definition of v, it follows that A, (8) £ 0,
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whence it (Az)? is a power of a linear form with x,, in case u'(Ax)? # 0.
This gives the desired result.

Assume that A, is not dependent of A* and that (Az)*? satisfied DP+.
From proposition 4.6.2, it follows that there exists a u € C™ that is
independent of X, such that p'(Az)*? is dependent of (A\'z)%. As we
observed above, A, = 0. If i, = 0 as well, then we obtain by (7.8) that
pt(Az)* ), — wa,e = pt((A2)*,0) is dependent (A\'z)%|,, — ya,z =
(At2)?, as desired.

So assume p, # 0. Since Av = e,, it follows that
T (pt(Az)*) v = dpt diag ((Az)* @) . Av = dpp(Anz) @D £ 0

Since the left hand side is dependent of 7 (Atz)¢-v, which in turn is de-
pendent of (A\'z)?~!, the above can only be satisfied if A,, is dependent
of A\'. This gives the desired result.

Assume that (AZ)*? satisfied DP+ over C(u) and that A\'v = 0. From
proposition 4.6.2, it follows that there exists a p € C(u)™ with p, =0
that is independent of X, such that uf((AZ)*?,0) is dependent of (Afz)?.
From (7.9), it follows that u'(Az)*? is dependent of

t (P d
= ()\tx - )\4(0) (mn + uAnx)>
T=I— u+v O(Tn+uAnT) U+ vy,

Since A\, = 0, we obtain \* (g) Moy = 0. Tt follows that ut(Az)*®
dependent of (A'z 4+ A'(() -+ )% = (A'z)?, as desired.

(Na)

Assume that (Az)*? satisfied DP+ over C(u) and that Aw = en—1 and
Alw # 0 for some w € C™. Just as in iii), we obtain that A*(;) = A'v
and that u'(Az)*? is dependent of

t (T d N d
</\t:1: — u/\—l—ﬂ (ZL’n + uAm:)) = ()\taj — A (:L'n + uAm:))

Un, U+ vy,
= ()

where A := A — v A (e, +uAl). Assume that there exists a w € C"
such that A'w # 0, such that Aw = e,_1. From A,w = 0, it follows
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that

A (1w + udyw) = Awu + A (vpw + wpv)
U+ vy, U+ vy

Mw = Maw +

whence by \w # 0,

~

deg, ((u+ vp)A'w) =1 (7.10)

So Atw #£ 0. It follows that uf(Aw)*® # 0 as well in case pt(Az)*d £
0. Since we are done in case p'(Az)*? = 0, we may assume that
pt(Aw)* # 0.

Since Aw = e,,_1, we obtain that p, 1 = pu'(Aw)*? # 0. Furthermore,
T (u(Ax)®) - w = dut diag((Az) @) - Aw = iy 1d(An 1) £ 0

Since the left hand side is dependent of J (Atz)d . w, which in turn is
dependent of (A'z)?~1, the above can only be satisfied if A' is dependent
of An—l .

If A\'v = 0, then A\' = A' is dependent of A,_1, whence (Az)*? satisfies
DP+ with p = e,_1 in the definition of DP+. So assume A'v # 0.
Then the last coordinate of (u + v,)A is equal to Afv € C*. Since A
is dependent of A!_,, all coordinates of (u + vn)A are contained in
C. This contradicts (7.10), so A'v = 0 and (Az)*? satisfies DP+, as
desired. O

Although the behavior of the crop matrix with respect to DP+ is partially
unknown, we can derive some results. In the proof of corollary 7.4.7 below,
we show that we can reduce to the case DN(A) > n — 1, i.e. the case that
at most one row of A is independent of the other rows of A.

Corollary 7.4.7. Assume A € Mat,,(C) such that J(Ax)*¢ is nilpotent and
d>2. If
DN(A) — corkA < max{2,6 — d}

then (Ax)*? satisfies DP+.
Proof. Write N instead of n and X instead of . Assume DN (A) —corkA <

max{2, 6 — d}. From iv) of theorem 7.4.4 and iii) of theorem 7.4.3, it follows
that DN (A) — corkA < max{2,6 — d} as well. We distinguish three cases:
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e DN(A) = N. Then rkA = DN(A) — corkA < max{2,6 — d} <
max{3,6 — d}. From iii) of theorem 6.1.2 and proposition 4.6.3, it
follows that it suffices to show that homogeneous H in dimension n <
max{3,6 — d} with JH nilpotent are linearly triangularizable. The
case n < 2 follows from proposition 4.1.1 and the trace condition on
JH. The case n = 3 follows theorem 4.1.4, so assume n > 4. Then
n<6—-—d<6-—2=4,s0n =4 and d = 2, and theorem 4.6.5 gives
the desired result.

e DN(A)=N —1.
Then rkA = DN(A) 4+ 1 — corkA < max{3,7 — d}. The case rkA <
max{3,6—d} follows in a similar manner as above, so assume rkA = 7—
d > 4. Since Jx (AX)*? is nilpotent, kA < N follows. From theorems
6.2.11 and 6.3.3, it follows that it suffices to show that homogeneous
H in dimension n =7 — d > 4 with J H nilpotent satisfy DP+ in case
they are GZ-paired with (AX)*.

If n =4, then d = 7 —n = 3, and theorem 4.6.5 gives the desired
result. So assume n > 5. Thenn <7—-d<7—-2=5,s0n =5 and
d = 2. From theorem 4.6.8, it follows that we may assume that

H = (0, xla:g,x% — T1T4, 2273 — x1x5,x§) (mod a:%)

Assume that H and (AX)*? are GZ-paired through B and C. Since
DN(A) = N — 1, we may assume without loss of generality that Ay
is independent of the other rows of A on account of i) of proposition
6.2.7.

Assume that the last column of B is zero. Let A be the matrix we
obtain from A by replacing the last row of A by the zero row. Then
H and (AX )*2 are weakly GZ-paired through B and C as well. Since
rkA = rkA — 1 = 4, it follows from ii) of theorem 7.1.2 that (AX)*? is
linearly triangularizable. Now apply v) of proposition 6.2.7 to obtain
a contradiction.

So it suffices to show that the last column of B is zero. So assume that
BEN # 0, where E; is the i-th standard basis unit vector of length V.
Since Ay is independent of the other rows of A, there exists a V e CN
such that AV = Ey. Put w := BV. Since (AX)*? = (ACBX)*?, it
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follows that A; = £A,CB for each . So ACBV = +Ex and

JH-w = J(B(ACz)*?)-BV
2B diag(ACz) - ACBV
+2Bdiag(ACz) - Ex
= +2BEN(ANnCx)

which has Jacobian rank at most 1. Furthermore,

J(ITH -w)-w = J(£2BEN(AyCz))- BV
= +2BENANCBV
= 2BEy

which is nonzero. This contradicts lemma 7.4.8 below.

e DN(A) < N —2.
Then there are at least two rows of A that are independent of the
other rows of A. From proposition 4.6.3, it follows that we may assume
without loss of generality that both Ay_1 and Ay are independent of
the other rows of A. Since An_1 is independent of the other rows of
A, there exists a W € CV such that AW = Ex_;. Similarly, there
exists a V € CN such that AV = Ey.

From corollary 7.4.5, it follows that (AX)*? satisfies DP. Say that
A(AX)*? = 0 for some nonzero A € CV. The cases AV = 0 and AW #
0 follow from iii) and iv) of theorem 7.4.6 respectively by induction on
N, using Lefschetz’ principle. So assume AV # 0 and AW = 0.

Since both Any_1 and Ay are independent of the other rows of A,
An_1 = Ay = 0 follows. So APV = 0 and APW # 0, where
P is the permutation matrix that corresponds to the interchange of
Xxn_1 and Xy. Furthermore, (PAP~!)(PV) = PEy = Ey_; and
(PAP™Y(PW) = PEx_1 = Ey. So if we replace A by PAP~! and
(V| W) by (PW | PV), we obtain that AW = En_1, AV = En,
AV = 0 and AW # 0. So by either iii) or iv) of theorem 7.4.6, we
obtain the desired result by induction on V. O

Lemma 7.4.8. Assumen =1 and

H = (0, 51311‘3,1‘% — T124,2T0T3 — .’E1$5,SC§) (mod x%)
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as in theorem 4.6.8. If w € C° and
k7 (JTH - -w) <1
then J(JH -w)-w = 0.

Proof. Assume w € C° and k7 (JH - w) < 1. Notice that J(JH -w) is a
matrix over C. Since rkJ(JH - w) < 1, it follows that the components of
JH - w are pairwise dependent linear forms.

If wy # 0, then the coefficient of x4 of J Hj - w is nonzero and the coeflicient
of z4 of JHy - w is zero. This contradicts that (the coefficient of x3 of)
J Hs - w is nonzero. So w; = 0.

If ws # 0, then the coefficient of z2 of J Hy - w is nonzero and the coefficient
of x9 of JHy - w is zero. This contradicts that (the coefficient of z; of)
J Hsy - w is nonzero. So w3 = 0.

If we # 0, then the coefficient of x5 of J Hy - w is nonzero and the coefficient
of x3 of JHj3 - w is zero. This contradicts that (the coefficient of z9 of)
J Hs - w is nonzero. So wy = 0.

Since w1 = wy = wg = 0, we obtain that the components of JH - w are
dependent of x1, and w; = 0 gives the desired result. O

7.5 Singular principal minors

We will investigate how the crop matrix behaves with respect to linear tri-
angularization. One thing we will prove is that in case J (Aa;)*d is nilpotent,
(Az)* is linearly triangularizable over C, if and only if (Az)*? is linearly tri-
angularizable over C. This is however not sufficient for induction purposes:
since we use Lefschetz’ principle on C(u), we can only obtain the induction
assumption that (AZ)*? is linearly triangularizable over C(u) instead of C.

But we were unable to prove that (Az)*? is linearly triangularizable over C
in case (Az)*® is linearly triangularizable over C(u). In case of symmetric
triangularizability, the conjugation matrix has only ones and zeros, whence
it does not matter whether the base ring is C or C(u). We shall show that
in case (Ax)*? is a power linear map over C with nilpotent Jacobian, (Az)*?
is symmetrically triangularizable, if and only if (AZ)*® is.

Definition 7.5.1. We say that a square matrix has property E,. if the de-
terminant of each principal minor of size r at most vanishes.
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Proposition 7.5.2. A square matriz M has property E,, if and only if there
exists a permutation matriz P such that P~'M P is triangular with zeros on
the diagonal.

For a polynomial map H € Clx|™ with nilpotent Jacobian, JH has property
E,,, if and only if there exists a permutation matriz P such that J(P~1H Px)
is triangular.

Proof. The second statement follows from the first statement ands
J(P'H(Pz)) = P - JH|s—py - P = (P~ TH - P)|u—ps

The forward implication of the first statement follows from [19, lemma 1.2]
(see also [24, prop. 6.3.9]). The backward implication follows from the fact
that triangular nilpotent matrices over C have property F, and that property
E,. is not affected by symmetrical conjugation. O

Although the forward implication of the first statement of proposition 7.5.2
is missing in both [19, lemma 1.2] and [24, prop. 6.3.9], it is the easy part of
this statement.

Theorem 7.5.3. Let A € Mat,(C) such that Ap, = 0 and A, is in-
dependent of Ay, Ao, ..., Ay, and let A be the crop matriz of A. Write
T=2x1,T9,...,Tn_1. LThen

i) If (Ax)*? is linearly triangularizable over C and j(Am)*ii is nilpotent,
then there exists a T € GL,,—1(C) of the form T = diag(T, 1) such that
T~ (ATz)* has property E,,.

i) If T=Y(ATx)* has property Eyi1 for some r and some T' € GL,(C)
of the form T = diag(T, 1), then T~ (ATZ)*® has property E,.

iii) If there exists a T € GL,_1(C) such that J(T(AT%)**) has prop-
erty Ey, then J(T~Y(ATxz)*%) has property E, as well, where T =
diag(7,1).

iv) If there exist a T € GL,(C) such that T~Y(ATz)*® has property E,_1
and det J (Az)*® = 0, then J(Az)*? is nilpotent and (Ax)*? is linearly
triangularizable.

v) If J(Ax)*d is nilpotent, then (Ax)*? is symmetrically triangularizable,
if and only if (A%)*? is.
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Proof.

i) Assume (Az)*? is linearly triangularizable over C, say J (T~ (ATz)*?)
is lower triangular. We first show that we may assume that 7, ! = ef,
for some s. For that purpose, write

el = NI 4 AT!
with As # 0. Now define

0
Isfl @
0
L= N\ Xeei As O 0
0
@ In—s
0

then L is lower triangular, so J(L~'T~Y(ATLx)*?) is also lower tri-
angular. Furthermore, (L7177 1), = e!, so replacing T by TL gives
T; ! = e! for some s, as desired.

Take s’ as small as possible, such that the s’-th coordinate of the last
column of 771 is nonzero. Since T; ! = ¢!, the s-th coordinate of the
last column of 77! equals 1, so s’ < s. We distinguish two cases:

o s/ =s.
Assume first that s = n. Then T,,! = ¢! and T le, = e,
whence T;, = ¢! and Te, = e, as well. This gives the desired
result because lower triangular nilpotent matrices over C have
property E,.

So assume s < n and define

0
Is : 0
0
Lt=1]o0 0 1 0 0
*(T_l)(s—s—l)n
@ : I'I'L—S
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Then J (LT~ (AT Lz)*?) is lower triangular, because L is lower
triangular. Since L;! = e!, it follows that

(i/_lT_l)S — _i/S_IT_l — Ts_l — et

n

Furthermore, L~ 2T 'e, has only zeros after the s-th coordinate
by definition of L~1. By definition of s’ and L1, L='T e, has
only zeros before the s’-th coordinate as well. Since s’ = s and
(L7'T~1), = et , we obtain LT e, = e,.

By replacing T by TL and T~ by L™'T~!, we obtain T = e,
and T~ e, = e,. Since J(T~1(ATz)*?) is lower triangular, it has
property F,. Let Q™! be the permutation matrix defined by

-1
Q :\7(3317"'7:L‘S*17:Bn)$s+1a"'7$n717x8)

then Q = Q'and Q'T!is of the form QT = diag(T~1,1).
Hence T'Q is of the form T'QQ = diag(7',1). Since property E, is
not affected by conjugation by a permutation for all r, the result

follows.
o ' <s.
Let P be the permutation matrix P := J(21,...,Zs—1,Ts/41,-- -,
Xg, T/, Tsily---,Tn). Then
Pl =J(xy,.. .0y 1,26, Ty, T 1, Tyl Tp)

Replacing T~! by P~'T~! and T by TP, we indeed get s’ = s,
since s changes accordingly. But it is not immediately clear that
the lower triangularity of JT—'(ATx)*¢ is preserved.

In order to see that the lower triangularity of JT—1(ATxz)*? is
preserved, notice first that the map M — P~'M = P'M is a
cyclic shift to below of row s’, s’+1,..., s, and the map M — MP
is a cyclic shift to the right of column s',s" + 1,...,s. Since
JPIT~Y (AT Px)*¢ is lower triangular, if and only if the matrix
P~YJT~ Y ATz)*?)P is, it follows that the only row of concern
of JP~'T~Y (AT Px)*? is the s'-th row.

So we must prove that

P'T AT Pz)*® € Clay,...,x9_1] (7.11)
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Since P, 'T~! = e!T~! =T ! = !, we obtain
(AnTx)? = € (ATz)* = P, T~ (ATz)*?

Notice that C[Pflx, o ,Psilﬁ] = Clz1,...,zy_1]. Substituting
r = P~z in (7.11), we see that (7.11) is equivalent to

(A, Tx)¢ € Clzy,...,xg9_1]

Since A, is independent of the other rows of A, there exists a
v € C" such that Av = e,. Since TSTI(ATx)*d € Clxy,...,z91),
j(Tgl(ATx)*d) T~y € Clzy,...,7y_1] as well. But

J (T, (ATz)*) - T~
= dT;'diag((ATz)*@="D)ATT 1o
AT, 'diag((ATz)* @ Ve,
= AT, (A, Tx)?

Since TST; # 0 by definition of s, (7.11) follows, as desired.

ii) Assume T € GL,(C) is of the form T = diag(T,1). Put H :=
T~ (ATz)*? and assume that for some s < 7, the lower right prin-
cipal minor of size s + 1 of diag(te,) + JH has determinant zero,
where t is a new indeterminate. Notice that the determinant of this
minor is the sum of ¢ times the determinant of a principal minor of
size s of JH and the determinant of a principal minor of size s + 1 of
JH. Then

0 = det(diag(test1) + Ton_s,zn (Hnes, - Hno1, Hy))
= det (Tun_oon(Hpess oo Hy1,ten + (A, Tx)h)  (7.12)

Since the last row of ATT~! = A is independent of the other rows
of ATT~! = A, the last row A, T of AT is independent of the other
rows of AT. Since for each i < n — 1, H; is a polynomial in the first
n — 1 components of ATz, we can substitute A, Tz = “*/tu/d in the
matrix on the right hand side of (7.12). This way, the last row of this
matrix changes from J(t z, + (A,T2)%) to J(t z, + tuA,Tx).
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By the chain rule, we obtain

0 = detTo_,,an o0 (Hnoss ooy Hoo1, tan + tuA,Tx)
= det jxn,s,.,.,mnfl,mn ((Hn—s, ey Hn—l)‘xn:acn—uAnT:m twn)
= tdet jxn_s,...,xn,l ((ansa ) anl)’zn:a:n—uAnTa:) (7'13)

Since T,, = e, it follows that

il —utn T TH(An) g, oy —ud, T
= ,I%_I<Ax)*d‘xn:acn—uz4nx T
By (7.3) and T~ e, = e,, we obtain
Hil o pre =T (BT2) = T (BT2)

for all i < n — 1, where B is the matrix that consists of the first n — 1
rows of B := A — ude, A,

Assume Av = e, and write v = (0,v,,). From (7.7), it follows that

T-Y(AT#)* = T (Bx)™|,

= m—l— vxn =Tz

o T_l(él‘)*d}

T=T+ T-15z,

u+vn

So by (7.13), we obtain

0 = (detjwn (T ...,T_11)~(BTx)*d))

F=g— T~ 1o,
= det (Top s (T T2 - (BT2Y )|
T=F— 7 T 0wn

= det Top ooy (Tteso o T8 0 (AT2)*)

i.e. the lower right principal minor of size s of J(T~'AT#)*? has de-
terminant zero.

By replacing T by T'P for suitable permutation matrices P of the form
P = diag(l-:’, 1), we can prove that if all principal minors of size s and
s+1of J(T _1AT93)*d have determinant zero, then all principal minors
of size s of J(T~'AT#)** have determinant zero as well. This gives
the desired result.
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The proof is in fact the converse of the proof of ii). Just read that
proof from below to above. The three substitutions have converses:
(7.6) is the converse of (7.7), (7.4) is the converse of (7.3), and u =
d/t-(A,Tz)% " is the converse of A, Tx = ?-\/tu/d. By looking at co-
efficients with respect to ¢, we can distinguish two minor determinants
of J(T~1(ATz)*?).

Assume there exist a T € GL,,(C) such that T7~!(ATz)*? has property
E,_1 and det J(Az)*? = 0. Since det J(T~(ATz)*) = 0 as well, it
follows that J(T~'(ATxz)*?) has property E,. Hence it follows from
proposition 7.5.2 that J(P~'T~1(ATPx)*?) is triangular and nilpo-
tent for some permutation matrix P. So J(Axz)*? is nilpotent as well.

Assume J(Az)*? is nilpotent. Assume first that (Az)*? is symmetri-
cally triangularizable. Then [J(Ax)*? has property E, on account of
proposition 7.5.2. From ii) with = n — 1, it follows that J (A#)*? has
property E, 1. Using proposition 7.5.2 again, we obtain that (zzli')*d
is symmetrically triangularizable.

Assume next that (A#)*® is symmetrically triangularizable. Then
J(Az)* has property E,_; on account of proposition 7.5.2. From
iii) with r = n — 1, it follows that J(Ax)*® has property E,_1. By iv)
and proposition 7.5.2, we obtain that (Az)*? is symmetrically triangu-
larizable, as desired. L

Corollary 7.5.4. Assume A € Mat,,(C) such that J(Ax)*¢ is nilpotent and
d > 2. Assume in addition that (Ax)*¢ is reduced and

d > min{corkA + 1,m + 2}

where m := corkA — #{i | A; = 0}. Then (Ax)*? is symmetrically triangu-
larizable in the following cases:

i) DN(A) — corkA < 3,

it) DN(A) — corkA <6 —d,

i11) DN(A) —corkA=T7—-d <6 —m,

iv) DN(A) — corkA =7 —d < 8 — corkA.
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Proof. From v) of theorem 7.5.3, 1), ii) and iii) of theorem 7.4.4, and iii) of
theorem 7.4.3, it follows by induction on n, using Lefschetz’ principle, that
we may assume that DN(A) =n. So DN(A) — corkA = rkA. Now one can
show for each of the above cases that (Az)* is linearly triangularizable on
account of the corresponding case of theorem 7.1.2. For instance, in case iii)
is satisfied, we have

tkA=7—-d<6—-—m=06—n-+rkA+ corkAd —m
=6—n+rkA+#{i| A =0} =rkA+6—#{i| A; # 0}

and hence at most six rows of A are nonzero. Since d > min{corkA +1,m+
2}, we obtain by corollary 6.5.9 that (Az)*? is symmetrically triangulariz-
able, as desired. O

The bound d > corkA + 1 in the above corollary can be improved to d >
corkA, provided we only prove (ditto) linear triangularizability, and either
DN(A) — corkA < 2 or DN(A) — corkA < 6 — d. This is shown in the
corollary below.

Corollary 7.5.5. Assume A € Mat,,(C) such that J(Ax)*¢ is nilpotent and
d = corkA > 2. If
DN(A) <max{2+4d,6}

then (Ax)*? is (ditto) linearly triangularizable.

Proof. From corollary 7.4.7 and proposition 6.2.5, it follows that we may
assume that A; = 0 and Aj is dependent of e!. We distinguish two cases:

e A, is dependent of the other rows of A.
Let A be the matrix one obtains from A by replacing the second row by
the zero row. Since the second row of A is dependent of e}, it follows
that the minors of J(Az)*? without the first column are the same as
the corresponding minors of j(flx)*d. Since the first row of both A
and A are zero, it follows that the minors of 7 (Az)*® with the first row
have the same determinant as the corresponding minors of J (Axz)*®.

It follows that the determinants of the principal minors of J(Axz)*?
correspond to those of J (fl:r)*d. Since Aj is dependent of the other
rows of A, it follows that DN(A) = DN(A) and corkA = corkA. From
corollary 7.5.4 with

m = corkA — #{i | A; = 0} < corkA — #{i <2| A; = 0} = corkA — 2
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it follows that (Az)*® is symmetrically triangularizable. So J(Az)*?
has property E,, on account of proposition 7.5.2. It follows that 7 (Ax)*¢
has property E, as well. Again by proposition 7.5.2, we obtain that
(Az)*? is symmetrically triangularizable. This gives the desired result.

e A, is independent of the other rows of A.
The proof of this case is similar to the (sub)case that As is independent
of Az, Ay, ..., Ay, in the proof of theorem 6.6.9. In that case in the proof
of theorem 6.6.9, a matrix A of dimension n — 1 is constructed and by
induction on n, (A#)*? is ditto linearly triangularizable.

In order to verify that this part of the proof of theorem 6.6.9 works here
as well, we must verify that DN(A) = DN(A) and corkA = corkA.
The last assertion is already mentioned in the part of the proof of

theorem 6.6.9, and the assertion DN (A) = DN (A) is easy to prove as
well, as desired. O

7.6 Proof of the case m < 1 of theorem 7.1.1

We first show the tameness result. The case DN (A) < corkA+max{3,7—d}
follows from proposition 7.3.4. In case DN (A) > corkA + max{4,8 — d}, we
have DN (A) # corkA + 2. We shall show that in that case and in the cases
m = 0 and d # 2, we even have symmetrical linear triangularizability for
reduced power linear maps (Ax)*d with nilpotent Jacobians. See corollary
7.6.2 below. The case corkA < 1 of corollary 7.6.2 has already been proved
by C. Cheng in [8].

The map
2 2 2 .2 2
(O,(x1—$2—$3—$4) J(T1+mo+ st 14)%, —2(x2 + T3+ 24) ,x4,...,xn_1)

shows that in the remaining case DN (A) # corkA + 2 and d = 2, symmet-
rical linear triangularizability for reduced power linear maps (Az)*? with
nilpotent Jacobians cannot be guaranteed.

The argument to prove all other cases with m < 1 also works for power
linear quasi-Jacobians in general. Since power linear quasi-Jacobians can be
used to obtain results about so-called Zhao-graphs as well, we formulate a
theorem for power linear quasi-Jacobians now.
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Theorem 7.6.1. Assume
M = diag((Ax)*(d_l)) -B

is a power linear quasi-Jacobian of size N over C and d > 2. Assume that
the rows of A are pairwise independent and that DN (A) = r. Say that for
each i > r+ 1, row A; is independent of the other rows of A. Then the
following holds.

i) Every principal minor of M with rows and columns of M in the range
r+1,r+2,...,N only, has determinant zero.

More generally, if M is the principal minor of M consisting ezactly
of the rows and columns of M for which the indices are in I, then
det M = 0 in case for each i € I, row A; is independent of the rows
Aj of A for which j € 1.

ii) Let B be the leading principal minor of size r of B. Then
diag ((A12)™ 1, Agz)®1, L (A2),) - B
s a nilpotent power linear quasi-Jacobian of size r over C.

i1i) If kA < N — 1 and some principal minor M of M has a nonzero
determinant, then tkA = N — 1 and d = 2. Furthermore, any such
minor M contains exactly one row and column of M in the range
1,2,...,7r.

Proof. Notice that the last N —r rows of A are independent. Assume rkA =
N — ¢. Then we may assume without loss of generality that the last N — ¢
rows of A are independent. So for each i < ¢, we can express A;z as a
linear form in A.11x, Acyoz, ..., Arx. It follows that there are linear forms
L; € Clyct1,Yet2, - - - Yr| such that M and

Ll(zc-‘rlu Zet2y -0 Z’I“)
Lo(Zet1, 242, 2

N . Lo(Zea1, 2e42,. .., 2
M= ding | DelFernZerz o) B
St
Zc+2

d—1
ZN
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can be obtained from each other by substitutions. Assume that M is a
principal minor of size s of M.

i)

ii)

iii)

Assume that M consists of rows and columns of M within the range

r+1,74+2,..., N only. Then we may assume without loss of generality
that M consists of the rows and columns of M in the range N — s +
1,N —s+2,...,N. By substituting z.41 = 242 =+ = 2y_s =0 in

the sum of determinants of principal minors of size s of M , we obtain
that det M = 0 as desired.

Assume next that M is the principal minor of M consisting exactly
of the rows and columns of M for which the indices are in I, and
that for each i € I, row A; is independent of the rows A; of A for
which j € I. Assume that the total rank of the rows A; with j & I
is equal to t. Then we may assume without loss of generality that
#{c+1,c+2,...,N}\I) =t.

Now substitute z; = 0 in the sum of determinants of principal mi-
nors of size s of M, for all j ¢ I. Then for each j < ¢ with j & I,
Lj(2ct1, Zet2, - - -, 2r) becomes zero after this substitution, but for each
i €I, Li(ze41, Z¢42, - - -, 2r) Tremains nonzero, because row A; is inde-
pendent of the rows A; with j € I. It follows that det B =0, where B
is the principal minor of B consisting exactly of the rows and columns
of B for which the indices are in I. This gives the desired result.

Assume that M is the leading principal minor of size r of M. By
substituting 2,41 = 2Zp42 = -+ =2zN = 0 in M, we obtain a matrix
that is nilpotent, if and only if M is nilpotent. Furthermore,

o (diag((A1x)d_1,A2w‘)d_17'"’(Arx)d_l) ’ @) . (B)

*

= diag((Alx)d_l, Agz)t (Arx)d_l) -B
This gives the desired result.

Assume rkA < N —1 and some principal minor M of M has a nonzero
determinant. If rkA = N, then r = 0 and i) gives a contradiction.
So rkA = N — 1, whence there is essentially only one linear relation
between the rows of A. Since DN(A) = r, that relation is

Al = XA + A3A3 + -+ N A, (714)
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for unique A\; € C*. Furthermore, c =1 and \; = %Ll for each 1.

Assume that det M # 0. Since Ay # 0, it follows that A; is independent
of As, Ay, ..., Ay. If M contains the first two rows of M, then A;
is mdependent of the rows A; of A for which Mj is not included in
M. More generally, every row A; for which M; is included in M is
independent of the rows A; of A for which Mj; is not included in M,
in case M contains two rows of M in the range 1,2,...,r. From i), it
follows that M has exactly one row in the range 1,2,...,7.

So it remains to show that d = 2. Assume without loss of generality
that M consist of the rows and columns of M in the range 1,7 +
L,r+2,...,r4+s—1. Now let B® e the principal minor of size s
of B with rows and columns ¢, + 1,...,r + s — 1 of B. Substituting
Zrts = Zr+stl = - = zy = 0 in the sum of determinants of principal
minors of size s of M, and omitting terms for which we have already
seen that they are zero, we obtain

q(2)(Aeza + - 4 Apzp)@H det BD) 4
q(2)z8 det B? 4 ... 4 ¢g(2)28tdet B = 0 (7.15)

where q(2) = (2r412r42 - Zr+s—1)% 1. Since the rows of A are pairwise
independent, it follows that r > 3 and that (Agzg + --- 4+ Apz,)94 !
has terms Wlth two of the variables z; in case d > 3. Consequently,
0 = det B( ) | det M in case d > 3. So d = 2, as desired. O

Corollary 7.6.2. Assume (Az)*?® is reduced with a nilpotent Jacobian and
d>2. Put
m := corkA — #{i | A; =0}

Ifm =0, then (Ax)*? is symmetrically triangularizable. If m = 1, and either
DN (A) # corkA+2 or d # 2, then (Ax)*? is symmetrically triangularizable
as well.

Proof. From v) of theorem 7.5.3, 1), ii) and iii) of theorem 7.4.4, and iii) of
theorem 7.4.3, it follows that we may assume that DN(A) = n. Let A be a
matrix one obtains from A by replacing zero rows by independent rows and
B :=dA. Then J(Az)*? = (Az)*@D . B and rkA = n — m.

The case m = 0 follows from i) of theorem 7.6.1 and proposition 7.5.2, so
assume m = 1. By conjugation with a permutation, we can obtain (7.14)
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with A instead of A and N = n, so the case d # 2 follows from iii) of theorem
7.6.1.

So assume d = 2. It follows from (7.14) with A instead of A and N = n
that the last n — 7 rows of B = dA are zero. So minors of J(Az)* with
these rows have determinant zero. It follows from iii) of theorem 7.6.1 that
all principal minors of size > 2 of J(Axz)*¢ have determinant zero.

So assume the diagonal of J(Az)*? is nonzero. By the trace condition on
J (Ax)*? we obtain by (7.14) with N = n that the diagonal of B is dependent
of

(_]-7 )\c-i-la )\c+2) cey )‘T‘a 07’—&-1’ 07’—&-2’ s 70n)

so the first r entries of the diagonal of B are nonzero.

Assume n = DN (A) # corkA+2. Then rkA # 2. Since the diagonal of A is
nonzero and (Ax)*? is reduced, it follows that rkA > 3. Since the relations
between the rows of A are generated by A,11 = Ay42 =--- = A, =0 and
(7.14), it follows that » =rkA +1 > 4, so A has at least 4 nonzero rows.

Furthermore, every triple of nonzero rows of A is independent. So every
triple of rows of Ais independent. Since every principal minor of size 2 and
size 3 of J(Az)*® has determinant zero, it follows that every principal minor
of size 2 and size 3 of B = dA has already determinant zero.

We will derive a contradiction by showing that rkA = rkB = 1. In order to
do so, it suffices to show that all minors of size 2 of B that contain exactly
one diagonal entry of A have determinant zero. If such a minor contains a
zero row of B, then we are done, so assume the opposite. Then such a minor
is contained in a principal minor of size 3, which looks like

1 a b7t 11
a”t 1 c -diag | w2
b ¢! 1 13

where 1923 # 0, and has determinant zero on account of the above prop-
erties of A. Computing its determinant gives

abe — 1)
H12/43 (abe —1)7 =0
abc

so abc = 1. It follows that the above principal minor of size 3 has rank 1, as
desired. O
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Besides the tameness results for the case m < 1, we have proved i) and
iii) of theorem 7.1.1 as well for the case m < 1, because in case m = 1,
then both i) and iii) of theorem 7.1.1 imply d > 3. The cases d > 3 and
DN (A) # corkA + 2 of ii) of theorem 7.1.1 follow from corollary 7.6.2 as
well in case m < 1.

Since the case d < 1 is easy, the case d = 2 = DN(A) — corkA of ii) of
theorem 7.1.1 remains. By the condition corkA < d of ii), we may assume
that corkA < 2. The case corkA < 1 follows from corollary 7.5.4 and the
case corkA = 2 follows from corollary 7.5.5, as desired.

By way of the techniques in the proof of corollary 7.6.2, one can prove the
following.

Proposition 7.6.3. Assume (Ax)*? is a power linear map over C such
that trJ (Az)*? = 0 and every principal minor of size > 2 of J(Ax)*¢ has
determinant zero. Then x + (Az)*? is tame.

The proof of this proposition is left as an exercise to the reader. Besides the
results of corollary 7.6.2, theorem 7.6.1 can be used to obtain results about
Zhao graphs: corollary 7.6.4 below.

Corollary 7.6.4. Assume h = ZZ-A;I(Aim)dH, where d > 2 and the rows of
A are pairwise independent and isotropic. Assume in addition that Hh is
nilpotent.

i) Assume d > 2 and tkA > N — 1. Then x + Vh is not only tame, but
also linearly triangularizable. If AA* # 0, then d = 2, tkA = N — 1,
and AA" is of the form

ct 0

for some permutation matriz P. Furthermore, tTkC = 1 and C has
DN(A) > 3 rows that are all nonzero.

AAt = p7! ( b C > P (7.16)

i1) Assume d >3 and kA > N —d+ 1. Assume in addition that either h

18 linearly triangularizable or one row of A is independent of the other
rows of A and the corresponding row of AA" is nonzero.
Then x + Vh is not only tame, but also linearly triangularizable. If
AAY # 0, then tkA = N —d + 1 and AA® is of the form of (7.16)
for some permutation matriz P. Furthermore, tkC = 1 and C has
DN (A) =d+ 1 rows that are all nonzero.
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Proof. From (6.8), it follows that
M = diag((AgU)"‘(d*l))AAt

is nilpotent. Put B := AA'. If B = 0, then = + Vh is tame and linearly
triangularizable on account of proposition 6.4.7. Assume first that rkA = V.
Then every principal minor of size < 2 of M, and hence of B as well, has
determinant zero. Since B is symmetric, B = 0 follows. So assume that

rkA < N — 1.

i) By assumption, rkA = N — 1. Assume without loss of generality that
M is as in (7.14) in theorem 7.6.1, with B = AA'. Since the rows
of A are pairwise independent, it follows that r» > 3. Since by iii) of
theorem 7.6.1, every principal minor of size 2 with rows and columns
in the range 1,2,...,r of M is zero and the rows of A are isotropic
and nonzero, we obtain that the leading principal minor of size r of
B = AA' is the zero matrix.

Assume that B = AA® # 0. Then r < N — 1. In a similar manner as
for the leading principal minor of size r, we obtain by i) of theorem
7.6.1 that the lower right principal minor of size N — r of B = AA" is
the zero matrix, and (7.16) with P = Iy follows, where C' has height
r. Since B # 0, r < N — 1 follows, so Ay is independent of the other
rows of A. From ii) it follows that tkA = N —d+1 < N — 2 in case
d>3. Sod=2.

If r = N — 1, then C consists of only one column and rkC = 1 is
trivial. If r < N — 2, then by looking at principal minors of M with
two rows and columns in the range 1,2,...,r and another two in the
range 7 + 1,7 4+ 2,..., N, we obtain that minors of size 2 of C' are
singular, and rkC' = 1 follows.

Since AA" is of the above form with tkC' = 1, it follows that all princi-
pal minors of size # 2 of M have determinant zero. By looking at the
terms with z; in the sum of determinants of principal minor of size 2
of

M = diag(/\222 + A3z3 + -+ A\p2p, 22, 23,...,2N) - B

we see that for the i-th column C'@) of C, (C™)*? is dependent of
(=1, A2, A3,..., Ar). So all rows of C are nonzero.
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ii)

Since the last row of A is independent of the other rows of A, we can
remove it by way of theorem 7.1.4. By induction, it follows that x+Vh
is tame. Furthermore, if we define h = Z:ill (Agz)tL then z + Vh is
tame as well.

We shall show that Vh is even linearly triangularizable. Assume
without loss of generality that n > 2N. From proposition 5.5.1,
it follows that by way of an orthogonal transformation, we obtain
Az = x; +ixpy1-4 for all i > r 4+ 1. Furthermore, we can obtain

: 1 .
Az = (zi+ivpy1-i) + §(Ci1(96r+1 —izp_p) +

Cia(try2 —itn—r_1) + - + Cynr) (&N — iTns1-n))

for all i < r — 1. Now A,x is determined, because it is dependent
of Az, Asx,..., A,_1x. Since rkC = 1, it follows that A;x € C[A4;z,
x1 +izy, xo +iTp_1,...,Tr—1 + iTpto_y] for all i < r.

Let h as above. Since 2 4+ Vh is tame, we obtain that HA is nilpotent.
Notice that h is degenerate of such a large order that by theorem 5.6.2,
the nilpotency of its Hessian comes down to that of H,, +1,xn_Ti~L only.
View h as a polynomial over C in x,y1 + ixn_p, A1x, 21 + ixp, To +
iTp—1y.-+sTp—1 + iTpio—p. Since h has degree d + 1 > 2 with respect
to &p41 + ixp—r, the degree of h with respect to Ajx is at most 1, for
Az = 3011 (241 — iTp—y) +-+. So h is of the form of g in (5.21).
This gives the desired result.

Assume first that some row of A is independent of the other rows
of A and the corresponding row of AA' is nonzero. Assume without
loss of generality that the last row Ay of A is such a row. Assume
rkA = N —¢. Then we may assume without loss of generality that the
last N —c rows of A are independent. So for each i < ¢, we can express
A;x as a linear form in Aqpq1x, Aoz, ..., Ayz. But the coefficients of
Anz are zero, for Ay is independent of the other rows of A.

It follows that there are linear forms L; € Clyet+1, Yet2, - - -, Yynv—1] such
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that M and
d—1
LI(ZC+1JZC+27"'7ZN71)
d—1
L2(ZC+1aZC+27"'7ZN—1)
~ . Le(zeat, 2 2...ZN_1d_1
M := diag e(Zer1, Ze C}_l ’ ) -B
c+l
d 1
c+2
d—1
N

can be obtained from each other by substitutions. Now differentiate
the sum of principal minors of size 2 of M with respect to zy, to obtain

d—1
Ll(zc+17 Zet2y - 7zN—1)
d—1
Lo(Zet1, Ze42y- -5 ZN—1)
Le(Zet1, Zet2y -y 2n—1)471
—(d—1)2%7?By - (Zet1, él ) x*Bey | =0
c+1
d—1
Zc+2
d-1
N

Since By is nonzero by assumption and B is symmetric, the coeflicients
of the (d — 1)-th powers in the above sum, which are contained in
(Czj‘(,_Q, are not all zero. It follows that the components of (Az)*(@—1)
are linearly dependent.

Let I be the set of indices i for which (A;z)?~! has a nonzero coefficient
in the above linear relation and A be the matrix consisting of the rows
A; of A for which i € I From ii) of lemma 6.6.8, with a generic linear
combination of the #>-’s instead of 3 n, it follows that N := #I >
d — 3+ 2rkA, so N—rkA >d—3+r1kA. ByrkAd > N—d+1, we

obtain
d—1>N—1kA> N —1kA >d— 3 +1kA

so kA < 2. But the rows of A are pairwise independent, so rkA =
2. Furthermore, N — kA = N — kA = d — 1, so all dependences
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between the rows of A correspond to dependences between the rows of
A. Consequently, DN(A) = DN(A) and

r:=DN(A) = #I =rkA + (N —rkA) =d+1

Assume without loss of generality that for each ¢ > r + 1, row A; of A
is independent of the other rows of A.

Notice that the leading principal minor B of size r of B is equal to
AAt. Since rkA = 2, we obtain by proposition 7.6.5 below and ii) of
theorem 7.6.1 that B = 0. In a similar manner as in i), we obtain that
the lower right principal minor of size N —r of B = AA" is the zero
matrix, and (7.16) with P = Iy follows, where C has height r.

Notice that for each column C of C, C*2 is dependent of a fixed vector
without any zero, namely the vector of coefficients of the linear relation
between the components of (Az)?1. So every row of C' is nonzero.

Since the last row of A is independent of the other rows of A, we can
remove it by way of theorem 7.1.4. If we do not obtain B = 0 after
removing Ay, then there is another row of A with the same properties
as Ay. By induction, it follows that = + Vh is tame.

We shall show that tkC' = 1. For that purpose, assume that rkC' > 2.
Assume without loss of generality that the leading minor of size 2 of

C' has rank 2. Just as in the proof of i), we may assume that n > 2N,
Aix =x; +ixpy1-; foralli > r+1 and

. 1 .
Aiw = (2 +iTpp1-4) + 5(@‘1(%«“ —izp_y) +

Ci2(33r+2 - ixn—r—l) + -+ Ci(N—r) (:EN - ianrlfN))

for i =1 and ¢ = 2. Since the leading minor of size 2 of C' has rank 2,
it follows that there exists linear combinations L and Lo of A;x and
Aoz such that A;z = %(CﬁLl + Cing) and

Li — (xyyi — iwpy1—r—i) € Cly +ixy, w2 + ixp_1, Trp3 — iTp_2_r,
Tptq — 1Tp—3—r, .-, TN — il‘n+17N]

for =1 and i = 2.

Just like in the proof of i), define h=Yt(Az)t!. Again z + Vh is
tame and h is degenerate of such a large order that by theorem 5.6.2,
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the nilpotency of its Hessian comes down to that of H,, +1,xn_jb only.
View h as a polynomial over C in z,41 + izp—p, L1, Lo. Since~h has
degree d + 1 > 2 with respect to x,41 + izn—r, the degree of h with

respect to Ly is only 1, for Ly = xpq41 —ixp—p + -+ -.

It follows that the degree with respect to Ly of Y.\ (A;z)%+!, seen as
polynomial in L; and Lo, is equal to 1 as well. With >_7_ (4;2)%! +
(Api0x)?! instead of h, we can derive that the degree with respect to
Lo of 3°7_, (A;z)?+1] seen as polynomial in L; and Lo, is equal to 1,
too. So d + 1 < 2. Contradiction, so rkC = 1, as desired.

In a similar manner as in i), it follows that VA is linearly triangu-
larizable. We assume now that A is indeed linearly triangularizable,
however not because we derived it, but in order to prove the second
case of ii).

Say that h is as in (5.21). If for each i, A;z € Clzy + ixy, 2 + ixy_1,
c T |nsa) +1Tpi1_|n/2)], then AA® = 0. So assume that this is not
the case.

Let Ls be a generic linear combination of x1 + ix,, s + ixn_1,...,
T|ns2) +1Tni1-|ns2) and Tpi1 +1Tp42. Then one can easily show that
the Hessian of h + Lg with respect to x1,x9,...,Zn4+2 is nilpotent.
Furthermore, h + Lg is a sum of N 4+ 1 powers of linear forms in a
trivial manner, say that h + Lg = ng{l(ﬁl(ajl, T, ..., Tng2))?

Then the row of A that corresponds to Lg is independent of the other
rows of A and the corresponding row of AA' is nonzero. So A satisfies
the desired properties of A and one can easily show that A itself satisfies
the desired properties as well. O

The result of the following proposition is a part of [54, Th. 1.2 (i)].

Proposition 7.6.5 (Willems). Assumeh =Y~ | (A;z)1, whered > 1 and
the rows A; of A are pairwise independent and isotropic. If Hh is nilpotent

and kA < 2, then AA* = 0.

Proof. Assume that the diagonal of AA" is zero, but AA* = 0. Then we may
assume without loss of generality that A := Aj Al = (AA%) 15 # 0. Now all
subsequent rows are both dependent of A; and As and isotropic, so for each
i > 3, there exists a u € C such that A; = pAj or A; = pAs.
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Since the rows of A are pairwise independent, it follows that A has only two
rows. Since AA* = (37), it follows that the Zhao matrix diag(Az)*(@=1). AA*
has full rank. This contradicts that the Hessian of h is not nilpotent by way
of (6.8). So AA' = 0, as desired. O

Notice that the Zhao graphs of the maps in corollary 7.6.4 are complete
bipartite graphs that contain a shrub with three branches as a subgraph, if
we do not count isolated vertices. For instance,

1 i 0 0 0 0 0 0 O
0o o0 1 1 0 0 0 0 O
A= o o0 o o0 1 i 0 0 0
-1 -i -1 -i -1 -1 0 0 O
1 0o -1 0 1 0 -1 0 2i

gives a shrub with four branches. For a shrub with ¢ branches, find A\; € C*
such that >°¢  A? = 0. Next, find 4; such that > 7_; A?4; = 0. After that,
find A.41 such that AiAf:H = )\; for all ¢ < ¢ — 1, then by

= (300 ) - o=
=1 =1

it follows that automatically A.A" +1 = Ac as well. The reader may provide
the details in the construction of A and verify that A gives a shrub with
¢ branches. Furthermore, the reader may show that every complete bipar-
tite graph that contains a shrub with three branches as a subgraph can be
obtained.

7.7 Proof of the case m < d — 1 of theorem 7.1.1

Just as in the previous section, the case DN (A) < corkA +max{3,7 —d} of
the tameness result follows from proposition 7.3.4. In case DN (A) > cork A+
max{4, 8 —d}, we have DN (A) # corkA+2. We shall show that in that case
and in the case m < d—2, we even have symmetrical linear triangularizability
for reduced power linear maps (Az)*? with nilpotent Jacobians. See corollary
7.7.4 below.

The results of this section are based on lemma 7.7.1 below, which has a
technical proof in which the principle of inclusion and exclusion for functions
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is used:

Fo=Y (-)##N" 7y (7.17)

TCS UcT

(7.17) can be used to obtain as with Mo6bius inversion formula for square-free
numbers as well (the full version requires a variant for multisets instead of
sets).

Lemma 7.7.1. Let d > 2 and R € Cly1,y2, ..., Yr+c] be a nonzero relation
with deg, R <1 for all i such that

R(z, 28, ... 28, (Ci(z1,. .., 2 )%, (Ce(z1, -, 2e)) = 0 (7.18)

Assume furthermore that C11Cs1---Cep # 0 and d > ¢. Then the rows
et,Ch,...,C. are dependent.

Proof. Without loss of generality, we may assume that C1; = Cop = -+ =
Cea = 1. Let k =deg,, , ., .. Rand R be the largest degree part of R
with respect to the variables y1,yr+1,-..,Yr+c. Then R is homogeneous as
a polynomial over Clya, ..., y,] in the variables y1, Yr41, .- ., Yr4c. If we view
R as such, we see that R can be written as follows:

> k—#S
R= > Psyauy 7 [ vrss
SC{1,2,...,c} ses

Put ¢:={1,2,...,c}. Using (7.17) with Fg = P, g, we obtain

PS(y2>~'-7yr): Z (_1)#T_#SQT(y2a"'>y7‘)

SCTCc
where
QT(y2>"'7yT) = Z PU(y27"'7yT)
TCUCc
So we get
> k—#S
R = > Ps(or- oyt "0 [[wrss
SCc seS
— k—#S
= 3 Y Qrlys oy (COFTESYTF [ s
SCec SCTCc ses

= > Qra. -y Y (—D)FHE I s

TCe SCT s€S
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Assume that the rows e}, Cy, ..., C, are independent and write z := (z1,.. .,
zr). Assume first that Q7 (y2,...,y,) = 0forall T C c. Then Q.(y2,--.,yr) |
R # 0. Furthermore, the term S = 0, T = ¢ of R gives k < deg,, R <
degy1R§1andthetermS:T:Qgivescgk, soc<1.

Since zf, ...,2% are algebraically independent, it follows that ¢ = 1 and
deg, ., R =1. But since d > 2, we see that (C1%)? is the only polynomial
of 2¢,...,2¢ (C12)? = (C.2)? that has terms that are not d-th powers in
21,22,...,%r. This is impossible, because the left hand side of (7.18) would

have terms that are not d-th powers. Contradiction, so Qu(y2,...,yr) # 0
for some U C {1,2,...,c}.

Say that y;,yi, - - - ¥i,, has a nonzero coefficient in Qu(y2,...,yr). Let Ap
be the coefficient of y;,ys, - - - ¥i,,, in Qr(y2,...,yr), for all T'C {1,2,...,c}.
Then Ay # 0.

Since deg,, .\ 4,8 — R) <k —1, it follows that

deg, (R — R)(2{,24,...,2%, (C12)%,...,(C2)Y) < (k- 1)d

But R(z{,24,...,2¢,(C12)%,...,(C.2)%) =0, so
R(z%, 24, ..., 2% (012 . (C.2)d _
(1 2 7"(]5 11)d) ( C)>EC[211,22,...,ZT]
1
Writing out this quotient, noticing that 1/ zikil)d = 2¢/(28)*, we obtain

D Qr(as. .. 2 Y (—)FT ST (Cu8) € Clar 2, 2]

TCc SCT seS

Now take a term ¢t = t1t9 on the left hand side, such that ¢; is a term of

Qr(24,...,2%) for some T C ¢ and t; is a term of
(~)#RSA I [ (C

ses
for some S C T', which is divisible by z“ Z2 ’ng'

Assume first that deg, t > 0. Slnce deg, t1 = 0 and deg;ts = d, it fol-
lows that deg,, . t2 <d. By zl1 12 . -zfm | t, we obtain that ¢; must be

divisible by 2, ziy - - - 2i,,- But t1 is a d-th power, so t; is already divisible

by z21 12 . 'zld , whence t; = )\Tz“ fz . ~z§lm in case deg,, ., t<(m+1)d.

m*
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Assume next that deg, t <0. Thent € (C[zfl, 29, ..., 2|, regardless of ¢; is

divisible by z¢ --2% or not.

i1 12 m
So if we select the terms ¢ = t1t as above with deg,, . t < (m+ 1)d and
zfll zfé x zz‘-im | t, omitting the terms ¢ with both deg, ¢ < O and zz"l1 zfé . zzdm
t1, then we obtain

2l szATZ 1)#T- #de#sHCz )l e Clet, 22,05 20

TCc  SCT s€S

Since the factor zfll fQ . zfm does not influence the degree with respect to z;

of terms on the left hand side, we may omit it. Since the rows e}, Cy, ..., C.
are independent and Cj; = Cy = --- = C,; = 1, the above is equivalent to

STar Y (-, - d#SH (71 +ws)? € Cley Y wry .. ywe]  (7.19)

TCc SCT s€S

where w1, ..., w. are new indeterminates.
From (7. 17) with Fr = zl —#T [I,cr(dws) instead of Fg, we obtain that

A Ty = YRS A [

seT SCT S'CS ses’
_H#S d—#S S—#5'
= D (C)FAESTESN T (dwy)
SCT S'CS ses’
= Z (_1)#1’—#32(11—#5 H(zl + dwy)
SCT seS
whence
S et T (dws) = 3 Ar 3 (- )#T#8H5 T] (o + duoy)
TCc seT TCc SCT ses

But the right hand side are exactly those terms of the left hand side of (7.19)
that satisfy degw; <1 for all ¢. Consequently,

Z)\T d=#T H(dws)EC[zfl,wl,...,wC]

TCc seT

Since d > ¢ > #U, the coefficient d*Y\y; of (zf_#U) [I,cr ws equals zero.
Contradiction, so the rows e, Cy,...,C. are dependent, as desired. ]
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Theorem 7.7.2. Assume
M := diag((Az)** V). B

is a nilpotent power linear quasi-Jacobian of size N over C and d > 3.
Assume in addition that the rows of A are pairwise linearly dependent over
C and that M is not symmetrically triangularizable.

i) IftkA> N —2andd >3, thentkA =N —2,d =3 and DN(A) = 4.
it) If tkA> N —3 and d > 4, then tTkA =N — 3 and DN(A) <6.

i11) IftkA > N—3,d > 3, and A has two rows that are together dependent
of the other N — 2 rows of A, but individually not dependent of the
other N — 2 rows of A, then tkA = N — 3 and d = 3. Furthermore,
A contains four nonzero rows such that the rank of the matriz of these
rows is equal to 2 in this case.

Proof. Let r = rkA and ¢ = N — r. Without loss of generality, we assume
that the rows Aj, As, ..., A, of A are independent and that

Ar+1 Al
Lo =c|
An A,
for some C' € Mat,,(C). Since M is not symmetrically triangularizable, it
follows from proposition 7.5.2 and lemma 6.5.2 that

R((Alx)d_l, (Agx)d_l, ce (Arzx)d_l, (AT+1:L‘)d_1, R (AN:U)d_l) =0

for some nonzero R € Clyy, y2, .. .,yn]. By definition of C, this is equivalent
to

R4 28702 (Calan, o 2) T (Celzty )T =0
(7.20)
i.e. (7.18) with d — 1 instead of d. Furthermore, ¢ > 1 follows.

i) Assume r > N — 2 and d > 3. Then ¢ < 2. Assume without loss
of generality that C13 # 0. If ¢ = 1, then €} and C; are dependent
on account of lemma 7.7.1, which contradicts that A; and A,y are
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independent. So ¢ = 2 and rkA = r = N — 2. Furthermore, r > 2 and
we may even assume that C11C19 # 0.

If Co1 = 0, then A; and A, are individually independent of the other
N — 2 rows of A, and we get a contradiction by iii), so C2; # 0. A
similar argument with As and A,1q gives C91C% # 0. From lemma
7.7.1, it follows that e! is dependent of C; and Cs. A slight variation
of lemma 7.7.1 tells us that e} is dependent of C} and Cy as well. It
follows that C1; = Cy; = 0 for all ¢ > 3.

So DN(A) = 4. In order to show that d = 3, we assume that d > 4
and derive a contradiction.

d—1 _d-1 d—1

Since 287 2y z,, are algebraically independent over C of z -1

(01121 + 01222) (0212’1 + CQQZQ)d 1, it follows from (7 20)
that every coefficient C' of R, where R is viewed as a polynomial in
Y3, Y4, - - -, Yr, with coefficients in Cly1, y2, Yr+1, Yr+2], satisfies

C(21 2571 (Crizt + Craze) ™, (Corz1 + Caaza)™ 1) = 0

Since R # 0, we can choose C' # 0.

It follow that we can choose R # 0 homogeneous with deg,, R <1,
such that

R(zf U287 (21 4+ A20) T (21 + pz) ) =0 (7.21)

where \ := C12/C11 and p := Cao/Coy. Take R in this way, such that
deg R is minimal.

If deg R > 3, then by looking at the leading coefficient with respect to
21 in (7.21), we obtain s | R, and it follows that the degree of R is not
minimal. If degR = 1, then it follows from lemma 6.2.1 with r = 4
that A = u, and that Cy and Cs are dependent, which contradicts that
A,y1 and A, 4o are dependent. So degR =2.

Write

R = a1yr41Yr42 + a2y1Yr2 + a3y1yr41 + R

with R € C[y1,y2, Yr+1, Yrs2] such that deg,, s R<1l,and a; €
C for all ¢. Looking at the coefficient of zl( L, n (7.21) gives

(a1 4+ az) A = —(a1 + a2)p (7.22)
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after dividing by d — 1. Looking at the coefficient of zf(d_l) in (7.21),

gives a1 +as+as = 0. By subtracting (a1 +as+a3)\ = —(a1+azs+as)p
from (7.22), we get —as A = asp.

(d—1)—2

At last, the coefficient of zf 22 in (7.21) is equal to

0 = (d—12ahu+ (d; 1)(a1 +ag)A + (d; 1>(a1 + ag)s?
= (d—1) <§ + %) ap \p — (d; 1) as\? — <d ; 1)a3p2
(9 e e o
- (o

Soa; = 0. By a1 +as+as = 0, we obtain —as = ag. From —asA = aspu,
it follows that either as = ag = 0 or A = . But A = p was impossible,
so az = ag = 0. Consequently, ys | R, contradicting the minimality of
deg R, as desired.

Assume rkA > N —3 and d > 4. From i), it follows that rkA = N — 3.
If column j of C' has exactly one nonzero entry Cj;, then row A; and
row A,y; are together dependent of the other N — 2 rows of A, but
individually independent of the other N —2 rows of A. This is however
impossible on account of iii), so columns of C' do not have exactly one
nonzero entry.

So assume without loss of generality that C11Cs # 0. We first show
that we may assume that C3; # 0. So assume that C3; = 0 and
Csy # 0. Since the second column of C' has at least two nonzero entries,
we may assume that Caoo # 0. If C12 # 0, then we can interchange the
first two columns of C by interchanging A; and As, and conjugating
B with the corresponding flip. So assume Ci5 = 0. By decomposing
M; = (Alw)d_1 - B; differently for ¢ = r+1 and i = r+ 2, we can obtain
C11 = C91 = 1. Next, we can adapt the decomposition of Ms to obtain
Cy = 1. So we have only ones and zeros in the first two columns of C
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except C32. Now

7 = (ZTJ,_Q — C5(0, 22, 23))
zr41 = C1(0, 22, 23) + 21
C1(0, 22, 23) + (2r+2 — C2(0, 22, ..., 1)) (7.23)
zr43 = C5(0,29,23) + C3121
= C3(0,22,23) + C31(zr42 — C2(0, 22, ..., 21))

and the coeflicients
—Cp=-1 Cp-1=-1 U3-0C3 (7.24)

of z9 are nonzero, because C3; = 0 # C3o. Since Co; # 0, we can
interchange A7 and A,2, and conjugate B with the corresponding flip.
Adapting C' with respect to the latter maneuver, we get C19C2Cs9 #
0, and the former maneuver gives C11C51C31 # 0, as desired.

We show that we may assume that C15C92C30 # 0 as well. For
that purpose, assume without loss of generality that Co = 0. Then
Co5C53 # 0 and again, we may assume that C1; = Cy1 = Cog = 1.
Assume first that C3s # C31. Then we obtain C12C%C39 # 0 after ap-
plying the maneuver of (7.23), because the coefficients of z9 are again
as in (7.24). In order to see that C11C91C31 # 0 is preserved, we look
at the coefficients of z,y9 in (7.23):

1 1 Oy (7.25)

Not only C12C92C30 # 0 is preserved, but the Cj; even keep their
values.

So assume Cs3o = C31. By adapting the decomposition of M, 3, we
get C31 = C32 = 1. Assume now that DN(A) > 7. Then C has at
least four nonzero columns. Assume without loss of generality that
the first four columns of C' are nonzero. If the third column is just
as cooperative as the second one, then it has one zero and two equal
nonzero entries. If the zero is on the same spot as in the second column,
i.e. C13 = 0, then As and A3 are together dependent of the other N —2
rows of A, but individually independent of the other N — 2 rows of A.
This is impossible on account of iii), so assume Cy3 = 0 and C3 = Css.
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iii)

If the fourth column is thwarting again, then C34 = 0 and C14 = Coq.
But the first column is entirely nonzero, and we can use lemma 7.7.1
and

1 0 0 0 10 0 0

10 Ciz Cuu | 101 1 |
det 1 1 0 014 == 013014 det 110 1 =2 ?é 0

11 Ciz 0 1110

to get a contradiction. So we may assume that C19C22C39 # 0 as well,
as desired.

Assume first that C1,Cy and C3 are independent. Then by lemma
7.7.1, €} and e}, are dependent of Cy,Cy and Cs. That gives two inde-
pendent linear relations between the five rows Ay, Ag, Ary1, Arto, Arts
already. Since rkA = N — 3, there is one remaining relation. If at most
one row besides these five is involved in this remaining relation, then
DN(A) = 6, as desired. But if there are two or more such rows, then
any two such rows are together dependent of the other N — 2 rows of
A, but individually independent of the other N — 2 rows of A. This is
however impossible on account of iii).

Assume next that C1, Cy and C3 are dependent. Since the third column
of C' is nonzero, it follows that not both e} and e} are dependent
of C1,Cy and C3. So assume without loss of generality that e} is
independent of C7,Cy and C3, and C11 = Co1 = C31 = 1. If C19 =
Coy = (39, then the first two rows of A are together dependent of
the other N — 2 rows of A, but individually independent of the other
N — 2 rows of A. So we may assume that C1g # Cag # Csa (possibly
C12 = C32). Assume again that Co = 1.

Notice that C7 and C3 are independent, for otherwise the rows of A
would not be pairwise independent. So C1, et and Cj are independent.
Furthermore, the coefficients of zo on the right hand sides of (7.23) are
again as in (7.24), except that just C12—1 # 0 instead of C1o—1 = —1.
The coefficients of 2,49 on the right hand sides of (7.23) are all as in
(7.25). Since Co; # 0, we can apply the maneuver of (7.23). This way,
we obtain the case above that Ci,Cy and C5 are independent after
recomputing C, for Cy, e} and C3 were independent, as desired.

Assume that d > 3, and that A has two rows that are together depen-
dent of the other N — 2 rows of A, but individually not dependent of
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the other N — 2 rows of A. Assume without loss of generality that one
of both rows is Aj. Since the other of both rows is dependent of Ay
and the other N — 2 rows of A, we may assume that the other of both
rows is Ayy1.

Since A; and A,y are individually independent of the other N — 2
rows of A, it follows that A, is independent of As, As, ..., A,4; for
each i > 2, whence C11 # 0 and C;; = 0 for each ¢ > 2. Write

R = R(y17y27"'7y7"7y7“+27'~-7yN) +
y7‘+1R(ylay27'"ay’l‘ny-i-?a'-'vyN)

Looking at terms of (7.20) for which the degree with respect to z; is
d — 2 or 2d — 3, we obtain that

( —1)(01121)d 201(0 22500y R )
Rz 287 (Colzry ey ze)) o (Colzy oo 20 )4 D) = 0
(7.26)
and hence
R(z{7Y 287 (Co(z1, s 2o ))ETL o (Celzny - 20)) T ) = 0
(7.27)
as well.

Let A be the matrix one obtains from A by adding a column e,4+; to
the right, and & = (21, x2,...,2Zp+1). Then

M := diag((Az)* @ V). B

is a power linear quasi-Jacobian, and ¢ := N — rkA satisfies ¢ < ¢ — 1.

We show that M is nilpotent. For that purpose, we show that for every
m < N, the sum of determinants of principal minors of size m is zero.
So let m < N. If every principal minor of size m of B has determinant
zero, then every principal minor of size m of M has determinant zero
as well.

So assume that B has a principal minor of size m that does not have
determinant zero. By lemma 6.5.2, we obtain that

R((Alx)dfl, e (Ara;)dfl, (Ar+1:1:)d*1, ey (ANx)dfl) =0

for some nonzero R € Clyy,y2,...,yn]. In fact, this is the same R as
above, and (7.26) and (7.27) are satisfied for this R as well.
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Furthermore, by construction of A and the proof of lemma 6.5.2, in
which R depends on B only, one can see that the sum of determinants
of principal minors of size m of M is equal to

A~ A~

R((Ali')d_la ) (Arj)d_17 (ATJrli‘)d_la SRR (ANj)d_l)
which refines to

R((Alx) EE (Ap2)d1 (Apgaz)d=1, L (Ana) T +
(Ap12)4 TIR((Ar2)d1, L (Apz) @Y, (Apgox) L L (Ana)dY)

The latter formula is equal to zero on account of (7.27) and (7.26), so
M is indeed nilpotent.

Assume rkA > N —3. Then é = ¢—1 < 2. By induction on ¢, it follows
from i) that either M is symmetrically triangularizable or d = 3 and
rkA = N—2. If M is symmetrically triangularizable, the M and hence
B and M as well have property E, on account of proposition 7.5.2,
whence M is symmetrically triangularizable by the same proposition.

This contradicts the assumptions, so the case d = 3 and tkA=N-2
applies. Furthermore, we obtain DN (A) = 4 by i), whence the claim
that A contains four nonzero rows such that the rank of the matrix of
these rows is equal to 2 follows. This gives the desired result.

Notice that i) and iii) refer to each other, but iii) commits induction on ¢
before using i). So there is no cyclic reasoning. O

The claim that d = 3 in i) of theorem 7.7.2 was obtained by H. Tong. It is
in fact [11, Lm. 4.5]. This lemma was used by R. Willems as [54, Lm. 3.6] to
obtain d = 4 in [54, Th. 1.2 (ii)] (his d is one bigger than ours). Proposition
7.6.5 and corollary 7.7.3 together are a generalization of [54, Th. 1.2].

Corollary 7.7.3. Assume h = Y.~ (A;x)*™, where d > 2 and the rows of
A are pairwise independent and isotropic. Assume in addition that Hh is
nilpotent.

Then h and A are like in ii) of corollary 7.6.4 in the following cases:
i) d>3 andkA> N -2,

it1) d>4 and tkA > N — 3.
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In particular, the inequalities in i) and i) respectively are equalities in case

AAY £ 0.

Proof. The case tkA > N — 1 follows from i) of corollary 7.6.4, so assume
N -3 <rkA < N—-2. If AA* = 0, then we are done. If A has a row A; that
is independent of the other rows of A, such that A;A* # 0, then we obtain
the desired result by way of ii) of corollary 7.6.4.

So it suffices to show that either AA' = 0 or A has a row A; that is indepen-
dent of the other rows of A, such that A4; A" # 0. If row A; is independent of
the other rows of A, but A;A* = 0, then we can remove the term (A;z)%+!
by way of proposition 7.1.4 and obtain the desired result by induction on V.
So assume that DN(A) = N.

i) Assume d > 3 and rkA = N —2. If N <4, thentkA = N —2 < 2, and
AA" = 0 by proposition 6.4.6. So assume N > 5. Then DN (A) =4 <
N on account of i) of theorem 7.7.2. This contradicts DN (A) = N, as
desired.

ii) Assume d >4 and N —3 <rkA < N —2. If rkA = N —2, then i) gives
the desired result. So assume rkA = N—3. If N > 7, then DN(A) <6
on account of ii) of theorem 7.7.2, which contradicts DN(A) = N. So
assume N < 6. Then rkA = N — 3 < 3, whence rkHh < 3 as well. By
v) of theorem 5.8.6, VA is linearly triangularizable, and ii) of corollary
7.6.4 gives by way of DN(A) = N that AA" = 0, as desired. O

Corollary 7.7.4. Assume (Az)*® is reduced with a nilpotent Jacobian and
d>2. Put
m := corkA — #{i | A, =0}

Then (Ax)*¢ is symmetrically triangularizable in the following cases:
i) m < min{d — 2, 3},

it) m < min{d — 1,3} and DN(A) # corkA + 2.

Proof. One can easily verify that the case m < 1 follows from corollary
7.7.4. So assume 2 < m < 3. From v) of theorem 7.5.3, i), ii) and iii) of
theorem 7.4.4, and iii) of theorem 7.4.3, it follows that we may assume that
DN(A) =n.
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In case rkA < 1, there is at most one component of (Ax)*? that is nonzero
and the result follows easily, so assume that rkA > 2. Then

DN(A) =n = corkA + kA > corkA + 2

Let A be a matrix one obtains from A by replacing zero rows by independent
rows and B := dA. Then J(Az)* = (Az)*@1 . B and corkA = m.

So rkA = n — m. In case m = 2, the case DN(A) > 5 follow from i)
of theorem 7.7.2. If m = 2, then the case DN(A) > 6 follows from i) of
theorem 7.7.2. If m = 3, then the case DN(A) > 7 follows from ii) of
theorem 7.7.2. Since m € {2,3}, we may assume that n = DN(A) < m+ 3.

Since corkA > m, we obtain DN(A) — corkA < 3. So if d < m + 2, then
i) of theorem 7.5.4 gives the desired result. So assume d < m + 1. Then

m > d—1 and we get a contradiction in i), so we may assume the condition
of ii) that DN (A) # corkA + 2.

Since DN (A) > corkA + 2, it follows that corkA +3 < DN(A) < m + 3.
So m < corkA < m. It follows that m = corkA and n = DN(A) =
corkA 4 3. From corollary 7.4.5, it follows that (Ax)*? satisfies DP. Since
(Az)*? is reduced, we obtain that one row of A is zero, whence m < corkA.
Contradiction. O

Besides the tameness results for the case m < d — 1, we have proved i) of
theorem 7.1.1 as well in corollary 7.7.4. In order to prove ii) and the case
m < d — 1 of iii) of theorem 7.1.1, notice that ii) and iii) of theorem 7.1.1
imply that m < 3 and corkA < d. So assume that m < d—1, m < 3 and
corkA < d.

From corollary 7.7.4 the case DN(A) # corkA + 2 follows. So the case
DN(A) — corkA = 2 remains. The case d > corkA + 1 follows from i) of
corollary 7.5.4, so assume d < corkA. Since corkA < d, we obtain d = corkA
and DN (A) = corkA + 2 = d + 2. Now corollary 7.5.5 gives the case d > 2
of ii). The case d =1 is easy, as desired.

7.8 Proof of the case m = 3 = d of theorem 7.1.1

Just as in the previous sections, the case DN(A) < corkA + max{3,7 — d}
of the tameness result follows from proposition 7.3.4. Assume m = 3 = d
and J (Az)*? is nilpotent. In case DN(A) > corkA +max{4,8 —d}, we have
DN(A) > corkA + 8 —d = corkA + 5. We distinguish two cases.
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e DN(A) # corkA + 2 and A has four nonzero rows such that the rank
of the matrix of these rows is equal to 2.
Notice that there are two independent relations between these four
rows. Since m = 3, there exists three independent relations between
the nonzero rows of A. So there is one additional independent relation.
If there would be a fifth row of A being dependent of the above four
rows of A, then DN (A) would be equal to

54 #{i| A; =0} =5+ corkA — m = corkA + 2

So the additional independent relation between the rows of A involves
at least two new rows of A.

These two rows of A are individually independent of the other n — 2
rows of A, but together dependent of the other n—2 rows of A. Assume
that one of both rows can be replaced by the zero row without affecting
the nilpotency of the Jacobian of (Az)*?. Then by proposition 7.3.1,
we can replace this row of A by the zero row by way of an elementary
polynomial map from the left, provided the resulting map is invertible.
But the resulting map is even tame, because m decreases to 2 =d — 1
when the above row of A is replaced by the zero row. This was proved
in the previous section. It follows that x 4 (Az)*? is tame.

So it suffices to prove the claim that A has two rows, say A; and
Ay41, that are individually independent of the other n — 2 rows of
A, but together dependent of the other n — 2 rows of A, and that
replacing A,1 by the zero row does not affect the nilpotency of the
Jacobian of the power linear map at hand. This follows by substituting
Tpt1 = —Arp112 in the power linear quasi-Jacobian M in the proof of
iii) of theorem 7.7.2, with B = dA.

e DN(A) > corkA+5 and A does not have four nonzero rows such that
the rank of the matrix of these rows is at most 2.

In this case, we even have symmetrical linear triangularizability, pro-
vided (Az)*? is reduced. See corollary 7.8.3 below.

Since lemma 7.7.1 in the previous section can only be utilized in case m <
d — 1, we need another lemma with a technical proof.

Lemma 7.8.1. Let R € Clya, 3, ..., Yyrt4] be nonzero with deg,, R <1 for
all i > 2, such that

R(zg, oo 22(Cr(ze, - 2)?  (Co(z, - ,zr))2) =0 (7.28)
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Assume furthermore that 011021031041 # 0. Then either the rows el,C’l,
02,03,04 are dependent or there exists a j > 2 such that at most two
columns Ce; of C are not dependent of Ce; and C’ej

Ifroof. Without loss of generality, we may assume that 6’11 = 6'21 = 5’31 =
Cy1 = 1. If the i-th column of C' is zero, then the argument zZ.Q of R is
algebraically independent of the other arguments of R. It follows that we

can argue with either 6 R or Rly,—0o=R— yia%_R instead of R, since one of
9; O R and R|y,—0 = R—yi7n- 6y- R is nonzero. So we may assume that all columns

of C are nonzero. Furthermore, since the arguments of R are homogeneous of
degree 2, we can replace R by any of its nonzero homogeneous components,

so we may assume that R is homogeneous.

Let k = degy .| yrioyrisysqa Lo Since 23,...,2% are algebraically indepen-

dent, it follows that £ > 1. Put Z = (z1, 22, ..., ). Looking at the coefficient
of 22F of
R(23,....22,(C12)%,...,(C42)*) =0
22
7'

we get (7.29) below with 23,23, ..., 22 instead of y2,y3,. .., ¥, but

> ( aA 8' R) =0 (7.29)

r1<iq < - <ip, <r—+4 9, 8ka

is satisfied as well, because 23, ..., 22 are algebraically independent. If 4 | k,

then the left hand side of (7.29) Would consist of exactly one nonzero term.
Sol<k<3.

Assume that e}, C4,Cy, Cs,Cy are independent. We shall show that

> 0.0 .. 9 p_y (7.30)

0 oy; y;
Pl <in < <igp <r+4 Yr+1 OYia Yir

Take a term pyj, - - - y;, on the left hand side of (7.30), such that ;4 € C*. By
definition of k, 2 < 51 < --- < 51 <7

Since | = deg R — k, we see that terms of (7.28) have a degree that exceeds
that of ¢ := ,2?“1221 ---zj?l by one. Due to the 2k — 1 factors z1 in ¢, terms
of (7.28) that are divisible by ¢ correspond to terms of R that have degree
k with respect tO Yri1, Yr+2, Yr+3, Yr+4. Furthermore, those terms of R are
divisible by y;, - - - y;,, because at most one factor z; with 7 # 1 comes from

the factor in Cly,+1, Yr+2, Yr+3, Yr44] of such a term of R.
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So if we select the terms that are divisible by ¢ but not by 21t in (7.28), we

obtain
> 22&1#2, (G2 = 2)t =0

r4+1<i1 <to<--<1p<r+4 j=1
where \;; . ;, is the coefficient of y;, ---y; ¥, - -~ y;, of R. If we divide the
above formula by ¢, then we obtain a linear combination of z1, C’lz C’gz 6’32
C,%. Since these linear forms are independent, the coefficient of C,Z is zero.

So .
> > 2\ 1igniy =0

r1<in< - <i <r+4 j=1
But this is exactly the equality 2 = 0. Contradiction, so (7.30) is satisfied.
In order to show that there at most three columns C~'ez~ of C that are not

dependent of Ce; and C'j for some j # i, we first show that kK = 2. Since
k # 0 and k # 4, two cases remain:

o k=1.
Now (7.30) comes down to 8y?+1R = 0, but with symmetric variants
of (7.30), we have
0 0 0 0
R= R= R=
OYr+41 OYr+2 Or+3 Y44
This contradicts k£ = 1.

R=0

o k=3.

. . 9 o) —
Taking the c.hﬂ"ere’nce of (7..29) and‘(7.30) we get 8y S ool =
0. Symmetric variants of this equality can be obtained with symmetric
variants of (7.30), and we get a contradiction to £k = 3 in a similar

manner as in the case k = 1.

So k = 2. The case k = 2 is a lot harder than the cases above. Furthermore,
a contradiction with the assumption that e!, C1,Cy, Cs, Cy are independent
cannot be obtained in general. So we must show that there exists a j > 2
such that at most two columns Ce; of C are not dependent of Cey and C’ej.

Let us write down (7.30) and one of its symmetric variants.

0 ( o 9 0 ) e o
8yr+1 8yr+2 ayr+3 8yr+4

8<8+8+8>R:0

8yr+2 8yr+1 ayr+3 8yr’-i—4
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Adding these equalities and subtracting (7.29), we get

0 0 0 0

S = =
OYr+1 OYr+2 OYr+3 OYri4

which has symmetric variants

0 0 0 0

T = =
OYr+1 OYry3 OYry2 OYrya

and

0 0 0 0
= R= R
OYr 11 OYrya OYr+2 OYri3
From (7.30), it follows that U = —(S + T)).

Since k = 2, it follows that either S # 0 or T' # 0. Assume without loss of
generality that S # 0, and let oyj, - - -y;, be a term of S, such that o € C*.
Let Tyj, - - - y;, be the corresponding term of T'. Since | = deg R — k, we see
that terms of (7.28) have a degree that exceeds that of sz_szzl . zjz»l by

two. Now let us look at an arbitrary term ¢ of (7.28) that is divisible by

z%k_szzl = '232'1 and not a square.
Assume that s is the corresponding term of R. In case the degree with
respect tO Yr41, Yr+2, Yr+3, Yr+4 Of s is less than k, then the factor z:%k_2 of t
corresponds to the product of factors y,4; with ¢ > 1 of s, whence t/ z%k_2
corresponds to a product y;, - - - 45,45, with ji11 < r. This contradicts that
t is not a square. So the degree with respect to Yri1, Yrt2, Yr+3, Yrsa of s is
equal to k. A more or less similar argument tells us that y;, ---y;, | s.

It is however possible that s is divisible by y,+1 and that the factor z%k_2
of t corresponds to the product of factors y,4; with ¢ > 2 of s. But since
Yj, -+ Y5, | s, it follows from (7.30) that the terms ¢ that correspond to such
an s cancel out. More generally, all terms of (7.28) that are divisible by
z%k_2, for which the factor sz_l corresponds to a product of only k — 1

factors y,4; with ¢ > 1, cancel out.

So if we select those terms of (7.28) that are divisible by sz_sz-l e zJQ-l and
not a square, we see that

2%0(C12- Coz + C32 - Cy2) +
227'(@15 - C33 4+ Cyz - 042) —
220+ 7)(C12-Cyz + Coz - Cs32) € Cl22,23,...,27
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By substituting z; = 0 and dividing by 4, we obtain
o(ar — ag)(az — as) + 7(a1 — az)(az — as) € C[z3,. .., 27

where a; 1= CjZ — 21 = C’ié\zlzo for all 7. So if we define b; := a; — a;11, then
we obtain
U(b1 —‘er)(bQ + b3) + Tb1bs € C[zg,...,zf] (7.31)

Since the left hand side of (7.31) is a polynomial in three linear forms, it
follows that the Hessian of the left hand side of (7.31) has rank < 3. The
right hand side tells us that this Hessian is a diagonal matrix, so we may
assume without loss of generality that the left hand side of (7.31) is a linear
combination of 23, 23 and 23.

If column Ce; of C is dependent of Ce; for all i > 5, then we are done,
because in that case any column é’ej with j € {2,3,4} has the desired
properties. So assume without loss of generality that Ces is not dependent
of Ce;. Now differentiate the left hand side of (7.31) (which is a linear
combination of z% , 232, and zZ) to z5, to obtain

0 = o((e1+4 c2)(ba+b3) + (c2+ c3)(b1 + b2)) + 7(c1bs + c3br)
= (O’(CQ + 63) + TCg)bl + 0’(61 + 2¢co + Cg)bg + (0’(01 + 02) + Tcl)bg
(7.32)

where ¢; = ai%bi € C for all i. Since by, by, bs, a4, 21 span Cz; + CC1Z +
CCoz+C C33+CCyz, it follows that by, by, bs are independent linear forms.

So the coefficients of by, b, b3 of (7.32) are zero. If we solve these coefficients
with respect to ca, then we obtain

T 1 T
622—(1+—)63=——(C1+03)=—(1+—)01
o 2 o

If ¢4 = ¢3 = 0, then co = 0 as well. By definition of ¢;, b; and a; for all i,
this is only possible if all entries of Ces are the same, which contradicts the
assumption that Ces is not dependent of Cey. If ¢; = 3 # 0, then 1 + z=
% + %, whence 7 = 0. If ¢; # ¢3, then 14+ 2 = 0, whence —(o +7) = 0. By
way of symmetry considerations, we may assume without loss of generality
that 7 = 0.

Now (7.31) comes down to

O'(bl + b2)(b2 + bg) S C[Z%, ... ,Z?]
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from which the left hand side is the product of two linear forms. Now a
similar argument as immediately after (7.31) tells us that we may assume
that the left hand side of (7.31) is a linear combination of 23 and 22. The
only possibility is that both

élé—égézal—agzbl—i-bg

and . )
C9zZ — C4Z = as — ag = by + b

are contained in C[zy, z3]. It follows that each column Ce; of C with i # 2,3
is a linear combination of (1,0,1,0) and (0,1,0,1). This gives the desired
result. O

Theorem 7.8.2. Assume
M = diag((Am)*(d_l)) -B

is a nilpotent power linear quasi-Jacobian of size N over C and d > 3.
Assume in addition that the rows of A are pairwise linearly independent
over C and that M 1is not symmetrically triangularizable.

If rkA > N — 3 then either DN(A) < 7 or A has four nonzero rows such
that the rank of the matriz of these rows is equal to 2.

Proof. The cases d > 4 and rkA > N — 2 follow from theorem 7.7.2, so
assume d = 3 and r :=rkA = N — 3. Without loss of generality, we assume
that the rows Ay, As, ..., A, of A are independent and that

Ari1 Aq
: =C- :
An A,
for some C' € Mats,(C). Since M is not symmetrically triangularizable, it
follows from proposition 7.5.2 and lemma 6.5.2 that

R((A12)?, (As2)?, ..., (Av2)® (Arpaz)?, ..., (AnT)?) =0

for some nonzero R € Clyy, 42, .. .,yn]. By definition of C, this is equivalent
to
R(1,73,..., %, (C12)%, (C22)°, (C32) 1) = 0
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where z = 21, 29,..., 2.

From iii) of theorem 7.7.2, we obtain the case that A has two rows that
are together dependent of the other N — 2 rows of A, but individually not
dependent of the other N — 2 rows of A. So assume the opposite. From the
proof of ii) of theorem 7.7.2, we obtain that C' does not have columns with
exactly one nonzero entry and that we may assume that C11C91C31 # 0.

Assume that DN (A) > 8. Then at least 5 columns of C' are nonzero. Assume
without loss of generality that the first 5 columns of C' are nonzero. We
distinguish two cases.

e ¢, (1, Cy and C3 are independent.

Since rk(e!,C) = 4 < 5, there exists a k with 2 < k < 5 such that
e}, is independent of e, Cy,Ca, C3. Notice that k& < r. Now define
C e Maty . (C) by C, = el — e} and CNZ;H = (C; — C;iei. Notice
that C' can be made out of the matrix (e}, C) by elementary column
operations. Hence, the rows of C' are independent. Since el + el is
independent of €Y, Cy,Cy, Cs, it follows that e; is independent of the
rows of C.

Since C' can be made out of (e},C) by elementary column opera-
tions, it follows from lemma 6.5.2 that there exists a relation R €
Cly1,y2,- - -, Yr+3] with deg,, R <1 for all 7 such that

R(ng R 27%7 (012)25 022)25 (632)27 (642)2) =0

where Z = 21, 29, ..., 2. From lemma 7.8.1, it follows that there exists
a j > 2 such that at most two columns Ce; of C' are not dependent of
Ce; and Ce;.

Assume without loss of generality that j = 4 and that Cees is dependent
of Ceq and Ce;. This dependence property is not affected by adding
the first column of C to the k-th column of C. So the fifth column
of (e}, C) is dependent of the fourth and the first, but since the first
column is clearly independent, the fourth and fifth column of (e!, C)
are dependent.

It follows that A4 and As are together dependent of the other N — 2
rows of A, but individually not dependent of the other N — 2 rows of
A. Contradiction, so DN(A) < 7.
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o ¢!, (1, Cy, C3 are dependent.
From the case above, it follows that we may assume that

C11021C31 #0 = €}, C1,Co, C3 are dependent

remains valid if we conjugate M and A by a permutation such that
the first r rows of A stay independent. So we have essentially the same
situation as ii) of theorem 7.7.2, because there we obtained the above
implication and its symmetric variants by lemma 7.7.1. So by the proof
of ii) of theorem 7.7.2, we obtain DN (A) < 6, as desired. O

Corollary 7.8.3. Assume (Ax)*? is reduced with a nilpotent Jacobian. Put
m := corkA — #{i | A; =0}

Assume that A does not have four nonzero rows such that the matrixz of these
rows has rank 2. If m < 3 < d and DN(A) > corkA + 5, then (Az)*? is
symmetrically triangularizable.

Proof. The case m < d—1 follows from corollary 7.8.3, so assume m = 3 = d.
Let A be a matrix one obtains from A by replacing zero rows by independent
rows and B := dA. Then J(Az)** = (Az)*¢~D . B and corkA = m = 3.

Assume DN (A) > corkA + 5. Then

A

DN(A)=DN(A)—#{i| A; =0} =DN(A)+m —corkA>m+5=8

So by theorem 7.8.2, we obtain that (Az)*@=1 . B is symmetrically triangu-
larizable. This gives the desired result. O

We complete the proof of theorem 7.1.1 now. We only need to show the case
m = d of iii) of theorem 7.1.1. So assume m = d and corkA < 3 < d. Since
m < corkA by definition of m, it follows that d = m < corkA < 3 < d,
so d = m = corkA = 3. Assume without loss of generality that (Az)*? is
reduced. We will derive a contradiction.

Since m = corkA, it follows that all rows of A are nonzero. So (Az)*? does
not satisfy DP, for (Az)*? is reduced. By corollary 7.4.5, we obtain that
DN(A)—3=DN(A)—corkA>7—d=7-3,s0 DN(A) > 8 = corkA+5.
From corollary 7.8.3, it follows that A contains four nonzero rows such that
the matrix of these rows has rank 2.
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Just as in the case that DN (A) # corkA + 2 and A has four nonzero rows
such that the rank of the matrix of these rows is equal to 2 in the tameness
result at the beginning of this section, we obtain that A has two rows, say
Aj and A,4q, that are individually independent of the other n — 2 rows of
A, but together dependent of the other n — 2 rows of A.

Let A and # be as in the proof of theorem 7.7.2 and M := diag((Az)*@~1).B
be the nilpotent power linear quasi-Jacobian M in the proof of iii) of theorem
7.7.2, with B = dA. Notice that the nilpotency of M is not affected by
adding an arbitrary column to the right first and adding a zero row after
that. It follows that J;((Az)*,0) is nilpotent.

Since kA = n — 2, the relations between the rows of A correspond to those
between the four nonzero rows of A that have two independent relations. So
DN(A) = 4. Since DN((A,0)) =5 and d = cork(A,0) = 3, it follows from
corollary 7.5.5 that ((A#)*?,0) is linearly triangularizable.

By way of equivalence of linear triangularizability and strong nilpotency
of the Jacobian, which is shown in [24, §7.4], one can see that (Az)*? is
linearly triangularizable as well. So the components of (Az)*? are dependent
over C. Since m = corkA, this is only possible if (Az)*¢ is not reduced.
Contradiction, so (Az)*? is (ditto) linearly triangularizable.

Corollary 7.8.4. Assume h =Y.~ (Ayx)*, where d > 3 and the rows of
A are pairwise independent and isotropic. Assume in addition that Hh is
nilpotent.

Assume tkA > N — 3. Then x + Vh is not only tame, but also linearly
triangularizable. If AA* # 0, then AA® is of the form of (7.16) for some
permutation matriz P. Furthermore, tkC = 1, DN(A) > 4 and C has
r € {4,5,6} rows for some r € {4, DN(A)}, all of which are nonzero.

Proof. The cases d > 4 and rkA > N — 2 follows from corollary 7.7.3, so
assume that d = 3 and tkA = N — 3. Assume that AA' # 0. We first show
that x + Vh is tame and that AA" is of the desired form. We distinguish
four cases.

e A has two rows that are together dependent, but individually indepen-
dent of the other N — 2 rows of A.
Assume without loss of generality that those rows are Ay_; and Ay.
Let A be the matrix one obtains from A by adding a column ey and



7.8. PROOF OF THE CASE m =3 =d OF THEOREM 7.1.1 285

another column iey to the right and define & = (x1,x2,...,Zn42).
Then rkA = N — 2 and AAY = AA*,

From the proof of iii) of theorem 7.7.2, we can extract that (Az)*(@—1).
AAY is nilpotent. By (6.7) and AA* = AA*, we obtain that the Hessian
of h = Zfil(flli)d is nilpotent. From i) of corollary 7.7.3, it follows
that h and A are like h and A in ii) of corollary 7.6.4. Since AA* = AA?,
we obtain that AA" is like in ii) of corollary 7.6.4.

By substituting x,+1 = —Anyx — iz,42 in the Hessian of h, we get the
Hessian of h := Z?:ll(Aix)d, so ‘Hh is nilpotent. Since rk(Aq, Ag, ...,
An_1) =N -3 = (N —1)—2, it follows from ii) of theorem 7.1.4 and
induction on N that x + Vh is tame.

e A has a row A; that is independent of the other rows of A, such that
A; A = 0.
Assume without loss of generality that ¢ = N. Then we can remove the
term (Anxz)?*! by way of proposition 7.1.4 and we obtain by induction
on N that z 4+ Vh is tame and that AA" is of the desired form.

e A has a row A; that is independent of the other rows of A, such that
A; A 0.
Assume again without loss of generality that i = N. Since Ay A # 0,
we obtain in a similar manner as in the proof of ii) of corollary 7.6.4
that the components of (Az)*? = (Az)*@1) are linearly dependent
over C.

Let I be the set of indices i for which (A4;z)? has a nonzero coefficient
in the above linear relation and A be the matrix consisting of the rows
A; of A for which i € I. From ii) of lemma 6.6.8, with a generic linear
combination of the a%i’s instead of %, it follows that N := #I >
d—3+42rkA = 2rkA, so N —rkA > rkA. Since kA = N — 3, it follows
that N —rkA < N —rkA = 3, so

rkA < N —rkA <3 (7.33)

Due to the assumption that the rows of A are pairwise independent,

we obtain ) )
(N —1kA) — (N —1kAd)<3-2=1 (7.34)

We shall show that we may assume that for each row A; of A that is
dependent of the other rows of A, A; is contained in the row space of
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A. So assume that Aj is dependent of the other rows of A, but A; is
not contained in the row space of A. Then Aj is dependent of a set
of other rows of A, which contains a row A} with j' ¢ I. From (7.34),
it follows that A; and Aj are together dependent of the other N — 2
rows of A but individually independent of the other rows of A, and we
obtain from the first case that x4+ Vh is tame and AA® has the desired
form.

So we may assume that for each row A; of A that is dependent of the
other rows of A, A; is contained in the row space of A. Let J be the
set of indices j such that A; is dependent of the rows of A. From ii) of
theorem 7.6.1, it follows that the Hessian of ZjeJ(ij)d is nilpotent.
We shall show that AA* = 0. The case kA < 2 follows from propo-
sition 7.6.5 and the nilpotency of 'HZ]-EJ(ij)d. The case kA = 3

follows from lemma 7.8.5 below, because by (7.33), #I = N = 6, as
desired.

It follows from i) of theorem 7.6.1 that AA" is of the form of (7.16) for
some permutation matrix P. Assume without loss of generality that
P = Iy. Choosing r appropriate, we can obtain that AA' is of the
form of (7.16) for some permutation matrix P, such that all rows of C'
are nonzero. Furthermore, x + Vh is tame.

We show that r € {4, DN(A)}. In case tkA = 2 and r > 5, we have
r =5 = DN(A), because for each row A; of A that is dependent of
the other rows of A, A; is contained in the row space of A. In case
rkA = 3 and r > 5, we have r = 6 = DN(A), because A has 6 rows on
account of dim ker A > rkA In case r < 4, we have r = 4 for a similar
reason. So r € {4, DN(A)}.

We show that tkC' = 1. The case tkA = 2 follows in a similar manner
as tkC' = 1 in the proof of ii) of corollary 7.6.4. The case rkA = 3
follows from lemma 7.8.5 below, because by (7.33), #I = N = 6, as
desired.

e None of the above.
Then DN(A) = N. From theorem 7.8.2, it follows that either N =
DN(A) < 7 or A has four nonzero rows such that the rank of the
matrix of these rows is equal to 2. In the latter case, we even have
N = DN(A) <5, because A does not have two rows that are together
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dependent, but individually independent of the other N — 2 rows of A.
So N <T.

It follows that rkA < 4. We shall show that Vh is linearly triangular-
izable in case rkA < 4. From proposition 5.5.1, it follows that we may
assume that for each ¢ < N, A;x is dependent of either

r1 +izs, o + ixg, 3 + iT7, 24 + 128

or
T1, T2 +1xs5, T3 +iT6, T4 + 127

or
X1,X2,T3,T4,T5,T6

In the first case, Vh is linearly triangularizable on account of propo-
sition 6.4.7. In the second case, we get the same conclusion, because
the rows of A must be isotropic and therefore Ae; = 0. In the last
case, h € Clxy,xe, 3,24, x5, 26] is degenerate, so the columns of Hh
and hence the rows as well are dependent over C. So by iii) of theorem
5.8.6, Vh is linearly triangularizable.

Since Vh is linearly triangularizable, we can use the same trick as at
the end of the proof of ii) of corollary 7.6.4, to reduce to the previous
case that A has a row A; that is independent of the other rows of A,
such that A;A® # 0.

In a similar manner as in the proof of i) of corollary 7.6.4, it follows that Vh
is linearly triangularizable, as desired. O

Lemma 7.8.5. Assume h = Zfil(Aix)‘l, and the rows of A are pairwise
independent and isotropic. Assume in addition that Hh is nilpotent.
Let A be the matriz consisting of the first 6 rows of A and assume that

tkA = N — 3, tkA = 3, and

6

> Xi(Aiz)® =0 (7.35)

i=1

for certain \; € C*. Then AA* = 0 and AA" is of the form of (7.16) for
P = Iy. Furthermore, tkC = 1.
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Proof. Since rkA = N — 3 and rkA = 3 = N — 3, where N := 6, it follows
that DN (A) = DN(A). By applying theorem 7.1.4 N —6 times, we see that
h:= Z?:l(Aiac)4 has a nilpotent Hessian.

We first show that AA® = 0. Since rkA = 3, it follows from proposition
5.5.1, that we may assume that for each ¢ < N, A;x is dependent of either

1+ iz4, T2 + iT5, T3 + iX6

or
X1, %2 +1rg, T3 + 125
or
X1, %2, T3 +1Tg
or

Z1,22,T3

So AA* =0 in the ﬁr§t case. In the second case, we get the same conclusion,
because the rows of A must be isotropic and therefore Ae; = 0. Assume next
that h € C[x1, x2,z3]. Then h is degenerate and (/‘1%4‘“2%"'“3%% =0
for a certain nonzero isotropic 1 € C3. From proposition 5.5.1, it follows that
we may assume that pu = (1,1,0).

Since the rows of A are isotropic and pairwise independent, there can only
be one ¢ < 6 such thz?t (8%1 + iaim)Aix = 0, for A; must be dependent of
(1,1,0)*. Since DN(A) = 6 on account of (7.35), it follows that removing
the i-th row of A does not decrease its rank. Now by ii) of lemma 6.6.8, we
obtain that 5 >4 — 3+ 2-3 = 7. Contradiction.

So assume that h € Clx1, 2, x3 + izyg]. Then for each i < 6, either A;x is a
linear combination of x1 + izs and x3 + izy, or A;z is a linear combination
of x1 — izg and w3 + izy. Applying 8%1 + 18%2 on (7.35), we see that there
are at least three A;x of each of both types. If A;x is dependent of x3 + ixy,
then A;x belongs to both types, but since there is at most one ¢ such that
A;x is dependent of x3 +ix4, we may assume without loss of generality that
A;x is a linear combination of x1 + ixo and x3 + izy4 for all i < 3 and A;x is
a linear combination of 1 — izg and z3 + ixy for all ¢ > 4

If h e Clx1 + ix9, x1 — ixe, 3 + izy] has degree < 1 in 1 — iz, then (% +

18%2)2]1 = 0, and by i) of lemma 6.6.8, we obtain a contradiction to that
i4ia; is a linear combination of x1 + ixe and x3 + izy for all ¢+ < 3. So
h € Clxy + iz, x1 — ize, 3 + iz4] has degree > 2 in x1 — izg, and similarly,
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he (C[:Iil +ixe, x1 —ixg, 3+ ix4] has degree > 2 in x1 +ize. This contradicts
that Hh is nilpotent.
So AA* = 0. It follows from i) of theorem 7.6.1 that AA! is of the form of
(7.16) with P = Iy. We shall show that rtkC' = 1. Since rkA = 3, we may
assume without loss of generality that As is independent of Ay and As.
Just as in the proof of i) of corollary 7.6.4, we may assume that n > 2N,
Aix = x; + ixpy1—; for all ¢ > 7 and
. 1 :
Aix = (zi+ivpy1-i) + B (Ci1(l‘r+1 —izp_) +
Cia(@ry2 — itn—r_1) + -+ Cyn—r) (TN — iTns1-N))

fori =1,¢ = 2 and ¢ = 3, where r = 6. Define L1 and Ls in a similar
manner as in the proof of ii) of corollary 7.6.4 with » = 6 and put

1
L3 = A3:L' — 5(031[/1 + CgQLQ)

Then we can write Z?:1(Ai$)4 as a polynomial in C[Ly, Lo, L]. Further-
more, Ls is defined in such a way that

Ly — (x3 4+ izp—2) € Clz1 + iz, 22 + iTn_1, Trq3 — iTp_2_p,
Tryd —iTp 3 4, .., TN — iTpi1-N]

and just as in the proof of ii) of corollary 7.6.4, we can derive that the degrees
with respect to L1 and Lg of Z:zl(Aix)‘l are at most 1.

We shall show that L3 | h. For that purpose, define h := Z?Zl(Ai:c)‘l.
Then = + h is tame and h is degenerate of such a large order that the
nilpotency of its Hessians comes down to that of My, zs.en_ax_oh only.
Now a computation reveals that h, seen as polynomial over C in z7 +izxn_g,
zg+irn_7, L1, L, L3, does not have a term that is divisible by L; Lo. Since
we already showed the absence of terms divisible by L? or L2, L§ | h follows.
So Z?Zl(Aix)‘l = L§L4 for some linear form L4 such that Ly = A\ Ly +
XoLo + AsLs. Take p = (1, p2) # 0 such that piA; + peAe = 0. Then
(m15% + pape=)L3La = 0, but (1 52 + pages)Li = p; for i = 1 and i = 2.

Let A be the matrix containing of the rows A; of A for which (”18%7 +
,uga%s)flix # 0 From ii) of lemma 6.6.8, with “18%7 + ,uga%s instead of %,
it follows that the height of A is at least 4 —3+2rkA = 1+ 2rkA, sorkA =2
and the height of A is five. This contradicts (7.35), so rkC' = 1. O
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The reader may verify that in case kA = 2, there exist maps with the
properties of corollary 7.8.4. Such maps do exist for tkA = 3 as well. We
give two examples where Z:Zl(fli;v)‘L cannot be expressed as a polynomial
in less than three linear forms.

By antidifferentiating (6.17) with respect to x3, we obtain

d 1)
zf (v3 — Aaz1) + Z ( ) xy + ixs)dT
=1

d i
= a§ (w3 — Agw2) + ; (65111)1 (f) (29 + izz) T

where

Ad = zj; (c(lji-lii)i (?)

d+1 d+1)

So (¢ — 28) x5 — Aa(zf can be written as a sum of 2d linear forms.

Consequently,
((1‘1 + ixn)d — (332 + il’n_l)d) (1’3 — iIL’n_Q) —
Ad((z1 + iz,) 4 — (29 + ixn_l)d+1) = Z(Alm)d
i=1

for a suitable matrix A and r = 2d.

By antidifferentiating (6.18) with respect to x3, we obtain

d—1 G
7 ﬁ 1 (21 + Cao + x3)T —
=0
d—1 CZ A
cH(—il 1+ (Gra — xg)d'H = 2d2:1:1:172 T3
i=0

and in a similar manner as above, it follows that

(21 +izp) (@2 + izn—1) " (@g — izn0) = > (Aiz)?
i=1

for a suitable matrix A and r = 2d.



Chapter 8

Conclusions and suggestions
for further research

8.1 Conclusions

At the end of our journey for the Jacobian conjecture, we must conclude
that the Jacobian conjecture is still unsolved. But we met many nice results
on our journey. The most spectacular things were probably the gradient
reduction of the Jacobian conjecture in chapter 1 and the cubic homogeneous
counterexample to the dependence problem in chapter 4. The homogeneous
dependence problem has been open for more than ten years, and the Vodka
made solving it even more special. The gradient reduction is one of the
many reductions of the Jacobian conjecture, but no new reductions had been
added since 1983, except the ‘A? = 0’-reduction for power linear Keller maps
by Druzkowski in 2000, which is actually somewhat similar to the gradient
reduction.

Another nice result is the linear triangularizability of homogeneous Keller
maps in dimension 3. The homogeneity reduction of the Jacobian conjecture
is classical, so others could have found the same result. Since they did not, it
makes me feel that this result is a deep result, although others focus more on
degree 3 only than we do. (The case of degree 3 was already solved in 1992 by
Wright.) For people that are not interested in the Jacobian conjecture, the
classification of homogeneous maps over C with Jacobians of rank 2 might
still be interesting. The recent result that the dependence problem has an
affirmative answer for homogeneous maps with Jacobian rank 2 in dimension
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4, is interesting as well, since dimension 4 is the only dimension for which
the homogeneous dependence problem is unsolved.

As for the symmetric Keller maps, we were pioneers, so finding new results
in small dimensions was not really a challenge. Nevertheless, I think we
did a good job here, because the proofs are quite involved, especially for
the unipotent case in dimension 4. Furthermore, we found many results
for symmetric Jacobians of small rank. One of them is that homogeneous
polynomials for which the Hessian rank r is at most three can be expressed as
a polynomial in r linear forms. These results might be interesting for people
that do not feel any affection for reductions of the Jacobian conjecture as
well.

In chapter 3, we have seen that quasi-translations are a very interesting kind
of automorphisms. This is stressed by the construction of homogeneous
counterexamples to the dependence problem in in sections 3.7 and 4.2, and
the results about singular Hessians. Quasi-translations can also be seen
as so-called locally nilpotent derivations. See [30] for more about locally
nilpotent derivations. The quasi-translations of section 3.7 can also be found
in [30, §3.10.3]. In [30], quasi-translation are called nice derivations, but that
definition does not match that in [24], which is used here. Homogeneous
quasi-translations are quasi-linear, because %j H suffices as the matrix M
in the definition of quasi-linear in [30, §3.2.1], where the quasi-translation
x + H has degree d. So the results of chapter 3 are useful for many areas in
affine geometry. Furthermore, it is of interest for the history of mathematics
as well, since the article [34] from 1876 by Gordan and Né&ther is studied.

Chapters 6 and 7 are the least interesting for people that do not feel affec-
tion for the Jacobian conjecture. It contains many new results for power
linear Keller maps and some for so called Zhao-graphs, but one can ask for
what benefit? One can view finding new results as a type of sports as well.
Furthermore, the reduction of the Jacobian conjecture to power linear maps
is classical, so finding new results is surely a challenge, especially for cubic
linear maps. And new results for cubic linear maps can be found in chapters
6 and 7, for instance the counterexample in dimension 53 to the dependence
problem and the main result of chapter 7, that power linear maps (Ax)*?
with d > 3 and corkA = 3 are linearly triangularizable. The results of chap-
ter 7 improve those of [I.11]. The results are not very interesting for people
that do not like power linear Keller maps. But the results are new and the
power linear reduction of the Jacobian conjecture is old.
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The result of reducing the Jacobian conjecture to gradient maps has already
been used by Wenhua Zhao in [61]. He derives formulas for the inverse
and formulates the so-called ‘vanishing conjecture’. This is a conjecture for
differential operators, and the vanishing conjecture for the Laplace operator
is equivalent to the unipotent/homogeneous Jacobian conjecture for gradient
maps.

The advisor had many Ph.D. students before the author, but I consider
Engelbert Hubbers as the most important predecessor, because his research
topic was more or less similar to that of mine. The structure of the final
section of his Ph.D. thesis [37] has been copied here. Hubbers’ suggestions
for future work consists of a list of six items. Half of this list has been
completed or extended in this thesis, namely the third, fifth and sixth item.

The third item is the cubic homogeneous counterexample to the dependence
problem. The fifth item is about the incompleteness of the classification of
quadratic homogeneous Keller maps in dimension 5. But this classification
has been completed due to better hardware nowadays. The sixth item of the
list has been completed by Charles Ching-An Cheng, and was extended to
dimension 6 in section 6. Section 7 extends this result to dimension 7 with
reasoning only and dimension 8 with Hubbers’ own classification of cubic
homogeneous Keller maps in dimension 4 as the only part with computations.

8.2 Suggestions for future work

After obtaining the results of this thesis, several questions arose to the au-
thor. Below we list the chapter numbers and the questions belonging to that
chapter.

1. In the introduction, I mentioned the question whether quadratic maps
for which the Jacobian determinant does not vanish anywhere are au-
tomorphisms over commutative rings with % As pointed out in the
introduction, the answer is affirmative for algebraically closed fields.

2. A question after the symmetry reductions of the Jacobian conjecture
is the following: what is the status of [-](R,2n)? We know that
[-](C,2n) for all n is equivalent to the Jacobian conjecture in all di-
mensions, but it might be possible that instances of [-] (R, 2n) satisfy
the Jacobian conjecture in a trivial manner.
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Another question is about the gradient reduction. The reduction of
Meng was stated independent of the other reductions of the Jacobian
conjecture. So a natural question is whether the Jacobian conjecture
is true for gradient maps in small dimensions n. The case n = 1 is
trivial, but the case n = 2 is solved in the affirmative as well for fields of
characteristic zero. See [15, Cor. 1] by Franki Dillen. This is a corollary
of the theorem above it in [15], which is equivalent to [24, Prop. 8.2.7].

The case n = 4 implies the two-dimensional Jacobian conjecture, and
since incorrect proofs of the latter conjecture appear several times a
year, | think the case n = 4 is too far-reaching. No, let us first start
with n = 3. Maybe, the methods in the wrong proofs of the two-
dimensional Jacobian conjecture can even be helpful.

For quasi-translations z + H over C in dimensions < 3, the compo-
nents of H are linearly dependent over C. In dimension 4 and up, the
rows of JH might be independent over C. For homogeneous quasi-
translations, we have similar results in dimensions < 4 and in dimen-
sion 6 and up. So the only missing dimension is dimension 5.

So the question is whether for homogeneous quasi-translations = +
H over C in dimension 5, the components of H need to be linearly
dependent over C? A bottle of Joustra Beerenburg (Frisian spirit) will
be offered by the author to the one who first answers this question. My
feeling is that the answer is affirmative. Besides that a counterexample
should have degree 12 at least, the fact that there are two independent
linear relations in dimension 4 and for Jacobian rank 2 even without
the trace condition can be seen as a sign in that direction.

For the homogeneous dependence problem, the missing dimension is
dimension 4. A bottle of Hooghoudt Vodka (Dutch spirit) will be
offered by the author to the one who first answers the question whether
the homogeneous dependence problem holds in dimension 4. My feeling
is that the answer is affirmative for similar reasons as with the above
Beerenburg problem, except that there is only one linear relation in
dimension 3 and for Jacobian rank 2 in dimension 4, but the trace
condition can still be omitted.

As we have seen, omitting the trace condition gives counterexamples
of degree 4 and up, but not of degree 2. The question is what happens
with degree 3. Omitting the trace condition out of the calculations of
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cubic homogeneous Keller maps in dimension 4 made the formulas too
large. Maybe, the formulas can be kept under control with new ideas.

Another question that is good for a bottle of Hooghoudt Vodka is the
dependence problem for quadratic homogeneous Keller maps. This
question was originally stated by Kamil Rusek. As we have shown, it
only needs to be proved for quadratic linear maps or gradient maps,
and it is trivially satisfied for quadratic linear gradient maps.

For the homogeneous dependence problem, all known counterexamples
have Jacobian rank 4 at least. My guess is that the homogeneous de-
pendence problem is true for Jacobian rank 2. Recall that we came
as far as dimension 4 without using the trace condition. So the ques-
tion is what happens with Jacobian rank three and Jacobian rank 2.
For Jacobian rank 2, another question is whether the homogeneous
dependence problem is even true without the trace condition.

The trace condition is necessary for dimension 4 and hence for Jacobian
rank 3. If one solves the homogeneous dependence problem for Jaco-
bian rank 3 in the affirmative, then one receives two bottles: one bottle
of Beerenburg for the homogeneous quasi-translations in dimension 5
and one bottle of Vodka for the homogeneous dependence problem in
dimension 4.

5. For singular Hessians over C, we do not know yet whether for cor-
responding quasi-translation x + @, the components of @) need to be
linearly dependent over C. I offer a bottle of Joustra Beerenburg as well
for the one who first solves the question whether for quasi-translations
x 4+ @ from singular Hessians in dimension 4 over C, the components
of @ need to be linearly dependent over C.

Another question is whether for homogeneous Hessians Hh of rank 4,
we have a similar subdivision as for dimension 5. That is, h = ¢g(T'z)
for some T € GL,,(C) with either

g € Clz1, 2, x3, 4]

or

g € Clz1, 22, a3(p, Q)x3 + as(p, ) x4 + - - + an(p, ¢)2x]

where p, q € Clz1, z2].
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A third question is whether the dependence problem is satisfied for
homogeneous gradient maps in dimension 6. An affirmative answer
would imply linear triangularizability.

For a power linear Keller map z + (Az)*? over C, the components
of (Az)*? do not need to be linearly dependent over C, as the Herbie
example makes clear. But if the diagonal of A is nonzero, then the trace
condition on J(Az)*® tells us that the components of (Az)*(¢~1) are
linearly dependent over C. So the question is whether the components
of (Az)*(@=1) are linearly dependent over C if the diagonal of A is zero.

Another question is trying to find an algorithm that, given a homoge-
neous map H, computes a power linear map G in dimension N such
that H and G are GZ-paired and N is minimal. Only the quadratic
case in dimension n = 1 is solved, as far as I know. See example 6.2.9
and section 7.2 for some results for particular examples H.

The case n = 1 is also interesting in connection with Zhao graphs.
The problem is of course to find powers of linear forms that are killed
by the Laplace operator and add up to a given homogeneous h € C|x]
with Hh nilpotent. I do not know if this problem is already solved for
degree 2.

In section 7.4, we introduced the concept of crop matrix. Many con-
nections between a matrix A and its crop matrix A are known, but
some are not. One of those things is whether (Ax)*¢ satisfies DP+
in case its Jacobian is nilpotent and (Ai")*d satisfies DP+, where
F = x1,79,...,7,. Another thing is whether (Ax)*¢ is (ditto) lin-
early triangularizable in case its Jacobian is nilpotent and (AZ)*? is
(ditto) linearly triangularizable.

Chapter 7 contains many results about Zhao graphs, but more results
can be obtained. It is only that I do not have time any more to work
out the details. I hope to get additional results in the next year.



Appendix A

Computations of nilpotent
Jacobians

A.1 Normal forms for nilpotent Jacobians

For nilpotent matrices, the conjugation classes are given by Jordan normal
forms. Now it would be useful to have a similar reduction by linear conjuga-
tions for non-linear maps with nilpotent Jacobians. Notice that for maps of
degree d, the Jacobian has degree d—1, and linear conjugation do not change
this. So it is impossible to get a Jordan normal form by linear conjugations
of maps of degree 2 at least.

But one can substitute some constant vector in z in the Jacobian and hope
that the Jacobian will be a Jordan normal form after this substitution. We
will show that this is indeed possible after a suitable linear conjugation.
Furthermore, we can obtain that the substitution vector is the sum of at
most y/n distinet unit vectors.

Definition A.1.1. Let v € C" be nonzero and M € Mat,, (C) be nilpotent.
Define the image exponent of v with respect to M as

IE(M,v) := max{i € N | M'v # 0}
and the preimage exponent of v with respect to M as

PE(M,v) := max{i € N | M'w = v for some w € C"}
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Notice that if N € Mat,,(C) has ones on the subdiagonal and zeros else-
where, then IE(N,v) + PE(N,v) = n — 1 for each nonzero v € C". If M
is nilpotent and corkM = 1, then N = T~ MT for some T € GL,(C(z)).
So if M is nilpotent and corkM = 1, then IE(M,v) + PE(M,v) = n — 1 for
each nonzero v € C" as well, because N is the Jordan normal form of M,
IE(T'MT, T~ 'v) = IE(M,v) and PE(T~'MT,T~'v) = PE(M,v).

Proposition A.1.2. Assume M € Mat,(C) is nilpotent and v € C" is
nonzero. Then there exists a T € GL,(C) such that N := T~1MT is the
Jordan normal form of M and

wi=T" v=re;, +ep+-+e;,
where
IE(N,e;,) <IE(N,e;,) < --- <IE(N,e;, ) = IE(N,w) = IE(M,v)
and
PE(M,v) = PE(N,w) = PE(N,¢;,) < PE(N,¢;,) < --- < PE(N,e;,,)

Proof. We distinguish three cases:

e corkM =1.
Let N be the matrix with ones on the subdiagonal and zeros elsewhere.
Then N is the Jordan normal form of M, say N = T-'MT. Let w :=
T~ and i be the index of the first nonzero coordinate of w. Notice
that n — ¢ = IE(NV,w) = IE(M,v) and i — 1 = PE(N,w) = PE(M, v).

The operator x — Nz shifts the coordinates of its argument one step
downward, inserting a zero above. The operator x +— N'z shifts the
coordinates of its argument one step upward, inserting a zero below.
Now define the matrix S € GLy(C) by Se; = w, Se;y; = Niw and
Se;—j = (N w, for all j > 1. Then (T'S)"tv = S7lw = ¢;, so it
suffices to show that (T'S)"'MTS = S~!NS is the Jordan normal
form of M. Indeed STINSe; = Ne; for all j, because by definition of
i, S is constructed in such a way that NSe; = Se; 1 for all j <n and
NSe, = 0.

e corkM = 2.
Again, let N = T~'MT be the subdiagonal Jordan normal form of
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M and w = T~'v. Notice that N has two Jordan blocks, say N; €
Mat, (C) and N2 € Mat,_,(C). Since corkN; = corkNy = 1, it follows
from the case corkM = 1 that we may assume that w is the sum of
at most two unit vectors e; and e;, such that 1 <i <r < j < n. If
w = e; or w = ej, then we are done, so assume w = e; + e;.

Assume without loss of generality that PE(N,i) < PE(N,j) and, in
case PE(N,i) = PE(N, j), that IE(N,4) > IE(N, 7). Since we are done
in case both IE(N,e;) < IE(N,e;) and PE(N, i) < PE(N, j), we may
assume that IE(N,7) > IE(NV, j) in any case.

Since IE(N,e;) < IE(N,e;) = r — i it follows that IE(N,w) = r — 4.
Since PE(N, e;) > PE(N, e;) =i — 1 it follows that PE(N,w) =i — 1.
In fact, Ni71<61 + ej—i—f—l) = w.

Now define the matrix S € GLx(C) by Sex, = exp+ej_irr if j—i+k <n
and Sep = e if j —i+k > n. Then Se; = ¢; +e; = w, so S~ lw = e;.
Since NSep = Seyyq for all k ¢ {r,n} and NSe, = 0 = NSe,, it
follows that ST'N'S = N. This gives the desired result.

e corkM > 3.
Again, let N = T-'!MT be the subdiagonal Jordan Normal Form of
M and w = T~ 'v. From the case corkM = 1, we obtain that we
may assume that w is the sum of at most one unit vector e; for each
Jordan block. From the case corkM = 2, we obtain that we may
assume two summands e; and e; of w satisfy IE(N, e;) < IE(NV,e;) and
PE(N,e;) < PE(N,e;). That gives the desired result. O

Notice that m in proposition A.1.2 is at most /n. This is because the size
of the Jordan block with coordinate i;4+1 must be at least 2 larger than that
with iz (in order to have both IE(N,e;,) < IE(N,e;,,,) and PE(N,e;,) <
PE(N,e;,,,)) so the sizes are at least 1,3,5,...,2m — 1, and the series of
the odd numbers are the squares.

Theorem A.1.3. Assume J H is nilpotent. Then there exists a T € GL,(C)
such that

(JT'H(Tz))| =N

Tr=w

where N is the Jordan Normal Form of JH and

w=e€; +e€,+ - t+e,
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such that
IE(N,e;,) <IE(N,e;,) < --- <IE(N,e;,,) =1E(JH,x)

and
PE(JH,z) = PE(N,e;,) < PE(N,e;,) < --- < PE(N,e;,,)

Proof. Take v € C" generic and put M := (JH)|,—,. Then M has the
same Jordan Normal Form as JH, IE(M,v) =IE(JH, x) and PE(M,v) =
PE(JH,z). So there exists a T € GL,(C) such that N := T-'MT and
w := T~ v satisfy the properties of proposition A.1.2.

Now
(7' HT)| = THITH)amrelo=uT
= T YITH)|s=T
= T'MT
= N
as desired. 0

By the above theorem, we can do some normalization. In case n = 4 and
rkJ H = 3, we get four cases, namely w = ey, e, e3, €4, where

(TH)|z=w =N =

O O = O
O = O O
_ o O O
o O O O

Now the case w = e,, does not exists, because that implies JH -x = 0. This
is even impossible if H is not homogeneous, for by separating homogeneous
parts of H, we see that H is constant. In case H is homogeneous of degree
d and w = e3, we have d7H - H = JH? ¢ = 0, which is impossible since
for homogeneous quasi-translations x + H, cork 7 H > 2.

So two cases remain: the case w = e; and w = e3. Now it seems to be a

tradition to substitute z = ey, see e.g. [36] and [55]. For that purpose, one
can take

O O = O
O = O O
— o O O
o O O
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for the case w = eo, and conjugate with P to obtain

(j(P‘lH(P:z))>

r=e1
= P_l(jH)’x=Pe1P
= Pil(jH)’xzezp

= PINP
0001

_ 1000

- 0100
0000

By way of a conjugation with a power of P, one can always transform a
substitution x = e; to a substitution £ = e;. E.g. in the quasi-translation
case w = e3, we conjugate with P2, since P?e; = e3 = w, to obtain

(F(P2HP )| = PTH e, P

T=e1

Now you might say that this latter case does not exist, but where did we
assume that H is homogeneous? Take for instance the quasi-translation
x + H with

H := (b(az1 — bxa), a(aw) — bxa), blazs — bxs), a(axs — bxy)) ‘azl,b:z1z4—$2w3
to obtain (JH)|z=e, = P 2NP2  But this is not a good example, be-
cause the substitution x = e; is not a generic substitution here. Since
JH? - x # 0, we have IE(e;, P"2NP?) < IE(z, JH). Since JH3 -z = 0,
IE(e;, P"'NP) = IE(z, JH), and P~'NP is the substitution matrix corre-
sponding to (J H)|z—, for generic v.

In dimension n = 4, w is not always the sum of exactly one unit vector. In
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case rkJH = 2 and

(JH)JZZ’LU =N

Il
cococo
o~ oo
_ o oo
cococo

w might be e; +e3. Since it is more desirable to substitute a sole unit vector,
we take

1 000
0100
T= 1010
0 0 01
and conjugate with T' to obtain
(7 (111 (T2)))
r=e1

= Tﬁl(jH”x:TelT
= Tﬁl(jH)‘x:eﬁ-%T

= T7INT
0000

_ 0000

- 0100
1010

Notice that in case H above is homogeneous, then H is a quasi-translation.
For homogeneous quasi-translations and other H that satisfy JH? -z = 0,
we have IE(JH,z) < 2 and therefore, w is the sum of at most two unit
vectors. On the other hand, we have

(IE(JH,z),PE(JH,x)) # (IE(N,¢;), PE(N, ¢;))

for all ¢ for the map H above, so w cannot be a sole unit vector.

For the remaining three cases of (J H)|y=y in dimension n = 4 with rkJH =
2, w is indeed the sum of only one unit vector and we can cycle the substi-
tution x = w to x = e;.

The computations take less memory than those of Hubbers, because the
equations are remembered without substitutions of eliminated variables and
the equations are not duplicated for case-selection. But it might take more
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time to retrieve the equations with substitutions of eliminated variables. I
think this is only true if you want to find the useful equations, since when
you know already what the useful equations are, it is only a waste of time
to substitute in the equations you do not need.

And finding the useful equations has already been done by the author. All

actual calculations can be found at [62]. Before deriving the other substitu-
tion matrices, we make one interesting observation.

Theorem A.1.4. Assume H € Clx]" such that TH™ = 0 and PE(JH, x) >
1. Then the rows of JH are linearly independent over C

Proof. Since x has a preimage under y — J H -y, every dependence between
the rows of JH is a dependence between the components of x as well. But
the components of = are linearly independent over C. U

Corollary A.1.5. Assume H € C[z]" such that JH" *-x =0= JH" and
rkJH =n — 1. Then the rows of JH are linearly independent over C.

Proof. Since J H is nilpotent of corank 1, IE(JH,z) + PE(JH,z) =n — 1.
From JH" ! = 0 we obtain IE(JH,z) < n — 1, so PE(JH,z) > 0. Now
apply the above theorem. O

For the quasi-translation of dimension 6 in example 3.7.3, one can compute
that PE(J H,z) = 1 and that w is the sum of exactly two unit vectors. The
Jordan blocks have sizes 2 and 4 (in case you have not already derived that
from the preceding data).

A.2 Quadratic homogeneous Keller maps in di-
mension 5

We computed all quadratic homogeneous Keller maps z + H in dimension
n = 5 for which tk7H > 3. Recall that the Keller condition and the
homogeneity of H imply that J H is nilpotent. We started with rk 7 H = 4,
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in which case the normal form N is unique and we have

00000
10000
(TH)|pz=w =N=1] 01 0 0 0
00100
00010

After removing the quasi-translation case w = e4 and the other impossible
case w = es, the cases w = e1, w = ey and w = eg remained. After cycling
the substitutions x = es and x = e3 to = e; by conjugation with a power
of an n-cycle as described in the previous section, we got the following three
cases:

00000
10000

(JH)|g=, = | 0 1.0 0 0 (A.1)
00100
00010
00001
10000

(JH)|g=, = | 0 1.0 0 0 (A.2)
00100
00000
00001
10000

(JH)|g=e;, = | 0 1 0 0 O (A.3)
00000
000710

Next, we solved the three cases to the condition that the characteristic poly-
nomial det(tI,, — J H) equals t°, a condition that is equivalent to the Keller
condition in this context. This process only gave solutions for (A.1), namely
a linear conjugation of

0
0 haka+hsms
3/2
X123 4m;,
2 2 _ha _
Ty — T1T4 +x7 - 4m§/3
2.%'2.273 — T1T5 g i
72 am3/
3 r

2
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i.e. the solution of (4.14) with additional terms z?, and furthermore a linear
conjugation of a map of the type of theorem 4.6.7 and a map with a lower
triangular Jacobian.

Now you might think that (A.2) and (A.3) simply did not give solutions
because quadratic homogeneous maps with nilpotent Jacobians satisfy DP.
But we did not use that IE(J H,z) = 3 and IE(J H, x) = 2 respectively for
these cases.

Although (A.2) does not have solutions of degree 2, the counterexample of
degree 6 in corollary 4.2.3 is of this type. For that example, z does have a
preimage under y — J H -y. But there are no quadratic counterexamples to
the homogeneous dependence problem in dimension 5, let alone that x has
a preimage under y — JH - y.

For rkJ H = 3, we first did the cases

(TH)|g=w =N =

(el elell =]
o O = O O
o R O O O
o O O oo
o O O oo

and w = e; for some i. After removing the impossible cases w = e4 and
w = e5, the cases w = e1, w = ey and w = e3 remained. Cycling the
substitutions x = e and * = e3 to © = e; as described above, we got the
following three cases:

00000
10000
(TH)|g—e;, = | 0 1.0 0 0 (A.4)
00100
00000
0000 1
10000
(TH)|g—e;, = | 0 1.0 0 0 (A.5)
0000 O
00000
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0000 1
10000

(TH)|g—e, = | 0 0 0 0 0 (A.6)
0000 O
00010

Next, we solved the three cases to the condition that the characteristic poly-
nomial det(tl, — JH) equals t5, and the condition that JH® .2 = 0 for
case (A.7).

As you can see, PE(JH,z) = 0 for case (A.4) only, and only that case gave
solutions: a linear conjugation of a map of the type of theorem 4.6.7 and
linearly triangularizable maps.

Next we advanced with the cases

00000
10000
(JH)|p=w=N=]0 1 0 0 0
00000
00010

For these cases, w = e; for some i. After removing the impossible cases
w = ez and w = es, the cases w = e1, w = eg and w = e4 remained. Cycling
the substitutions x = e2 and * = e4 to x = e; as described above, we got
the following three cases:

00000
1 0000
(TH) e, 01000 (A7)
00000
00010
00001
1.0 0 00
(jH)|:v:e1 = 00000 (A.8)
00100
00000
00000
100 00
(TH)|g—e, = | 0 0 0 0 0 (A.9)
00100
00010
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Next, we solved the three cases to the condition that the characteristic poly-
nomial det(tI,, — 7 H) equals ¢°, and the condition that JH? -z = 0 for the
first case and JH? -z = 0 for the other two cases. Case (A.7) only gave
linearly triangularizable solutions. Case (A.8) did not give any solutions and
case (A.9) gave the only quasi-translation of rank 3: a linear conjugation of

(0,0, z129, 27, 2123 — w224)
and the first map of example 3.5.5. So the other quasi-translation cases

(A.6), (A.8), and (A.11) below did not give any solutions.
At last we did the cases

(jH)‘x:w =N=

o O O o O
O O = O O
o= O O O
_ o O O O
o O OO O

and w = e + ¢; for some i € {3,4}. These i’s are the only cases, because
IE(N,e5) = 0 = IE(N,e;1) and PE(N,e;) = 0 = PE(N,ez). By way of a
linear conjugation, we got the cases:

00000
00000

(TH)|gme, = | 01 0 0 0 (A.10)
10100
00010
00000
00000

(TH)|gme, = | 01 0 0 0 (A.11)
00100
10010

Next, we solved both cases to the condition that the characteristic polyno-
mial det(tI, — JH) equals t°, and the condition that JH3~" .z = 0 for
case (A.i). Case (A.10) only gave a linear conjugation of a map of the type
of theorem 4.6.7 and case (A.11) did not give any solutions.
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A.3 Unipotent Keller maps of degree 4 in dimen-
sion 3

We computed all unipotent Keller maps of degree 4 exactly in dimension 3.
We did not compute unipotent Keller maps of degree less than 4 in dimension
3, because these have been classified already in section 4.6.

So assume z + H is an unipotent Keller map in dimension 3 such that the
leading homogeneous part H of H has degree 4. Since J H is nilpotent, JH
is nilpotent as well. Now there are two cases: JH? -2 # 0 and JH? -z # 0,
with substitution matrices

0 0 0

(TH)|o—e, 10 0 (A.12)
010
0 0 0

(TH)|o—e, 10 0 (A.13)
0 0 0

respectively. We computed these cases separately, but not before thinking
out parametrizations of H in each of both cases.

From theorem 4.1.4, it follows that H is linearly triangularizable. Hence
both the rows and the columns of JH are linearly dependent over C. This
gives H; = 0 and H € C[z1,z2]® respectively in the case (A.12). Next, the
trace condition on J H gives that J H is lower triangular in the case (A.12).

In the case (A.13), we have that z + H is a quasi-translation. Now it follows
from proposition 3.3.2 that H; = 0 = Hs and Hy € Clzy, x3].

The case (A.12) gave one solution for which the Jacobian is not lower trian-
gular. That solution can be obtained by first substituting 1 = 21 + A for a
suitable A € C, in

2 3 2
(0, z7xe — T173, T2 — TTX3)

which is not linearly triangularizable, next adding polynomials in z; to the
second and third component, and at last applying a linear conjugation.

The computation of the case (A.13) was the largest of all computations
presented in this appendix: the biggest formulas and the most calculations.
The case (A.13) gave one solution H for which the rows of the Jacobian are
linearly independent over C. That solution can be obtained by applying a
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linear conjugation to
(96'2 - 36%7363 + 2z (22 — x%), —(x2 — x%)z)

As far as they are not linearly triangularizable, the remaining solutions can
be obtained by first substituting x1 = 1 + A for a suitable A € C, in either

2 3 2
(0, z7we — T173, X702 — TTX3)

or
2
(0, 219 — 3, x{T2 — T1T3)

which are not linearly triangularizable, next adding polynomials in x; to the
second and third component, and at last applying a linear conjugation.

A.4 Cubic and quadratic homogeneous Keller maps
in dimension 4 and the trace condition

For n = 4, H homogeneous and J H nilpotent, we have the following two
cases with rk.7H = 3:

000 0
1000

(jH) |33=61 - O 1 O 0 (A14)
0010
0001
1000

(TH)le=e: = | 41 0 0 (A.15)
000 0

For both cases and both degree 2 and 3, we solved det(tIy — JH) = t*. This
process only gave solutions for A.14, and those solutions satisfy H; = 0 and
Hy € C[z1]. So homogeneous maps H in dimension n = 4 with JH" = 0
and rk7H = n — 1 satisfy DP+.

For quadratic homogeneous maps, we additionally computed the solutions
of the nilpotency condition det(tly — J H) = t* without the trace condition,
in order to see whether the linear dependence of the components of H would
still hold. This appeared to be the case. So we solved the coefficients of
t0, 1 12 of det(tly — JH).
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We shall derive the substitution matrices for these computations. Since the
case trJH = 0 is solved above, we may assume that trJH is a nonzero
homogeneous polynomial of degree 2. Let v € C"™ be generic. Then the
Jordan Normal Form of (J H)|z=, is equal to

0000
1000
0100 (A.16)
000 7

where 7 := tr(JH)|y=» # 0 because v is generic. Now by replacing H
by a linear conjugation of H, we can obtain that (J H)|y= is of the form
(A.16), where w is of the form e; + Aey for some ¢ < 3 and a A € C, or just
w = Aey for some A\ € C. But the latter case w = Aeq can immediately be
discarded. The same holds for the case ¢ = 3 and A = 0. The case i = 2 and
A = 0 is impossible because homogeneous quasi-translations x + H satisfy
cork7H > 2 and trJH = 0. So one case with A = 0 and three cases with
A # 0 remain.

Assume first that A # 0. Put

A o o
U oo
WUl o o
o oo

and H = T(dfl)iflelH(Tx). Assuming that J H is homogeneous of degree
d — 1, we obtain

jﬁ‘l‘:ei = T(d_l)i_lj(T_lH(Tm)) ‘x:Tfl(Tfiei-i-’T*i)\&l)

= TﬁlT?l (jH) ‘w:ei+>\€4
00 0O

_ 1 0 0O

- 01 0 0
00 11

By cycling x = ¢; to x = e, we get the following three cases:

(TH)|z=e, = (A.17)

S O =
O = O
— o O
— O O
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0 0 0 1
1 0 0O
(jH)|x:€1 - 0 1 1 0 (A18)
00 0O
0 0 01
1 100
(jH)|33:61 - 0 0 O 0 (Alg)
0010
Now assume that A =0 and 7 = 1. Put
1
= (3 0 O
. 0 = 0 O
=100 % o
00 0 %

and H = 7@=Di=17=1H(Tz). Assuming that JH is homogeneous of degree
d — 1, we obtain that

TH|p—e, = 75V 7(T7 H(T2))|,
= 7T Y JH

=T—1(r-%¢;)

lo=e

)
0
0
0
1

o O = O
O = O O
o O O O

and the fourth case is

(jH)|z:el = (A.QO)

O O = O
o = O O
o O O O
= o o O

Now we solved all four cases to the condition that the coefficients of 9, t!, t2
of det(tl, — JH) are zero. This way, we obtained solutions for all four
cases, but the solutions of (A.18) and (A.19) did not satisfy the assumption
(JTH? — (ttJH)JH?)z = 0, and those of (A.20) did not satisfy J H*z = 0.
So only the solutions of (A.17) were proper solutions. The first solution of
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it was interesting: a linear conjugation of

0 0 0

1,2
ST 0 v
2 + a3 tai |
T1To — T3T4 W 0
123 0 V4

It resembles the map of 4.6.7 somewhat. The other solutions were not so
interesting because they were linearly triangularizable (with three zeros on
the diagonal of the Jacobian of the triangularization).



Appendix B

Another generalization of
Mason’s ABC-theorem

The well-known ABC-conjecture is generally formulated as follows:

The ABC-conjecture. Consider the set S of triples (A, B,C) € N® such
that ABC' # 0, gcd{A, B,C} =1 and

A+B=C
Then for every € > 0, there exists a constant K. such that
C < K.- R(ABC)'e

for all triples (A, B,C) € S, where R(ABC') denotes the square-free part of
the product ABC'.

The ABC-conjecture is studied in many papers, and this article will not
be another of them. Instead, we consider an analog of this conjecture for
polynomials over C instead of integers: Mason’s ABC-theorem:

Mason’s ABC-theorem. Let f1, fo, f3 be polynomials over C without a
common factor, not all constant, such that

fitfaotfz3=0
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Then
< —_
11<na§3 deg fin < T(fl 12f3) 1

where r(g) denotes the number of distinct zeros of g.

This theorem was proved at first by Stothers in [E.13]. So Mason did what
Stayman did with the bridge convention that has his name: he made the
theorem known, even popular.

The bound in Mason’s theorem can be reached by examples of arbitrary
large degree, namely f1 = f3, fo = i¢?, f3 = —(f> — ¢?), where f and g reach
H. Davenport’s bound:

1
deg(f* — ¢°) > 5 degf+1

All f and g that reach the Davenport bound are determined in [E.17]. The
easiest example is

(2% +2)% — (2% + 32)? = 32% + 8

So Mason’s theorem seems the best you can get. But there is room for
generalization. One direction is followed for the ABC-conjecture as well,
namely adding more integers/polynomials to (get) the sum that vanishes.
Another direction is allowing more indeterminates in the polynomials. We
will discuss both generalizations. There has already been done a lot of work
in these direction, mainly using so called Wronskians, but it seems that no
one has combined all ideas to get the best generalized results one can get by
means of Wronskians.

A third direction of generalization is to use elements of so-called function
fields instead of univariate polynomials [E.3,E.5,E.16], or using meromorphic
functions instead of multivariate polynomials [E.6]. These generalizations
will decrease the readability of this expository paper, so we restrict ourselves
to polynomials.

B.1 Generalizations of Mason’s ABC-theorem

Let p be a (possibly multivariate) polynomial over C. Then we can factorize
p:

e1, e

p=pi'ps - ps
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with all p; irreducible and pairwise relatively prime, and all e; > 1. Let

t(p) :=pip2 - ps

be the square-free part of p and denote by r(p) the degree of t(p).
Associating polynomials with principal ideals, we have that t(p) is the radical
of p; hence the symbol t is used.

Mason’s ABC-theorem for three polynomials is generally formulated as fol-
lows [E.7,E.11-E.13]:

Theorem B.1.1. Let f1, fo, f3 be pairwise relatively prime univariate poly-
nomials (in the same variable) over C, not all constant, such that

fitfatfz=0

Then
< —_
max, deg fn < 7(f1f2f3) — 1
In [E.10, Theorem 1.2], H.N. Shapiro and G.H. Sparer generalize theorem
B.1.1 as follows, see also [E.6]:

Theorem B.1.2. Let n > 3 and f1, fo, ..., fn be pairwise relatively prime
(possibly multivariate) polynomials over C, not all constant, such that

fitfot o+ fa=0

Then
max deg f < (n—2)(r(fife-- fu) = 1)

1<m<n

In [E.1, Theorem 5], M. Bayat and H. Teimoori formulate the following
improvement of the estimation bound of theorem B.1.2 (so with all f;’s
pairwise relatively prime) as follows: they replace (n —2)(r(fife- - fn) — 1)
by

=) (r(hsar- 1) -5

for the case that at most one of the f;’s is constant and by

(n—k—1) <7’(f1f2"'fn)_n;k>



316 APPENDIX B. ANOTHER ... MASON’S ABC-THEOREM

for the case that exactly & > 1 of the f;’s are constant. This is indeed an
improvement, for if £ < n of the f;’s are constant, then n —k —1<n —2
and

T(f1f2---fn)2n—k2nz;kzl

because there cannot be exactly one f; that is not constant

Unfortunately, the proof of [E.1, Theorem 5] is incorrect: [E.1, Lemma 4] has
counterexamples. But we shall see that the theorem itself is correct. In [E.5],
the univariate case of theorem B.1.2 is proved, and also the erratic [E.1,
Theorem 5] can be viewed as a correct proof for the univariate case.

But let us first discuss the condition that the f;’s are pairwise relatively
prime. This condition is quite restrictive, so it is a good idea to try and
get rid of it, and replace it by something weaker. The example n = 3,
fi = fo =29 f3 = —2219 shows that we cannot just forget the condition
that all f;’s are relatively prime. So let us replace it by the condition that
just

ged{f1, fo,. .., fa} =1 (B.1)
Now theorem B.1.2 remains valid for n = 3, because the conditions ged{ f1,
fo, f3} =1 and fi1 + fo + f3 = 0 imply that fi, fa, f3 are pairwise relatively
prime.
This is no longer the case if n > 4. Reading the proof of theorem B.1.2
above as given in [E.10], it seems that r(fifo--- fn) is just a shorthand
notation for r(f1) + r(f2) + -+ + r(fn), but if the f;’s are not relatively
prime, then both expressions are different. So we replace r(fifa--- fn) by
r(f1) +r(f2) + -+ +r(fn) as well. There are, however, also generalizations
with r(fi1fa- -+ fn), which we will discuss later.

Now the example n = 4, f1 = —fy = 2% f3 = —f; = (z + 1)1% shows
us that we are not ready yet to prove something. The problem is that
fi+ fo+ -+ fn has a proper subsum that vanishes. Actually, such proper
subsums can be seen as instances of the original sum with smaller n, and it
seems reasonable that (B.1) is satisfied for these subsums as well, i.e.

f11+f12++fls :0:>ng{fi1afi25"'ufis}:]-
where 1 <11 < ig < - <ig < n. This way we get a valid assertion:

Theorem B.1.3. Let n > 3 and fi, fa,..., fn be (possibly multivariate)
polynomials over C, not all constant, such that

fitfot 4+ fa=0
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Assume furthermore that for all 1 < i1 <is < - - <ig<mn,

fio + fio + -+ fi, =0 = ged{fir, fin,-- -, fi,} =1

Then

max deg fr < (n=2)(r(f) +7(f2) +-+r(fa) = 1) (B2)

1<m<n

If we replace the constant term —1 on the right hand side of (B.2) by +n, then
the case in which the f;’s are univariate without a vanishing proper subsum
of fi + foa+ -+ fn follows from [E.3, Th. B] and the proof of [E.3, Cor.
IT]. An improvement of the proof of [E.3, Cor. II] as indicated in section B.5
below subsequently replaces the term +n by +(n —1)/2.

If one does not wish to replace r(fifo--- fn) by r(f1) +r(f2) + -+ r(fn)
(and neither requires the f;’s to be prime by pairs), then one can use the
inequality r(f;) < r(fife--- fn) to obtain a coefficient n(n —2), but in [E.14]
and [E.3, Cor. I, it is shown that in the univariate case, (n — 1)(n — 2)/2
is enough and that —1 can be maintained within the parentheses. We will
prove the multivariate version of this result:

Theorem B.1.4. Under the conditions of theorem B.1.3,

(n — 1)(n — 2)
7( < - 7/ @
1I<nma§n deg m 2

(rthifed)=1)  (B3)

B.2 Improvements of theorems B.1.3 and B.1.4

But theorems B.1.3 and B.1.4 are not the best one can get. One improvement
on B.1.4 is by U. Zannier in [E.16], but his idea also applies to B.1.3. The
coefficient n—2 in (B.2) should be expressed in the dimension d of the vector
space over C spanned by the f;’s. Since fi + fo +---+ f, =0, d is at most
n—1, so the straightforward improvement is replacing n—2 by d—1. But also
the residual term (n — 2) - —1 can be improved: the natural improvement
of the corresponding term (n — 1)(n — 2)/2 in (9) of [E.1, Theorem 5] is
d(d —1)/2, so we get

max deg fi, < (d — 1)<T(f1) +r(f2) +- - +r(fn) d)

1<m<n 2
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Another improvement is due to P.-C. Hu and C.-C. Yang in [E.5,E.6]. They
extend the definition of the r(g) by defining

te(g9) = ged{g,t(9)}

and r.(g) = degte(g). So t1(g) = t(g) is the square-free part of g and t2(g)
is the cube-free part of g, etc. Now we have a trivial inequality

Te(g) < 67’(9)

and taking e = n — 2 indicates precisely how Hu and Yang improve the
estimate: they migrate the coefficient n—2 to a subscript of r. This migration
has the drawback that the residual term (n —2)-—1 does not survive several
reductions any more (reductions that decrease the dimension of the vector
space over C spanned by the f;’s). This can be overcome by only stating
that there is a p with 2 < p < n — 1, such that

max deg fru < (p— 1) (r(f1) +7(f2) + - +7(fa) = &)

1<m<n

and combining the above idea with that of Zannier, we even assume that
p < dinstead of p <n — 1.

Theorem B.2.1. Let n > 3 and fi, fa,..., fn be (possibly multivariate)
polynomials over C, not all constant, such that

fitfot o+ fa=0
Assume furthermore that for all 1 < iy <i9 < --- < is<mn,
f11+f22++fls :O:ng{fij[?fiQ""?fis}:]'

Now let d be the dimension of the vector space over C spanned by the f;’s.
Then there exists a p with 2 < p < d, such that

mas dog fr < 7y 1 () 4 rpa () 4ot rpa(f) - 20 (B
< (@-1 <r(f1)+r(f2)+~-+r(fn)—%) (B.5)

for all d" between d and n—k+1 inclusive, where k is the number of constant

fl' ’s.
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Proof of [E.1, Theorem 5]. Since f1 + fo+---+ fn, = 0, it follows that d <
n — 1. So the first inequality (9) of [E.1, Theorem 5] follows. Assume that
exactly k of the f;’s are constant for some k with 1 < k < n—1, and assume
without loss of generality that f,, is not constant. Since the vector space over
C spanned by the k constant f;’s has dimension 1 at most, the vector space
over C spanned by fi, fo,..., fn—1 has dimension (n —1) — (k—1)=n—k
at most. But since f; + fo +--- + fn = 0, the latter vector space is also the
vector space over C spanned by f1, fo, ..., fn. So d < n — k and the second
inequality (10) of [E.1, Theorem 5| follows as well. O

The improvements on theorem B.1.4 are similar to those on theorem B.1.3:

Theorem B.2.2. Under the conditions of theorem B.2.1, there exists a o
with 1 <o <d(d—1)/2 such that

[nax deg fm < ro(fife-fn) — 0 (B.6)
< WO(flfszn)—l) (B.7)

for all d' > d.

We postpone the proofs of theorems B.2.1 and B.2.2 until section B.6, since
we first consider some applications.

B.3 Applications to Fermat-Catalan equations

Just like the ABC-conjecture for integers can be used to tackle Fermat’s
Theorem for integers, versions of Mason’s Theorem can be used to tackle
polynomial Diophantic equations:

Theorem B.3.1 (Generalized Fermat-Catalan). Assume
gfl _{_952_}_...4_92" =

and fi, fa,..., [n satisfy the conditions of theorem B.2.1, where f; = g;* for
all i. Then

n

1 1
|

=1

where d is the dimension of the vector space over C spanned by the f;’s
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Proof (based on ideas in [E.5]). Assume f,, has the largest degree among
the f;’s. From theorem B.2.1, and r(f;) < degg; = ei_l deg fin, it follows

that
"1 d
deg fn < (d—1) | D —deg fm — 5
i=1
which rewrites to

(Zei — ﬁ) deg fm > g (B.8)
1 (2

which completes the proof. O

In [E.10, Th. 3.1] and [E.1, Th. 8], theorem B.3.1 is proved by way of the
following inequality:

"1 1 - de=~1
<;e—i—ﬁ);deggi2§;€—i (B.9)

but the proof of (B.9) will not be copied in a third article today.

In [E.10, (3.3)] and [E.1, Cor. 10], the result of theorem B.3.1 is rewritten
into a Fermat-type equation, i.e. with all e; equal. But it is not observed that
in the Fermat case, the condition that the f;’s are relatively prime by pairs
can be omitted. Having a version of a generalized Mason’s theorem in which
the f;’s must be relatively prime by pairs is only partially an excuse for that,
since it suffices to use the case that fi, fo,..., fn_1 are linearly independent
of theorem B.1.3, which can be proved with the methods of [E.10] and [E.1],
see also [E.5,E.6, Th. 1.3].

We say that polynomials fi and f5 are similar if fo = Af; for some A € C*.
Theorem B.3.2 (Generalized Fermat). Assume
gl g8+ +gn=0
for some polynomials g;, not all zero, and suppose that
d>n(n—2)
Then the vanishing sum gil—l-gg—l—- : -—i—gg decomposes into vanishing subsums
g+l +-+gl =0

with 1 <4y <ig < --- <5 <n, for which all g;;’s are pairwise similar.
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Proof. Assume without loss of generality that g; # 0, Since g{+g4+- - -+g¢ =
0, gil is contained in the vector space over C spanned by gg, e gg. Assume
without loss of generality that

d d
92,---5 9]
is a basis of this vector space and that
gt = Aags + -+ + Aegl

with s <1 <nand Ag---As # 0. In order to reduce to the case that the g;’s
are relatively prime and d =n — 1, we define

\d/)\_igi
h; .=
ged{g1,92,---,9s}

for all ¢ < s, where Ay = —1, since then we get

A+ +hl=0
Furthermore, h4,. .., h¢ are linearly independent over C, and
ged{hd,...,hY} = gcd{hs,... , hs}? =1

In order to prove this theorem, it suffices to show that all h;’s are constant
at this stage. So assume that this is not the case. Then it follows from

theorem B.3.1 that
S 1

>
d s—2
ie. d < s(s—2) <n(n—2). Contradiction, so all h;’s are constant. O

B.4 A theorem of Davenport

Now let us look at sums of powers that do not vanish:

90 952+ g =g #0

and suppose that no subsum of g* + g5> + -+ + g."' vanishes. Now the
question is how far the degree of g,, can drop. In [E.4], H. Davenport studied
the case n = 3, e; = 3, ex = 2, and showed that

1
deg(f* — ¢°) > 5 degg +1
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see also [E.13]. We shall formulate a generalization of this result that im-
proves [E.5, (6)], by weakening the conditions.

But first, we need some preparations. Notice that (B.7) of theorem B.2.2
follows immediately from (B.6), once you realize that not all f;’s are constant.
It is somewhat more work to get (B.5) of theorem B.2.1 from (B.4). At first,
we remark that we can take all constant f;’s together, resulting in exactly
one constant f; if they do not cancel out and no constant f;’s if they do.
This reduction alters &k and n. But n — k is not affected and d only might
decrease by one, whence the range of d’ is at least preserved. Next, it suffices
to prove that

(@ =1) = (0 =) (r(5) + () 40 = LEZD 2D

which follows since the right hand side equals p+ (p+1) + -+ 4 (d' = 1) <
(= 1) — (p— 1)(@ — 1) and

r(fi)+r(fo)++r(fa)>n—k>d -1

where k < 1 now.

If d' is bounded by n — k instead of n — k + 1 (and such a d’ exists for
d < n — k), then one of the f;’s, say f,, does not need to be estimated in
order to boost the residual term to d'(d’ — 1)/2:

e o < (& =1) (P 7(2) 44 7o) = § ) ()

1<m<n
Estimating 7,—1(f,) by deg f, and realizing that at least two f;’s have max-
imum degree, we get (B.10) of theorem B.4.1 below under the conditions of

theorem B.2.1:

Theorem B.4.1. Let fi, fo,..., fn be (possibly multivariate) polynomials
over C, not all similar, such that

fitfet++f =0

Assume furthermore that for all 1 < iy <i9 < --- < is<m,

fio + fis ¥+ fi, = 0 = degged{ fi,, fip, ..., fi.} < deg fn
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Let d be the dimension of the vector space over C spanned by the f;’s. Then

max deg f — deg fu < (d — 1) <7“(f1)+7“(f2)+ r(foe n—i')

1<m<n—1 2
(B.10)
for all d' between d and n—k inclusive, where k is the number of constant f;’s
Furthermore, equality is only possible in (B.10) if ged{ f1, fo, ..., fu} = 1.

Proof. Take m’ < n — 1 such that maxi<y<n—1 deg f, = deg f,y. We re-
duce to the case that the conditions of theorem B.2.1 are satisfied. If f, is
constant, then the conditions of theorem B.2.1 are satisfied and hence we
are done. So assume that f, is not constant. Then we can remove all con-
stant f;’s and add them to f,, without affecting the estimate, because deg f,
and n — k will not change due to this maneuver. Furthermore, subsums
fiy + fiy + -+ fi, = 0 for which ged{ fi,, fi,- .-, fi.} # 1 are not affected.
Now we distinguish two cases.

e There is a minimal vanishing subsum of f; + fo +--- 4+ f, = 0 that
contains both f,,,; and f,, as summands.
Assume without loss of generality that f,,, + fove1+---+ fn =0 and
let h := ged{ fu, fr/+1, -+, fn}. Then

deg fm’ - deg fn
Jm f

= degT — deg ;Z
()8
< (d—=1) <"”(fm) r(fmrgr) o+ r(fa1) — %)

< (d'-1) <T(f1) +r(fo) + -4 r(fa1) = %)

where d’ is at least the dimension of the vector space spanned by f,,/,
fora1s- -y fn and at most n —m’ + 1, and equality is only possible if
h is constant and m’ = 1. This gives the desired result.

e There is no minimal vanishing subsum of f; + fo +--- + f, = 0 that
contains both f,,,» and f,, as summands.
Assume without loss of generality that f1 + fo + -+ + fy = 0 and let
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h :=gced{f1, fa,-- ., frw}. Then degh < deg f,,. In case fi, fa,..., fow
are all similar, then the left hand side of (B.10) is zero and the right
hand side is positive, as desired. So assume that that is not the case.
By (B.5) in theorem B.2.1,

degfm’ - degfn

< deg le/

) 8) )5
< (d-1) (T(f1)+7"(f2)+"'+r(fm’)%)

d+n—-—m'—-1
2

< (@-1) (r(fn (o)t () —

where d’ is at least the dimension of the vector space spanned by
fi, f2y- -, fm and at most m’ + 1, and equality is not possible because
m’ =n — 1 implies f,, = 0. This gives the desired result. O

Now substitute f; = ¢g;* for all i <n —1 and also f, = —g, = > ;1 ¢;*, in
(B.10). Then

n—1
1 1 7
(Ze_i_ d/—1> | Jmax deggrr > o — o deng (B.11)

i=1
follows from (B.10) in a similar way as (B.8) follows from (B.5) of theorem

B.2.1, see also [E.5, (6)].

Indeed, applying (B.11) on the sum f3+(ig)? gives —% deg(f3) > 1—deg(f>—
g?) for d’ = 2, which is equivalent to deg(f3 — ¢?) > 3 deg f + 1. For d' = 3,
we get %deg 2> % — %deg(f?’ —g?%), i.e. deg(f3 — ¢?) > 3 — 2deg f, which
is useless.

By replacing n by n + 1 in (B.11), we obtain the following from theorem
B.4.1.

Theorem B.4.2. Assume

e+ g #0
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and no subsum of gi* + g5* + -+ - + g vanishes. Then

=1 1 d
(Za——d/_l)lzn,szndeggmz o

i=1

for all d’ between d and n+1 inclusive, where d is the dimension of the vector
space over C spanned by gi*,g5%,...,g5*. Furthermore, equality cannot be

reached in case gcd{g1,92,...,9n} # 1.

n [E.17], it is proved that for all even degrees of f, there are univariate
polynomials f, g over C such that deg(f® — ¢°) = %degf + 1. Now assume
deg(f? — ¢°) = %degf + 1. Then ged{f,g} = 1 and the Mason bound on
—f34+ g%+ (f2 — g%) = 0 gives us

deg /* < 11 (Fo(f* = g%)) =1 < deg (Fg(s* —¢%)) =1

which is bound to be an equality. Furthermore, fg(f3 — ¢?) is bound to be
square-free. But any linear combination Af3 + pg? with Ay # 0 is bound to
be square-free, since otherwise the inequality

dog 1° < 5 (1 (%) + 16+ r1(f* — %) + (A + ng?) 1)

would be violated. The above estimate is an instance of (B.12) in section
B.5 below, since there exists a vanishing linear combination without zero
coefficients of the arguments of r1 on the right hand side.

B.5 Some discussion on theorems B.2.1 and B.2.2

We describe now why the condition that all f;’s are relatively prime by
pairs is needed in [E.1,E.5,E.6,E.10]. They reduce to the case of maximal
dimension d = n — 1 as follows. Assume that f, has the largest degree
and say that fi, fa,..., fq is a basis of the vector space over C spanned by

fi, f2,.-., fn- Then
fn=Afi+Xefo+ -+ Nifa

for some A; € C. The greatest common divisor of the f;’s in the above sum
is still the same as in the original sum, but some f;’s might have a coefficient
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A; that is zero; say that MAa--- A, #0and A\py1 = A2 = -+ = Ay = 0.
Then

)\1f1 + >\2f2 +--+ Apfp + (_fn) =0
is a vanishing sum of maximal dimension p. But the problem is that the
greatest common divisor of the the f;’s in the last sum might be larger than
that of the original sum.

But the above method does work when each set of d f;’s generates the whole
vector space over C spanned by the f;’s, because that implies that p = d
above. So in this case one can get the estimates of theorems B.2.1 and B.2.2.
But one can get even better estimates in this particular case, namely

plp—1)
)
(B.12)

max deg i < —— <rp1<f1> 1 (fa) 4o (fu) —

1<m<n n —

and

(ro(fufz-- fn) — 0) (B.13)

combining techniques of [E.6] and the proof of [E.16, Th. 2|, and also ideas
in section B.7 to get p(p —1)/2 < 0. We sketch the proof at the very end of
this article.

In [E.2, Th. 2] it is shown that the coefficient d’'(d' —1)/2 of (B.7) in theorem
B.2.2 cannot be replaced by something less than 2n — 5, and the author
conjectures that this coefficient can indeed be improved to 2n — 5, i.e.

max deg fon < (2n - 5)(r(fifa- fa) — 1)

max deg fi, <

1<m<n n—d

I did not find similar considerations on (B.5) in theorem B.2.1 in literature.
So let us do something ourselves. The factor (d' — 1) in (B.5) cannot be
improved, as is shown by the example

o= (U2 E) T asi<n
fo = —<x10100+1>n_2

The term d'/2 in (B.5) cannot be improved to 3d'/4, as is shown by the
example
[(n/21(In/2] +1) =2\ njoqi1
= 9 n/2\i < 9
fo= o (IR, (i < Inj2))
) [n/2](ln/2]+1)—2

fi = Gy (24 ey (i > [n/2))
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for the case that none of the f;’s is constant, and by the example

(/2] (n/2] =1\ 1w216-1)
;= 2 < 2
fo= (R ) (i < In/2))
» . m/2)n/2)-1
fio= =G (24 Gy (i > |n/2])
for the case that fi is constant, but it might be possible to improve it to
3(d' —1)/4.
In section B.4, we have reduced (B.5) in theorem B.2.1 to (B.4) and (B.7) in
theorem B.2.2 to (B.6). Therefore it remains to prove (B.4) and (B.6). But
before we do that, we ask ourselves the question whether (B.4) and (B.6)
can be seen as instances of one single, more general estimate. [E.3] has some
valuable ideas in that direction. Under the extra assumption that the f;’s
are univariate and d = n — 1, (B.7) for d = d = n follows immediately
from [E.2, Cor. I], and [E.2, Cor. II] implies

max deg frn < (n=2)(r(f1) +7r(f2) + - +r(fa) +1)

but, since the f;’s are linearly independent, the number £ of constant f;’s is
at most 1. Since the number of empty S;’s in [E.2, Cor. II] equals k as well,
one can improve [E.2, Cor. II] to

1

(n—1)(n—2)

5 (29— 2) (B.14)

and (B.5) in theorem B.2.1 for d’ = d = n follows.

The proof of (B.14) is left as an exercise to the interested reader. The
general result that implies both [E.2, Col. I] and (the improved version (B.14)
of) [E.2, Col. II] is [E.2, Theorem A].

The rest of this article is organized as follows. In sections B.6 to B.8, we
prove (B.4) of theorem B.2.1 and (B.6) of theorem B.2.2. In section B.6, we
reduce to the univariate case. In section B.7, we present the Wronskian, the
key element in all generalized versions of Mason’s theorem, except [E.14].
Section B.8 consists of the actual proofs of (B.4) and (B.6). At last, in
section B.9, we combine (B.4) and (B.6) with ideas of [E.2].
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B.6 Some reductions of the main theorem

By replacing the original sum by the minimal vanishing subsum containing
fm as a term, where deg f,,y = maxj<m<p deg fm,, we see that in order to
prove (B.4) of theorem B.2.1 and (B.6) of theorem B.2.2, we can restrict
ourselves to the case that fi + fo + --- + f, has no proper subsum that
vanishes.
We show now that we can restrict ourselves to the case that the f;’s are
univariate. More particular, a generic substitution x; = p;y + ¢; will do the
reduction. Assume that no proper subsum of f; + fo + --- + f,, vanishes
and say that there are [ variables in the f;’s. Let G be the set of nonempty
proper subsums

fir + fio + -+ fis
and

G={glgeG}

where g is the largest degree homogeneous part of ¢ (i.e. the sum of all terms
that have the same degree as g). Now pick a p € C! such that

g(p) #0

for all § € G (a p that has coordinates that are transcendental over the field
of coefficients of the g’s will do).

Assume without loss of generality that p; # 0 and define

fi == filprz1, 22 + pox1, ..., + piw1)

for all 7. Since ged{fi, f2,...,fn} = 1, gcd{fl,fg,...,fn} = 1 as well.
So if we apply the extended gcd-theorem with respect to z1, we find a; €

C(xa,...,z;)[x1] such that
l=aifi +asfo+ - +anfn

For each ¢, write a; = Z;’;l ai,jx{ with a; ; € C(xo,...,2;) and only finitely
many a; j nonzero. Now put ¢; := 0 and take (g2,...,q) € Ck=1 such that
the denominators of the nonzero a; ;’s do not vanish on (ga,...,q). Then

1 = al(Q2a---aQZ)[l‘l]fl(xl,%,---»Ql)+
a2(q27--~aQZ)[xl] 2(x1aq27"'7ql)+'”+
an(qu---7QZ)[ml]fn(:’U17QZa"'7QZ) (B15)
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Put

fir=filysqo, - @) = filg +yp) = filpry + a1, 02y + G2 -, 21y + @)

for all i. From (B.15), it follows that ged{f1, fo,..., fu} = 1.

Since 7,-1(fi) < 1p-1(fi) for all i and ro(fife - fn) < ro(fifa--- fu), it
suffices to show that deg f; = deg f; for all ¢ and no proper subsum of
f 1+ fz + -+ fn = 0 vanishes. We do so by proving that for all proper
subsets I of {1,2,...,n}:

o (57) (5

iel el
i.e.
degg(q+ yp) = degy

for all g € G. This is true, since the coefficient of y3°89 in g(q + yp) is equal
to g(p), which is nonzero by assumption.

B.7 The Wronskian

Let fi1, fa,..., fn be polynomials in one and the same variable, say y. Then
the Wronskian determinant of fi, fa,..., fn is defined as
fi for o

fi fo o fa
VV(jﬁ,jb,...,fh) = det : . . .
n—1 n—1 n—1
fl( ) 2( ). 7(1 )
and the Wronskian matriz is the corresponding matrix on the right hand
side.

Since differentiating is a linear operator, it follows that W (f1, fa,..., fn) =0
in case

Mfi+Xfo+ o+ A frn=0 (B.16)

for some nonzero A € C". Now a classical theorem tells us that the reverse
is true as well: if fi, fa,..., f, are linearly independent (i.e. (B.16) implies
A = 0), then W(f1, fa,..., fn) # 0. The example fi(x) = 23, fo(z) = |23
shows us that the f;’s need to be polynomials.
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Despite that the oldest known proof of this theorem by Frobenius is ele-
mentary, we give another proof, inspired by the proof of [E.15, Lm. 8]. The
reason for that will be given below.

So let us assume that fi, fo,..., fn are linearly dependent. If there are two
fi’s with the same degree, then we can subtract a multiple of the first from
the second to reduce the degree of the second, since this operation does not
affect the Wronskian determinant. Progressing in this direction gives us that
all f;’s have different degrees. Now order the f;’s by increasing degrees. This
might only change the sign of the Wronskian determinant.

The matrix

fl(jegfl) féjegfl) o fT(LZegfl)
fl( eg f2) 2( egf2) . fT(L eg f2)
f]FdEg fn) fédeg fn) . f’,gdeg fn)

is upper triangular and does not have zeros on the diagonal. Hence, its
determinant does not vanish. Since it is a submatrix of

N f2 In

fi 5o S

2 2 2

P O
fl(deg fn) fz(deg fn) .. fédeg fn)

this latter matrix has full rank n. Now we can make a square matrix M’ of
full rank n out of M by throwing away redundant rows of M, i.e. throwing
away rows that are dependent of the rows above it. It suffices to prove that
M’ is the Wronskian matrix, i.e.

bil for o fa
fi 5o
wo| oo T
fl(n—l) f2(n—1) o 7gn—l)

Write f() for the vector

(PO, fD L p)
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and f = f© and f' = f(). Assume that the m-th row of M’ is (f(m=1)t,
but the (m 4 1)-th row of M’ is not (f™)t, say it is (f¥))* with j > m.
Then (f(j_l))t is in the space generated by the first m rows of M’, i.e.

fI Y =aof +arf' +aof® + -+ apmoy fY (B.17)

where the a; are rational functions, i.e. quotients of polynomials, for all i.
Differentiating (B.17) gives

F9 = (apf +aof’) + (@l f' +arf") + -+ (o D + @ fO)

Since each of the 2m terms on the right hand side is contained in the space
generated by the first m rows of M’, f@) is contained in this space as well.
Contradiction, so the m-th row of M’ is (f(™~D)* for all m.

In [E.9, Lemma 6, pp. 15-16], a generalization of the Wronskian theorem
for more variables is formulated. The operators 8835 - are in fact replaced by
operators A;, each of which is a product of partial derivatives. The number
of partial derivatives that A; decomposes into, multiple appearances counted

by their frequency, is called the order o(4;) of A,.

The usual Wronskian determinant is replaced by

Arfi Aifa o Aifa

A A NS
WA(flaf?v"'afn) = det 2f1 2f2 . 2f (B18)

Anfl Aan e Anfn

and the author T. Schneider of [E.9] proves that if fi, fa,..., f, are linearly
independent, then Wa(f1, fo,..., fn) # 0 for certain operators A; of order
i — 1 at most. In particular, A; is the identity operator, and the first row
looks the same as in the case of one variable.

Unlike the above proof of the classical Wronskian theorem, the proof of this
theorem by Frobenius cannot be generalized to more indeterminates. The
way Schneider proves his multivariate result is by reducing to the univariate
Wronskian theorem. But his theorem does not show that there are A;’s of
all orders 0,1,2,...,p, where p is the maximum order of the A;’s, unlike a
straightforward generalization of the above proof of the classical Wronskian
theorem to more indeterminates. Neither does his methods give tools to
prove that

WA(hflathw . ahfn) = hnWA(fl?fQ’ .- 7fn) (Blg)
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(B.19) can be found in [E.6, Lm. 2.1]. But this lemma is somewhat different
to both our methods and [E.9, Lemma 6, pp. 15-16|, since the Wronskian
determinant might be zero.

Take for instance f = (1, 2y, z%y?). Notice that

1 2y 222
W, o o (Lay2%y?) =det [ 0 y 2y? | =2°
o0 0 0 22

and this is also a generalized Wronskian one can get by the multivariate
variant of the above method, since %aziyi = qzlyt~l = ﬁx’y’ The above
Wronskian matrix is however not of the form of [E.6, Lm. 2.1] and [E.15, Lm.
8], because 8% f is not linearly dependent over C of its rows. The Wronskian
matrix of both lemma’s must be that of

W, o o (1,zy, :L‘2y2) =0

' 9z’ Oy

instead.

In the proofs of theorems B.2.1 and B.2.2, we shall employ a special gener-
alized Wronskian, one without an identity operator:

Lemma B.7.1. Let fi, fo,..., fn be polynomials over C in the variables
Y, 21, 22, - - -, 21, such that each f; is of the following form.:

fi= iz + Aiza + 4 Naz) - fi

where fz is a polynomial over C in the variable y. Assume that f1, fo,..., fn
are linearly independent. Then there exists a A = (A1, Ag, ..., Ay) with

WA(flan?' . afn) 7& 0

such that for each i, either

0
A= —
‘ 82]‘
for some j, or (if i >2)
0
A= 6—yAz'71
Proof. Choose j such that A;,, # 0. Say that \j; = --- = \j,;, = 0 and

Ajm+t1 - Ajn 7 0. We distinguish three cases:
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o aizj fmtts ooy % fn are linearly dependent.
Say that
frni1 = af et af
9z, m+1 = Um—+2 oz, m-+2 Hn 9z "

Replace fomt1 by fm+1 — (Wm+2fm+2+ -+ pnfrn) and apply induction

on —m.
° (%_ Fmats s 8%]- frn are linearly independent and m = 0.
Then the result follows by applying the Wronskian theorem (in one
variable) on aizjfh %fg, ey %fn. The operators are A; = ri_aiazj.
° % Frnttseon, % fn are linearly independent and m > 1.

From the above case, it follows that Wp(fm+1,--.,fa) # 0, where
D; = ﬁ. By induction on n, we have Wa/(f1, fa,..., fm) # 0.
J

Now extend A by defining A,,+; = D; for all ¢ > 1. Since % fi=0
for all ¢ < m, it follows that

WA(flan;-'-afn) :WA(fly---;fm)'WD(fm+17--~7fn) %O

and A remains of the desired form. O

Notice that the above lemma can be generalized to more variables as well.

B.8 Proof of the main theorem

From the reductions in sections B.4 and B.6, it follows that in order to prove
theorems B.2.1 and B.2.2, it suffices to prove the following:

Theorem B.8.1. Let flLfQL' .. ,fn~ be nonzero polynomials over C in the
variable y such that ged{ f1, fo,..., fa} =1 and

fit ot 4 fa=0

Let d be the dimension of the vector space over C spanned by the fz s and
assume furthermore that no proper subsum of f1 + fo + -+ + f, vanishes.
Then

s deg fu < rpa () 4 7pma () oo () = 20
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for some p with 2 < p <d, and
p p

max deg frn < 7o(fifo-- fn) — 0

1<m<n
for some o with 1 <o <d(d—1)/2.
Assume without loss of generality that fi, fo,..., fq is a basis of the vector

space over C spanned by the f;’s. For each j > d, there exists unique Aji
such that

d
fi=> N (B.20)
i=1

In order to get rid of all linear relations between the f;’s except the sum
relation, we define

fir= | D Naz | - fi
j=d+1
for all 7 < d, and
fi=—zf;
for all 7 > d. It follows from (B.20) that

n

n d n
DS = 22 Namfim 3wk
=1

i=1 j=d+1 j=d+1
n d ~ ~
= )z <Z Ajifi — fj)
j=d+1  \i=1
= 0

Furthermore, it follows from (B.20) that

n d n d n
D1+ D N | A=+ DD Nifi=d fi=0
' =1 i=1

i=1 j=d+1 j=d+1i=1

whence

Yo oNai=-1 (1<i<d) (B.21)
j=d+1

for fi, fa, ..., fq are linearly independent.
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Lemma B.8.2. pu1f1 + pofo+ -+ pnfn =0 implies 1 = po = -+ - = iy

Proof. Let G be the graph with vertices {1,2,...,n} and connect two ver-
tices j,¢ by an edge if A;; # 0. Notice that G is a bipartite graph between
{1,2,...,d} and {d + 1,...,n}. We first show that G is connected. As-
sume the opposite. Say that G does not have an edge between {1,...,d',d+
1,...,n'}and {d' +1,...,d,n" +1,...,n}, where either d' < d or n’ < n.
Then \j; =0 for all j > n’ and ¢ < d’, whence by (B.21)

nz Aji = —1 (B.22)

j=d+1

for all ¢ < d’. On the other hand, A;; = 0 for all j <n’ and i > d’, whence

zn: Aji=0 (B.23)

j=d+1

for all ¢ > d'.
Substituting z; = 1 for all j < n/ and z; = 0 for all j > n' in Y 1, f;, it
follows from (B.22) and (B.23) that we obtain

d

n’ n’ d’ n’
DN DR F D DN EED DN DN
=1

i=1 \j=d+1 j=d+1 j=d+1

. . . n . . n rs
which is zero, since ), f; is zero. Since no proper subsum of > " | f;
vanishes, we have d’ = d and n’ = n. Contradiction, so G is connected.

Now assume ji1 f1+ pafo+- -+ pnfr = 0. Pick a j > d. Substituting z; = 1
and z, =0 for all m # j in Y ;" | i fi gives us

d
> pidjifi = pif; =0

i=1

but on account of (B.20), also

d
Z piNjifi — i f; =0
i1
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so by subtraction
d

> (i = pi)Ajifi =0

=1

Since fi, fo, - , fa are linearly independent over C, (i — pj)Aj; = 0 for all
7 <d. So
Ni 20 = = gy (B.24)

Since G is connected, the desired result follows. U

From lemma B.8.2, it follows that fi, fs,..., fn—1 are linearly independent,
whence we can apply lemma B.7.1 to get

Wa(f1, fo, -y fue1) #0

where A = (A1, Ag, ..., A,_1) satisfies the properties of lemma B.7.1. Since
fi+ fo+---+ fn =0, we have

Wa(fi, far o os fo1) = (=1 Walfr,-- -, ficts firt -5 fn)
(_1)n_1WA(f27"‘7fn—17fn) (B25)
Let p be the maximum among the orders o(Aj),0(Asz),...,0(Ap—1), i.e. the

maximum number of partial derivatives which any A, may decomposes into.
Put

n—1
o:=>» (o(A;)—1)

i=1

Let j > d. Since z2-f; = 0 for all j # m, and the left hand side of (B.25)
does not vanish, % € {A,Ag,...,Ap_1}. A similar argument on the right

hand side of (B.25) gives % € {A1,Ay,...,Ap_1}. Son—dofthen—1
A;’s have order 1. It follows from lemma B.7.1 that

plp—1) Sggd(d—l)

2<p<d and 1<
2 2

Lemma B.8.3.

Fufa fo [t (f)eo1(f2) - vpm1(fn) - Wa(f1s f2r - frm1)

and

fiferfalvo(fifer - fa) - Wa(fi, fare ooy f1)
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Proof. 1t suffices to prove that irreducible polynomials g over C in the vari-
able y divide the right hand side at least as often as the left hand side. So
let g € C[y] be irreducible. Since ged{f1, fa, ..., fn} = 1, one of the f;’s is
not divisible by g, say that g { fi. It follows from (B.25) that it suffices to
show that g divides fg e fn at most as often as

tp—l(fl)tp—l(fZ) e 'tp—l(fn) . WA(an v 7fn—17fn)

and

to(fifor fu) Walfos oy faet, fn)

Now pick any term of the determinant expression Wa(fa,..., fn—1, fn). Af-
ter permuting fo, ..., f,, the term at hand becomes

ANH P RFAVY CRERRE Ap—1fn

Now if g divides f; exactly [ times and hence also f; exactly [ times, then g
divides A;_1f; at least [ — p times, since partial derivatives kill at most one
instance of a factor g in their argument. But one of the partial derivatives
is a C%j which does not kill any instance of g, so g divides A;_1f; at least
[ —(p—1) times.

The factor ‘c(f}-)p_l compensates the decrease of p — 1 factors g, so g divides
t( fi)pflAi_l f; at least as often as it divides f;, and the first inequality of
this lemma, follows. The second inequality follows from the fact that the A;’s

together have o partial derivatives of the form a% that might kill instances
of g. O

Lemma B.8.4.

deg WA (f1, fos- -, fa1) < deg(fifa -+ fao1) — 0

Proof. The idea is that a partial derivative decreases the degree by one.
Consider a term on the left hand side of the above formula. After reordering
the f;’s, this term becomes

Aifi-Dofy-o- Ap_1fn—1

Since 0(4A;) > 1 for all i, the degree of this term is at most deg(fifo - fn-1)—
(n—1) = deg(fife--- fn—1). But there are also A;’s of orders larger than
one, which are responsible for the term o. O
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Proof of theorem B.8.1. Assume without loss of generality that f, has the
largest degree among the f;’s. From lemmas B.8.3 and B.8.4, it follows that

> deg fi <o (f) H o1 (fa) + o+ o1 (fn) +deg(fifar e fao1) — 0
i=1

whence

deg fin < rp1(f1) +7p1(f2) + - +7p1(fn) — w

which is the first inequality of theorem B.8.1. The second inequality follows
similarly. O

B.9 Joining theorems B.2.1 and B.2.2

The general result that implies both [E.2, Col. I] and (the improved version
(B.14) of) [E.2, Col. II] is [E.2, Theorem A], which we will describe now
for the polynomial case. For irreducible polynomials p, let m, denote the
number of f;’s that is not divisible by p. Then [E.2, Theorem A] implies

e seninz (") 2 ((51) (M 1) wee

where Zp ranges over all irreducible polynomials p. It follows from (B.26)
that

e et <=(" )0 5 () (1) 2 ()

ptfifn plfifn

which is exactly the case d = n—1 of the univariate case of (B.7) in theorem
B.2.2.

In order to get a similar result on (B.26) and (B.5) in theorem B.2.1, we first
need some preparations. Assume

fit fira (B.27)

The reason for (B.27) is that there exists an irreducible p that divides f; more
times than it divides f;11, say that p divides f; {4 j times and f;41 [ times.
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Now replace f; by f;p’ and f;11 by fir1p~/. Then (B.27) might still be the
case, but the divisibility by p is not the reason any more. Furthermore, for
any power ¢ of an irreducible polynomial, ¢ divides as many f;’s as before.
If we proceed in this direction, we finally arrive at

Proposition B.9.1. There exist hy, ho, ..., h, such that
1. hy | ha || hy,

2. For any power q of an irreducible polynomial, q divides as many h;’s
as it divides f].

Notice that hy = ged{ f1, fo,..., fn} = 1. More generally, h; is the greatest

common divisor over all subsets {j1,j2,...,7:} of {1,2,...,n} of lem{f},,
Sias - it
Since m,, is also the number of h;’s that is not divisible by p,
Mp
(mp_1> =S i-2=Y (-2
2 =2 2<i<n

pth;

whence

(ngl)_(mp;l): Zn: (i-2)= > (i-2)

i:mp+1 1;7,}571,
Summing this over all p, it follows from (B.26) that
max deg fn, < i(z —2)r(h;) — n—d (B.28)
1<m<n m= — ! 2

which implies the case d’ = n — 1 of the univariate case of (B.5) in theorem
B.2.1, for

n n

> () = Zr(fi)

i=1 =1

By r(h1) = 0 and r(h;) < r(hy), the case d = n — 1 of the univariate case of
(B.7) in theorem B.2.2 follows from (B.28) as well. (B.28) can be improved
to

= n—1
s de i < Yoria) = ()
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which implies (B.4) in theorem B.2.1 for p = n — 2 and (B.6) in theorem
B.2.2 for 0 = (n — 1)(n — 2)/2, since r;(a)r;(b) < ri;;(ab). The general
multivariate result that includes both theorems B.2.1 and B.2.2 is

max deg fm S ZT(Oi_l)—l(h”i) -0
1=2

1<m<n

where

are the orders of the A;’s. The proof is left as an exercise to the reader.

At last we sketch the proof of (B.12) and (B.13). Assume that each set of
d f;i’s forms a basis of the space generated by all f; and order the f;’s by
increasing degree. As indicated in section B.5, we do not need to multiply
the f;’s by linear forms in order to get rid of unwanted linear dependences.
Similar to (B.25), one can prove that all sequences of d f;’s have the same
Wronskian determinant Wa(f1, f2,. .., f4) up to a nonzero constant in C.
Since each set of d f;’s generates the whole space, the greatest common
divisor of such a set is 1, whence there can only be d—1 f;’s at most that are
divisible by a given irreducible polynomial p. Sohy = he =+ =hy_g11 =1
and

fiferrfa | hn—di2hn—ds3 - hn
! tl(hnfd+2)t2(hnfd+3) T tdfl(hn)WA(fl, fa,. .. 7fd) (B~29)

because focusing on one irreducible divisor p, one can replace fi, fo,..., fa
on the right hand side of (B.29) by the d f;’s of maximum divisibility by p.
Next, since each set of d f;’s has a polynomial of maximum degree, the n —d
fi’s on the left hand side of (B.29) that are not on the right side of (B.29)
have maximum degree. That gives the factor 1/(n—d) in (B.12) and (B.13).
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