INDIAN INSTITUTE OF SPACE SCIENCE AND
TECHNOLOGY

A DOCTORAL THESIS

A Study
On Subalgebras of Affine Fibrations
Using Locally Nilpotent Derivations

Submitted in partial fulfillment for the award of the degree of
Doctor of Philosophy
by

Janaki Raman BABU

Department of Mathematics
Indian Institute of Space Science and Technology
Valiyamala P.O.
Thiruvananthapuram - 695 547

Submitted in September 2022. Revised in April 2023.


http://www.iist.ac.in
http://www.iist.ac.in
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile




iii

Certificate

This is to certify that the doctoral thesis titled A study on subalgebras of affine fi-
brations using locally nilpotent derivations submitted by Janaki Raman BABU, to
the Indian Institute of Space Science and Technology, Thiruvananthapuram, in par-
tial fulfillment for the award of the degree of Doctor of Philosophy in Mathematics
is a bona fide record of the original work carried out by him under my supervision.
The contents of this doctoral thesis, in full or in parts, have not been submitted to
any other Institute or University for the award of any degree or diploma.

Dr. Prosenjit DAS Dr. Anilkumar CV

Advisor of Janaki Raman BABU The Head

Department of Mathematics Department of Mathematics
Indian Institute of Space Science and Indian Institute of Space Science and
Technology Technology
Valiyamala P.O. Valiyamala P.O.
Thiruvananthapuram - 695 547 Thiruvananthapuram - 695 547

Place: Thiruvananthapuram
Date:


https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile
https://iist.ac.in/departments/mathematics-profile




Declaration

I declare that this thesis titled A study on subalgebras of affine fibrations using
locally nilpotent derivations submitted in partial fulfillment for the award of the
degree of Doctor of Philosophy is a record of the original work carried out by me
under the supervision of Dr. Prosenjit DAS, and has not formed the basis for the
award of any degree, diploma, associateship, fellowship, or other titles in this or
any other Institution or University of higher learning. In keeping with the ethi-
cal practice in reporting scientific information, due acknowledgments have been
made wherever the findings of others have been cited.

Place: Thiruvananthapuram Author: Janaki Raman BABU

Date:  22nd September 2022 Student ID: SC16D036
Revised on 6th April 2023







vii

Acknowledgements

First, I would like to thank my supervisor and guide, Dr. Prosenjit Das, for giving me the
right ideas and having patience, which gave me adequate time to solve problems. Many
active discussions with him taught me to have a sound vision of how to approach a math-
ematical problem. The freedom he gave helped me to have a glimpse of other areas of
study and research works, which are closely related to the field of commutative algebra.
The amount of support he gave me throughout my research work is so much that only
words cannot describe it, and I am indebted to him throughout my life.

I take this opportunity to thank the entire IIST, including the Directors, Dean R&D, and
Dean Academics, for providing a lively and peaceful environment to do research. I extend
my thanks to all the members of the mathematics community at IIST. In particular, I want
to thank all the Heads of the Mathematics Department during my research tenure at IIST,
i.e., Dr. K.S.S Moosath, Dr. Nicholas Sabu, and Dr. C V Anil Kumar, for their kind support
and help; and all the faculties for the courses they taught me; and all the office persons for
their sincere service and help beyond the academics. I also thank my doctoral committee
members, Dr. K.S.S Moosath, Dr. Kaushik Mukherjee, Dr. Priyadarshnam, and Dr. Viji Z.
Thomas, for reviewing my work every year and providing general guidance.

Next, I would like to thank all the teachers, professors, and faculties who directly or
indirectly impacted me. Though it is not possible to list all of their names, I would like to
mention a few of them who have structured my research career. In this regard, I want to
convey my special thanks to Dr. Purusottam Rath of CMI for teaching an excellent course
on Ring and Module theory, thereby sowing the seed to pursue research in commutative
algebra. I would also like to thank Dr. G.P.Youvaraj, Professor Emeritus of RIASM, for en-
lightening me with two courses on Real and Advanced Analysis and his timely words on
how to get the focus back on research during the difficult times of my Ph.D. tenure. Spe-
cial mention to Dr. Priyavrat C. Deshpande of CMI for teaching the concepts of algebraic
topology and helping vastly improve my level of intuition.

Last but not least, I can not forget the support, care and warmth I have received from
my friends, parents and family members, in particular, my brother who advised and en-
couraged me to join CMI to pursue a career in mathematics.






Contents

Certificate

Declaration

Acknowledgements

List of notation

I

1

I1

Introduction and preliminaries

Introduction

1.1 Themotivation . . . . . . . . . . . . . e

1.2 LNDs and AZ2-fibrations: A few results of interest . . . . ... ... .....

1.3 Theobjectivesof thestudy . . . . .. .......................
1.3.1 The first objective of thestudy . . . ... ... .. ... ..... ...
1.3.2 The second objective of thestudy . . . . . .. ... ... ........
1.3.3 Relation between the first two objectivesof study . . . ... ... ..
1.3.4 The third objectiveof thestudy . . . . . ... ... ... ........

1.4 Thesisorganization . . . ... ... .. ... ... .. ... . .

Preliminaries

2.1 Notation . . . . . . . . e e e e e e
2.2 Definitions . . . . . . . ... e e e e
2.3 Preliminaryresults . ... ... ... ... ... .. .. .. L.

A class of LNDs of A2-fibrations

Fixed point free LNDs of A2-fibrations

31 Auxiliaryresults. . . .. ... ... ... oo
3.2 Structure of Al-fibrations having fixed point free LNDs . . . . .. ... ...
3.3 Structure of A2-fibrations having fixed point free LNDs . . . . . .. ... ..
34 Examples . . ... ... ...

ix

iii

vii

xi

15
15
15
16

21



4 LNDs with polynomial kernels of stably trivial A2-fibrations

4.1
4.2
4.3
44
4.5
4.6

A criterion for one-variable polynomial subrings of R} to be inert . . . . .
Irreducible Jacobian derivations of polynomial algebras . . . . ... ... ..
A criterion for a stably trivial A?-fibration to be trivial . . . . . ... .. ...
LNDs of stably trivial A2-fibrations with image having grade at least two .
LNDs with polynomial kernels of stably trivial A2-fibrations . . . . . . . ..
Examples . . . . .. ... .

III Rank and rigidity

5 Rank and rigidity of LNDs of affine fibrations

51
52
53

Rank of LNDs of affine fibrations . . . . . . . . . .. .. ... . ... .....
Rigidity of LNDs of affine fibrations . . . . .. ... ... ...........
Examples . . . . . . ..

IV Appendix

A Gg-actions, exponential maps and LNDs
A.1 Relationship between the G,-actions and the exponential maps . . . . . ..
A.2 Relationship between the exponential mapsand the LNDs . . . . ... ...

Bibliography

33
35
39
40
42
49
53

59

61
63
68
70

73
75
75
77

81



xi

List of Notation

Throughout the thesis all rings will be assumed to be commutative rings with unity.

Let R be a commutative ring, R[Xy, Xy, -

-, Xy] a polynomial algebra in n

indeterminates X1, X5, - - - , X;, over R and A an R-algebra. We fix the following notation.
R* Group of units of R.
nil(R) Nilradical of R.
Qt(R) Total quotient ring of R.
Spec(R) The set of all prime ideals of R.
MaxSpec(R) The set of all maximal ideals of R.
k(P) Residue field Rp/PRp where P € Spec(R).
ht(I) The height of an ideal I of R.
Qt(R) The field of fractions of R, when R is an integral domain.
ch(R) Characteristic of R.
Pic(R) Picard group of R.
Rl Polynomial algebra in n variables over R.
A = Rl A is isomorphic, as an R-algebra, to the polynomial algebra R["l.
Symy (M) Symmetric algebra of an R-module M.
Qr(A) Universal module of R-differentials of A.
Derg(A) Module of R-derivations of A.
tr.degy(A) Transcendence degree of A over R, where R C A are domains.
Rp SR, where S = R\P and P € Spec(R).
Ap A ®g Rp, for P € Spec(R).
Autg(A) The group of R-algebra automorphisms of A.
DVR Discrete valuation ring.
PID Principal ideal domain.
UFD Unique factorization domain.
LND Locally nilpotent derivation.

J(F) or Jacx) (F)

A£ or jD(X) (E, —)

grade(I)

Dy

Jacobian matrix of F := (Fy, F,, - - - , F;) with respect to the
indeterminates X := (X1, Xy, -+, Xy) in R[Xq, Xp, - -+, Xi].
Jacobian derivation defined by F := (F;, F, - - -, F,—1) with
respect to the indeterminates X := (X1, Xp, - -+ , Xy) in
R[X1,Xp, -+, Xul.

= depth(I, R), which is the length of a maximal R-sequence in I
where R is a ring and [ is an ideal of R.

The natural extension of an R-derivation D : A — Aon A ®g K
where R is a domain and K = Qt(R).
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Introduction and preliminaries






Chapter 1

Introduction

1.1 The motivation

In this title of proposed thesis, the objects of study are locally nilpotent derivations (LNDs)
of affine fibrations and subalgebras of affine fibrations. We, mainly, wish to explore the
structure of A2-fibrations using the techniques of locally nilpotent derivations; and also
wish to give a useful classification of the locally nilpotent derivations of A2-fibrations and
characterize the classes completely. While locally nilpotent derivations can be realized as
a generalization to partial derivatives, they also can be viewed as differential operators on
polynomial algebras, and correspondingly the kernel of LNDs represent the solution space
of differential equations corresponding to the considered differential operators. For exam-
ple, one may look the articles [Ess92] and [Ess94] by van den Essen to see how the theory
of LNDs can be applied to study certain problems in differential equations. A concise
write-up by El Kahoui in [EK04] nicely expresses the applications of the theory of LNDs as
follows.

"A classical application of derivations theory is the study of various questions such
as first integrals and invariant algebraic sets for ordinary polynomial differential systems
over the reals or the complexes. - - - Very often, the study of practical questions, arising for
example from differential equations, leads to dealing with derivations over abstract rings,
sometimes even nonreduced, of characteristic zero. One of the fundamental questions in
this topic is to describe their rings of constants."

Before we discuss in depth about LNDs, we shall first define some terminologies.
Definition 1.1.1.

o Let A be an R-algebra and M an A-module. A map D : A — M is called a derivation if
it satisfies the following properties.

(i) Additivity: D(a+b) = D(a) + D(b)
(ii) The Leibniz rule: D(ab) = aD(b) + bD(a) forall a,b € A.

The kernel of a derivation D, denoted by Ker(D), forms a subring of A and is called the ring

of constants of the derivation D.
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* Let A be an R-algebra and D : A — A a derivation. D is said to be an R-derivation
of Aif R C Ker(D). An R-derivation D is called locally nilpotent (R-LND or simply
LND) if for each a € A there exists n € IN such that D" (a) = 0. D is called irreducible if
D(A)A ¢ (a)A for any non-unit element a € A. D is called fixed point free if D(A)A =
A. Aslice s € A is an element satisfying D(s) = 1.

Notation 1.1.2. For a ring R and a field k, we fix the following notations.

e R shall denote the polynomial algebra in n indeterminates over R.
* A} shall denote the affine n-space over k.
e For Fl/FZ/' T /Fi’l’l € R[X1/X2/' T /XI’I]

(1) The notation T ac(x, %y, Xy (F1, B, - -+, Fy) will denote the Jacobian matrix
a(FllFZI' ce /Fm)

a(X1/X21 e /Xn)
nates X1, X, -+ , Xy. If the indeterminates X1, Xp, - - -, X,, of the polynomial algebra

of the polynomials Fy,F,,--- , F, with respect to the indetermi-

are fixed, we do not need to mention the indeterminates and in that case the notation
J(F, F, -+, Ey) shall denote jac(xl,xz,---,xn)(FleZI' -+, Fy).

(ii) The notation jD(XI/XZ/"'/Xn) (Fi,F, -+, Fy—1,—) will denote the map
g+ detJacix, x,,... x,) (F,F, -+ ,F,1,8) . For the cases where mentioning the
indeterminates is not necessary, jD(Xl,Xz,m,X,,)(FlrFZ/' -+, Fy_1,—) will be denoted

by A(FlrFL“'/anl)’ i'e" A(Flle-",anl)(g) = det jaC(XLXz,m,Xn)(FlrFZr T /anlz g)-

The modern approach to the theory of LNDs was started during 1960s by french math-
ematicians like Dixmier, Gabriel, Nouaze, and Rentscler while working in the areas of Lie
algebras and Lie groups. As the theory of LNDs began to develop it was found that many
famous algebraic problems can be translated in terms of LNDs. For example we state the
original form of the "Jacobian Conjecture" and the "Zariski Cancellation Problem” and state
them in terms of LNDs as follows.

Jacobian Conjecture: Let k be a field of characteristic zero and let A = k[X3, Xp, - - - , X
Suppose, we have polynomials Gy, Gy, -+ ,Gy, in A such that det J(G1, Gy, - - -, Gy)
A* = k*. The conjecture states that G := (G1, Gy, - - - , Gy) is invertible or equivalently
k[G1, Gy, -+, Gy = k[ X1, X2, -+, Xu).

We now state the Jacobian Conjecture in terms of LNDs ([Frel7, p. 3.2.3]). Let F :=
F,F, - ,F,_1 be asequence of elements in A. One can check that Ar is a k-derivation of
A. The Jacobian Conjecture states that suppose we know that Ar has a slice, then it follows
that Ar is locally nilpotent and Ker(Af) = k[F;, B, - - -, Fy—1].

-
€

Lwhich is called the Jacobian determinant of the elements Fy, E», - - - , F,_1, g
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Zariski Cancellation Problem: Let k be an algebraically closed field and V be an affine
k-variety such that V x Al = A}, Does it follow that V 2 A"? In other words, is the
affine n-space A} cancellative?

The above statement can be translated in terms of locally nilpotent derivations as fol-
lows ([Ess00, pg. 54]). Let k be a field of characteristic zero and D a locally nilpotent
derivation of k["*1] with a slice. Does it follow that Ker(D) = k["I?

Though there are many unsolved problems in the study of LNDs, e.g., finding the struc-
ture of LNDs of certain algebras, the problem of finite generation of kernels of LNDs e.t.c.,
solving which will enrich the theory of LNDs, the existing theory of LNDs has vast appli-
cations towards the problems related to algebraic geometry and affine algebraic geometry.

In algebraic geometry, for an algebraically closed field k, the G,-actions (or equivalently
the actions of the additive group k™) on A} are very important objects of study. When the
field k has characteristic zero, the LNDs help translate the study of geometric problems
involving G,-actions on A} in terms of algebraic problems involving exponential maps on
the polynomial algebra k!".

It can be shown (see [Dail0, Section 4]) that over an algebraically closed field of charac-
teristic zero, there is a bijection between the G,-actions of k-variety X and the exponential
maps of the coordinate ring of X; and further there is a bijection between the exponential
maps of the coordinate ring of X and the LNDs of the coordinate ring of X, i.e., if B is the
coordinate ring of X, then we have

{Gg-actions on X} <= {exponential maps on B} <= {LNDs of B}.

So, to study algebraic actions it is enough to study LNDs whenever the base field is
algebraically closed of characteristic zero.

For the convenience of the readers, the detailed discussion on the relationship between
the G,-actions, the exponential maps and the LNDs has been done in Appendix A.

In the recent years, LNDs and G,-actions were used by many authors to give alternative
proofs of well established results and to find counterexamples of famous problems. To
quote a few:

¢ Rentschler [Ren68] gave a simple proof of Jung’s theorem on automorphisms of poly-
nomial ring k[X, Y] ([Jun42])> where k = Q using locally nilpotent derivations.

¢ Miyanishi [Miy73] used G, actions (equivalent to exponential maps which in charac-
teristic zero are nothing but LND) to prove the cancellation theorem of Abhyankar,
Eakin, and Heinzer.

2Jung’s Theorem asserts that every plane automorphism is tame in the case when base field is of character-
istic zero.
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e Hilbert’s fourteenth problem: Let K be a field, K[X] = K[X3, - - - , X»] the polynomial
ring in m variables over K, and K(X) its field of fractions. Then, the fourteenth prob-
lem of Hilbert asks whether the K-subalgebra L N K[X] of K[X] is finitely generated
whenever L is a subfield of K(X) containing K.

For the case m < 2 the answer to the Hilbert’s Fourteenth problem is affirmative
due to Zariski (see [Zar54]). However, it was Nagata, in 1958, who first presented
a counterexample to the above problem (see [Nag60]) for the case m = 2n? where
n>4¢cN (e, m> 32).

Almost for thirty years since Nagata’s construction of the example it was not known
whether a counterexample to the problem exists for m < 31; especially for the case
m = 3. Roberts, in 1988 ([Rob90]), gave a counterexample to the Hilbert’s Four-
teenth problem for m = 7 using G,-actions. Subsequently, using techniques of LNDs
(or equivalently G,-actions), counter examples to the problem were given in lower
dimensions by Daigle-Freudenburg for m = 6 ([DF99]), Freudenburg for m = 5
([Fre00]), and finally by Kuroda in the last two lowest dimensions, i.e., for m = 4,3
([Kur04] [Kur05]).

* Makar-Limanov in [ML96] (1996) showed the Russel-Koras threefold defined by f =
x + x%y + z2 + £ is not isomorphic to C3. To establish the result, he developed new
techniques of locally nilpotent derivations leading to the definition of AK-invariant
or the ring of absolute constants (now called as the Makar-Limanov invariant or ML-
invariant). To differentiate between algebraic structures ML-invariant is one of the
prominent tool which is used extensively.

e Zariski Cancellation Problem:

1. Crachiola and Makar-Limanov in [CML08], using the techniques of LNDs, gave
a simplified algebraic proof to the cancellation theorem of Miyanishi-Sugie and
Fujita ([MS80] and [Fuj79]), i.e., the proof that the Zariski Cancellation Problem
(see p. 5) has affirmative answer in characteristic zero for n = 2.

2. Gupta in [Gupl4a], [Gupl4b] and [Gupl4c] completely solved the long stand-
ing Zariski Cancellation Problem in positive characteristics. Her method mainly
depends upon techniques originating from LNDs e.g., exponential maps, Derk-
sen invariant etc. The technique she has developed is now broadly being used
to understand different algebraic structures in affine algebraic geometry.

1.2 LNDs and A2-fibrations: A few results of interest

An important property of LNDs is the “Slice Theorem” which was first discovered by
Gabriel-Nouaz ([NG67]). Subsequently, many mathematicians have given proofs to this
crucial result, e.g., Dixmier ([Dix77]), Miyanishi ([Miy78]), Wright ([Wri81]). However, we
register below a version of “Slice Theorem” by Wright ([Wri81, Proposition 2.1]).

Theorem 1.2.1. Let R be a ring containing Q, A an R-algebraand D : A — A an R-LND. If D
has a slice s € A, then we have A = Ker(D)[s] = Ker(D)!!.
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The converse also holds, provided D is irreducible, i.e., if D is irreducible and A = Ker(D)[l],

then D has a slice.

If a locally nilpotent derivation D has a slice, then it can be proven that D is surjective,
i.e., D(A) = A, provided the base ring R contains Q (A short proof of it is included here:
Let s be a slice then for y € A, by the Slice Theorem (Theorem 1.2.1) write y = co +
€15+ -+ +cy_18""! with ¢; € Ker(D) then x = ¢+ cos + ¢18*/2 + - - - + ¢,8" /n for any
¢ € Ker(D) will satisfy D(x) = y). Since any LND having a slice is fixed point free,
naturally the converse asks

Question 1.2.2. Let R be a ring containing Q, A be an R-algebraand D : A — A an R-LND.
Suppose D(A)A is an unit ideal i.e D(A)A = A, does it imply D has a slice?

For the case A is a polynomial algebra, the following results are established.

(a) Answer to Question 1.2.2 is affirmative when A is a polynomial algebra in one inde-
terminate and is deduced as follows.

Let D : R[X] — R[X] be a fixed point free R-LND. Since D is uniquely deter-
mined by its image D(R[X]) which is generated by D(X) itself over R[X], and since
D(R[X])R[X] = R[X], there exists a € R[X] such thataD(X) = 1. Leta = ap+ a1 X +
X%+ +a, X" where a; € Rforalli € {0,1,---,m}. Then, by the additivity and
the Leibniz rule property of D it can be observed that D(agX + 5 X* + 2X3 + -+ +
nf—_’ﬁleH) = 1. Now since Q C R, it follows that 77 € R foralli € {0,1,---,m}.

Hence, s := apX + 3 X* + X5 4 - - - + ;p X"+ € R[X] is a slice of D.

(b) Question 1.2.2 was studied for polynomial algebra in two variables (A = Ry and
positive results were obtained in phases by the following authors.

(a) Rentschler in [Ren68]: R is a field.
(b) Daigle and Freudenburg in [DF98]: R is an UFD.
(c) Bhatwadekar and Dutta in [BD97]: R is a Noetherian domain containing Q. (1)

(d) Berson-van den Essen-Maubach in [BEMO1]: R is any ring containing Q and D
is divergence free.

(e) van den Essen in [Ess07]: R is any ring containing Q.
The final result can be quoted as

Theorem 1.2.3. Let R be any ring containing Q and D : R[X,Y] — R[X, Y] be a fixed
point free R-LND, then D has a slice s so that R[X,Y] = Ker(D)(s].

(c) For the case A = R there exists a counterexample due to the works of Winklemann
([Win90]) and Snow ([Sno89]) .

Winklemann in 1990 constructed a C[T]-LND D on C[T][X, Y, Z] as follows.

D(X)=T D(Y)=X and D(Z)=X>-TY-1.
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Now since —YD(X) + XD(Y) — D(Z) = 1, it implies that D is fixed point free. Now
to prove D does not have a slice, it is enough to show that any one of its conjugate
derivations E = ¢~ 'Do (where o denotes an automorphism of RP!) have the same
property. Snow, in [Sno89], constructed an LND E : RP — RB) such that E(X) = T,
E(Y) = X and E(Z) = 1+ X2 which is a conjugate of D. van den Essen ([Ess00, pg.
41]) proved that E does not have a slice, and therefore, it follows that D does not have
a slice.

When A is not a polynomial algebra, the first result towards Question 1.2.2 is by Kahoui-
Ouali in [EKO12] for the case A is an A?-fibration over a regular ring. When A is an
A!-fibration, Kahoui-Ouali solved Question 1.2.2 completely in [EKO14, Section 2.1]. Our
interest is the case when A is an A2-fibration. We shall discuss the corresponding results
in Section 1.3.1. Before going into the detailed discussion we first define A"-fibrations
(affine n-fibrations). Affine fibrations are important objects of study (see [Miy07]) in affine
algebraic geometry, and they occur naturally, for example,

(i) If R is a Noetherian domain containing Q and f € R[X,Y] = R is such that
R[X,Y]/(f) = RW, then R[X,Y] is an A'-fibration over R[f] (see [Bha88, Lemma
3.5]).

(ii) If R is a ring containing Q and D : RBI — RB is an R-LND with a slice, then one
can see that Ker(D) is an A2-fibration over R (see [Fre09, Theorem 1.1]).

One can easily notice that for a ring R, the polynomial algebra R necessarily satisfy
the following conditions.

1. RI" is finitely generated over R,
2. R is flat over R, and

3. R @g k(P) = k(P)!"! for every prime ideal P of R; i.e., the fibers of R[" at each
prime ideal P of R are n-dimensional polynomial algebras.

Definition 1.2.4. Let R be a ring and A an R-algebra. A is called an A"-fibration (or affine
n-fibration) if it satisfies the above listed three conditions.
The above definition of affine fibration was introduced by Sathaye in [Sat83], where he

proved the path breaking result that any A2-fibration over a discrete valuation ring (DVR)
containing Q is a polynomial algebra ([Sat83, Theorem 1]), i.e.,

Theorem 1.2.5. Let R be a DVR containing Q and A an A>-fibration over R. Then, A = R,

Definition 1.2.6. Let A be an A"-fibration over a ring R. A is said to be trivial if A is a poly-
nomial algebra over R, i.e., A = RI". A is said to be stably trivial if A is a stably polynomial
algebra over R, i.e., there exists £ € IN such that Alf) = Rlt+n],

One should note that an open problem by Dolgacev-Veisfeiler [VD74] itself asks whether

an affine fibration A over a ring R is a polynomial algebra. Sathaye’s result (Theorem 1.2.5)
solved this problem for the case when R is a regular local ring of dimension one containing
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Q and A is an A2-fibration over R. Answer to this problem is not known even when R is a
regular local ring of dimension two containing Q and A is an A2-fibration over R.

After Sathaye’s result, the most significant work in the theory of affine fibration is the
structure theorem by Asanuma ([Asa87, Theorem 3.4]).

Theorem 1.2.7. Let R be a Noetherian ring and A an A’-fibration over R. Then, Qr(A) is a
projective A-module of rank r and A is an R-subalgebra (up to an isomorphism) of a polynomial
ring R™ for some m € N such that A" = Sym . (Qr(A) ®4 RI™) as R-algebras.

When the base ring is a one-dimensional Noetherian domain containing Q, Asanuma-
Bhatwadekar in [AB97], established that any A2-fibration has the following nice structure
([AB97, Theorem 3.8]).

Theorem 1.2.8. Let R be a one-dimensional Noetherian domain containing Q and A an A>-
fibration over R. Then, there exists W € A such that A is an A'-fibration over R[W].

1.3 The objectives of the study

The study in this thesis keeps three aims. The first two aims are related to studying the
structure of A2-fibration using LNDs of it and exploring a certain class of LNDs of A2-
fibrations, which is discussed in Part II, consists of Chapter 3 and Chapter 4. The third aim
is to explore a possible concept of rank and rigidity of LNDs of affine fibrations that help to
understand the relation between the kernel of the LNDs, the ambient affine fibration and
the base space, which is discussed in Part III consisting only Chapter 5.

1.3.1 The first objective of the study

While fixed point free LNDs of RBI need not have slice, Freudenburg, in [Fre09], observed
that the kernels of LNDs of R[B! with slice have nice structures; they are AZ2-fibrations over
the base ring R ([Fre09, Corollary 2.2]).

Lemma 1.3.1. Let R be a ring containing Q. If D is an R-LND of RE! with slice, then Ker(D) is
an A*-fibration over R.

One may note that Lemma 1.3.1 is due to the fact that the Zariski Cancelation Problem
has an affirmative answer in dimension two over fields containing Q (follows from [Fuj79],
[MS80] and [Kam75]); and an alternative version of Lemma 1.3.1 is the following.

Lemma 1.3.2. If A is a stably polynomial algebra over a Noetherian domain R containing Q where
tr.degr(A) = 2, then A is an A>-fibration over R.

Freudenburg, in [Fre09], also observed that A2-fibrations over polynomial algebras
over fields containing Q are trivial if and only if they have LNDs with slice ([Fre09, Theo-
rem 3.1]).
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Theorem 1.3.3. Let Q — k be a field, R = k" and A an A2fibration over R. Then, A = R if
and only if A has an R-LND with slice.

And thereby, Freudenburg asked ( see [Fre09, Question 2])

Question 1.3.4. Let Q < k be a field, R = k" and A an A2fibration over R. Suppose, A has a
fixed point free LND. Is then A = R1?I?
From Theorem 1.3.3, it follows that if the fixed point free LNDs of AZ-fibrations have

slice, then Question 1.3.4 has an affirmative answer. Kahoui-Ouali, in [EKO12], solved
Question 1.3.4 completely. To be specific,

Theorem 1.3.5. Let R be a Noetherian normal domain containing Q and let A be a locally stably
polynomial A>-fibration over R. Let D be a fixed point free locally nilpotent R-derivation of A.
Then D has a slice if and only if Ker(D) is an A'-fibration over R. Consequently,

(1) If R is a reqular ring, then Ker(D) is an A'-fibration; and therefore D has a slice, i.e.,
A = Ker(D)1.

(I) If R is a regular UFD, then Ker(D) = R; and therefore D has a slice, i.e., A = Ker(D)!!l =
R,

However, the question whether fixed point free LNDs of A?-fibrations have slice (i.e.,
Question 1.2.2 for the case A is an A%-fibration) remained open. Specifically,

Question 1.3.6. Let R be a ring containing Q and A an A>-fibration over R. Suppose, D is a fixed

point free locally nilpotent derivation of A. Does D have a slice?

Here it needs a mention that Kahoui-Ouali, in [EKO14], established that a fixed point
free locally nilpotent derivation of an A!-fibration has a slice, thereby settling the Question
1.2.2 when A is an Al-fibration over R ([JEKO14, Corollary 2.5]).

Theorem 1.3.7. Let R be a Noetherian domain containing Q, A an Al—ﬁbmtion over R and
D : A — A a fixed point free R-derivation. Then, D has a slice, i.e., A = R gnd Ker(D) = R.

In [EKO16], Kahoui-Ouali, in view of Theorem 1.2.3, gave a partial affirmative answer
to Question 1.3.6 under the condition that A is a stably polynomial algebra over R (see
[EKO16, Theorem 3.1]).

Theorem 1.3.8. Let R be a ring. If A is a stably polynomial A>-fibration over R i.e., A also satisfies
Al = RU"+2] for some m € IN, then A = R if and only if A has a fixed point free R-LND.

Therefore, Question 1.3.6 remained unsolved for the case either A is a non-trivial A2-
fibration or A is a non-stably polynomial A?-fibration.

In [BD21], we have completely solved Question 1.3.6 for the case when R is a Noethe-
rian ring (see [BD21, Theorem 4.4 and Theorem 4.7]). Our result proves that if D is a fixed
point free R-LND on an A2-fibration over a Noetherian ring R containing Q, then D has
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a slice. A consequence of our result proves that when R is a one-dimensional Noetherian
ring containing Q, then an A-fibration having a fixed point free R-LND has the structure
as described in Theorem 1.2.8. The detailed discussion on our results has been done in the
Chapter 3 (Part-II) of the thesis.

1.3.2 The second objective of the study

In view of Theorem 1.2.3, one should note that under the case R is a Noetherian ring con-
taining Q, Hamann'’s cancellation result (see Theorem 2.3.6) establishes that Ker(D) = R[!.
In this regard the contribution of Bhatwadekar-Dutta (1) listed in pg.7 towards Theorem
1.2.3 needs a special mention. In their paper Bhatwadekar-Dutta characterizes all the ir-
reducible locally nilpotent derivations D with polynomial kernels in R[X, Y] when R is a
Noetherian ring, to be specific ((BD97, Theorem 4.7 and Corollary 4.9]).

Theorem 1.3.9. Let R be a Noetherian domain containing Q with quotient field K, A = R[X, Y]
and D an R-LND on A. The following are equivalent

(i) D is irreducible and Ker(D) = R,

(ii) DX and DY form an A-regular sequence or are comaximal in A.

(iii) There exists F € R[X, Y] such that D = JDx y)(F, —), K[X, Y] = K[F] U and Fx, Fy either
form an A-reqular sequence or are comaximal in A.

Moreover if DX and DY are comaximal in A, then A = Ker(D)!".,

Based on the Theorem 1.3.9 of Bhatwadekar-Dutta, we ask

Question 1.3.10. Is it possible to characterize the LNDs having polynomial kernels of a stably
polynomial algebra A over a Noetherian domain R containing Q where tr.deg, (A) = 2?

In Theorem 1.3.9, since A = R[X, Y], one can naturally talk about the sequential proper-
ties of the canonical generators of D(A), i.e., DX and DY. However considering Question

1.3.10, as A is an A2-fibration over R, there does not exist such concept of canonical gener-
ators of D(A) whose sequential properties can be studied.

Remark 1.3.11. We observe that for the case A = R[X,Y], the sequential properties of D(X) and
D(Y) can be translated in terms of grade(D(R[X,Y])R[X,Y]) and further, grade(D(A)A) exists even

when A is not a polynomial algebra.

Before we progress further, we definite a terminology.
Definition 1.3.12. Let R be a Noetherian ring and I an ideal of R. We shall say grade(I) = oo if
I = R. For ¢ € N, we shall say grade(I) > { if either grade(I) = co or £ < grade(I) < oo.

As we expect an answer parallel to Theorem 1.3.9 to Question 1.3.10, the above obser-
vation in Remark 1.3.11 paves a path to ask a more specific question.

Question 1.3.13. Let A be an A%-fibration over Noetherian domain R containing Q such that
Al = A[Ty, Ta,---,Ty] = R[X1, X2, -+, Xni2] = R and D : A — A an R-LND. Then,

are the following statements equivalent?
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(i) D is irreducible and Ker(D) = RV,
(ii) grade(D(A)A) > 2.

(iii) D = TID(x,, X+ Xia) (F,Th, Ty, -, T, —) where D is the trivial extension of D on
A[Ty, Ty, -+, T,], A®r K = K[F)! and grade((Fx,,- -+, Fx,.,)A[T]) > 2.

n+2

It is to be noted that the result of Kahoui-Ouali, i.e., Theorem 1.3.8 gives an affirmative
partial answer to Question 1.3.13 when D is fixed point free, i.e., D(A)A is an unit ideal.

Chapter 4 (Part-II) of our thesis discusses on Question 1.3.13 and gives a characteriza-
tion of LNDs with polynomial kernels of stably polynomial A-fibrations.

1.3.3 Relation between the first two objectives of study

It can be observed that the above stated two aims, Question 1.3.6 and Question 1.3.13, of
studies have a single origin, i.e., the corresponding problems are related.

Let R be a Noetherian domain containing Q, A an AZ2-fibration over R and D a non-zero
R-LND of A. Then, D can be of two types:

(I) grade(D(A)A) > 2.
(I) grade(D(A)A) = 1.

When A = Rl from Remark 1.3.11 and Theorem 1.3.9, one can observe that the R-
LNDs with grade(D(A)A) > 2 have nice structures and those LNDs impart nice structure
on the ambient algebra too. Further, such R-LNDs of R?/ have beautiful characterizations;
to be specific (see Theorem 1.3.9)

Corollary 1.3.14. Let R be a Noetherian domain containing Q, A = R[X, Y] and D be an R-LND
on A. The following are equivalent

(i) D is irreducible and Ker(D) = RV,
(ii) grade(D(A)A) > 2.
Moreover if grade(D(A)A) = oo, then A = Ker(D)!1l.

If grade(D(A)A) = 1, it is clear from Corollary 1.3.14 that either D is reducible or
Ker(D) # Rl and vice versa. However, since R is Noetherian, for any reducible R-LND &
there exists an irreducible R-LND ¢* such that § = AJ* for some A € R\ {0}, and in that
case we have Ker(d8) = Keré*. So, we see that for A = R, we have grade(D(A)A) = 1
if and only if Ker(D) # R, Bhatwadekar-Dutta, in [BD97, Theorem 3.5], has given the
complete description of the kernel of any LND D of a polynomial algebra R[X, Y] over
a Noetherian normal domain R containing Q. So, even for the case grade(D(A)A) = 1,
the structure of Ker(D) is known when A = R and R is a Noetherian normal domain.
Moreover, a recent result of Khaddah-Kahoui-Ouali ([KEKO22]) gives a description of the
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structure of R[X, Y], where R is a PID, over the kernel of any of its R-LND D stating that
R[X,Y] is a free module over Ker(D).

So, naturally one asks whether it is possible to give a complete description of the LNDs
of A2-fibrations and their kernels; and the relation of the kernel with the ambient AZ2-
fibration, similar to the case of polynomial algebra in two indeterminates, i.e.,

Problem 1.3.15. Let R be a Noetherian domain containing Q and A an A%-fibration over R. Then,
characterize all the R-LNDs D : A — A, find the structure of the Ker(D), and find the structure
of A over Ker(D) for the following cases

(a) grade(D(A)A) = o, i.e., D is fixed point free.
(b) 2 < grade(D(A)A) < oo.
(c) grade(D(A)A) = 1.

Our study focuses on the class of R-LNDs D of A such that grade(D(A)A) > 2, i.e,,
either grade(D(A)A) = oo or 2 < grade(D(A)A) < oo; and solves Problem 1.3.15(a)
completely (see Chapter 3) and partially solve Problem 1.3.15(b) for the case A is a sta-
bly polynomial (see Chapter 4). We keep an aim to give a complete solution to Problem
1.3.15(b) and (c) as a post-PhD work.

1.3.4 The third objective of the study

In the theory of LNDs of polynomial algebras the concepts of rank and rigidity are impor-
tant tools which helped bring in some major results, e.g., [Fre95], [Dai%6], [DF98]. While
the concept of the rank which is existing only for LNDs of polynomial algebras was intro-
duced by Freudenburg in his article [Fre95], the concept of rigidity of LNDs of polynomial
algebras was originated by Daigle in [Dai9%]. Rank and rigidity of LNDs of polynomial
algebras are defined as follows.

Definition 1.3.16. Let A = R and D : A — A an R-LND.

* The rank of D, denoted by Rk(D), is defined to be the least non-negative integer r such
that there exists a coordinate system (X1, Xp,- -+, Xy) of A satisfying Xy, Xa, -+, Xn—r €
Ker(D).

e A rank-r R-LND D of A is called rigid if, for any two coordinate systems (X1, Xa, - -+ , Xn)
and (Y1,Ya, - ,Yu) of A satisfying X1,Xo, -+, Xn—r,Y1,Y2, -+, Yu_r € Ker(D), we
have R[X1/X2/ U /Xn—r] = R[Y1/Y2/ e /Yn—r]-

Since many aspects of affine fibrations can be studied through the LNDs of them, in

that case questions arise: whether the kernel B of an LND of an affine fibration A over a
base ring R is necessarily an affine fibration over R and whether the given affine fibration
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A over Ris also an affine fibration over the kernel B. When the affine fibration A is a poly-
nomial algebra, the rank and rigidity of LNDs keep a good amount of information about
the kernel of the LNDs and its relation with the the ambient polynomial algebra and the
base ring. However, the concept of rank has been defined only for polynomial algebras,
and therefore, it is natural to ask whether a suitable notion of rank of LNDs of affine fi-
brations can be defined that may help study the relations between the kernel of the LNDs,
the ambient affine fibration and the base ring, and which is consistent with the existing
concept of rank of LNDs of polynomial algebras.

The Part-III of the thesis, i.e., Chapter 5 is devoted towards a notion of rank and rigidity
of locally nilpotent derivations of affine fibrations. In Chapter 5, we define residual rank
and residual rigidity of LNDs of affine fibrations and show that the concept is analogous
to the perception of rank and rigidity of LNDs of polynomial algebras.

1.4 Thesis organization

The thesis has four parts. Part I of the thesis is devoted to the introduction and prelimi-
naries. The main research contributions of our study have been discussed in Part II and
Part III. The thesis includes an appendix in Part IV, which discusses the detailed relations
between the G, actions, exponential maps and LNDs.
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Chapter 2

Preliminaries

In this chapter we setup notations, recall definitions and register some known results.

2.1 Notation

Given a ring R and an R-algebra A we fix the following notation.

R* : Group of units of R.

nil(R) ¢ Nilradical of R.

Qt(R) : Total quotient ring of R.

Pic(R) . Picard group of R.

Symg(M) : Symmetric algebra of an R-module M.

Qr(A) . Universal module of R-differentials of A.

Derg(A) : Module of R-derivations of A.

trdeg,(R) : Transcendence degree of A over R, where R C A are domains.
Ap : AQ®grRp, forP € Spec(R)

grade(I) : = depth(I, R) which is the length of a maximal R-sequence in I

where R is Noetherian and [ is an ideal of R.

2.2 Definitions

Definition 2.2.1.

o A reduced ring R is called seminormal if whenever a*> = b® for some a,b € R, then there
exists t € R such that £* = a and t> = b.

o A subring R of a ring A is called a retract of A, if there exists a ring homomorphism ¢ :
A — Rsuch that ¢(r) =r forall v € R.

* Asubring R of a domain A is said to be inert (factorially closed) in A, if fg € R implies
f.g € Rforall f,g € A\{0}.

* An algebra A over a ring R is said to be an A"-fibration (or affine n-fibration) if A is
finitely generated and flat over R, and A ®g k(P) = k(P)!" for all P € Spec(R), i.e., the

fibers of A at each prime ideal P of R are n-dimensional polynomial algebras.
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* Let A be an A"-fibration over R.

1. A is said to be trivial if A is a polynomial algebra over R, i.e., A = R,

2. Ais said to be stably trivial if A is a stably polynomial algebra over R, i.e., there exists
¢ € N such that Alfl = Rl

3. An m-tuple of elements W := (W1, Wa, - -+, W,,) in A which are algebraically inde-
pendent over R is called an m-tuple residual variable of A if AQrk(P) = (R[W] ®r
k(P))l*=™ for all P € Spec(R).

* A domain R is called an HCF domain if for any two elements a, b in R, the ideal (a) N (D)
is principal. HCF domains are often called GCD domains.

2.3 Preliminary results

First we list down some properties of inert subrings and retracts.

Lemma 2.3.1. Let B C A be domains.
(i) If Cisaring such that B C C C A and B is inert in A, then B is inert in C.
(ii) If B is inert in A, then B is algebraically closed in A.

(iii) Let By C By C A be domains such that By is inert in A. If tr.degy (A) = tr.degp (A) < oo,
then B1 = Bz.

(iv) Aninert subring of a HCF domain (UFD) is a HCF domain (UFD); and a polynomial algebra
over a HCF domain (UFD) is a HCF domain (UFD).

(v) Retract of a UFD is a UFD.

Proof. Proofs of (i), (ii), (iii) and (iv) are easy. For a proof of (v), one may refer to the

arguments by Ed Enochs mentioned in ([EH73], p.69). O

Next we observe a local-global property of the grade of an ideal of an algebra.
Lemma 2.3.2. Let R C A be Noetherian domains and I be an ideal of A. Then, the following holds.
(I) grade(I) = oo if and only if grade(1Ap) = oo for all P € Spec(R).
(IT) If grade(I) < oo, then grade(I) = grade(1Ap) for some P € Spec(R).

Proof. (I): By a standard local-global principle it quickly follows that grade(I) = co if and
only if IAp = Ap for all P € Spec(R).
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(I): By [Mat80, pg. 105] there exists Q € Spec(A) such that grade(I) = grade(IAq).
Let P = QNR. Clearly, I C IAp C IAg and hence we have grade(I) < grade(IAp) <
grade(IAg). This shows that grade(I) = grade(IAp). O

We now quote a few results for later use. The first one is by Rentschler ([Ren68])

Theorem 2.3.3. Let k be a field of characteristic zero, A = k[X,Y] = k@ and D : A — A anon-
trivial k-LND. Then, there exists F,G € A such that A = k[F, G] and Ker(D) = k[F]. Further,
there exists « € k[F] such that D = aAp where Ar is the derivation defined by Ap(X) = —Fy and
Ap(Y) = Fx, or in other words D = aJ D x y)(F, —)

The following two Liiroth-type results are by Abhyankar-Eakin-Heinzer ([AEH72, Re-
mark 2.10] and [AEH72, Proposition 4.1 & Proposition 4.8]).

Theorem 2.3.4. Let k be a field, L a separable algebraic field extension of k and A a normal domain
such that k G A C LW, If L is algebraically closed in A, then A = LU,

Theorem 2.3.5. Let R C B be domains such that trdegg(B) = 1and R C B C A = R, If
either R is an HCF domain and B is inert in A or R and B are UFDs, then B = RIY.

A cancellation result of Hamann ([Ham?75, Theorem 2.8]) states

Theorem 2.3.6. Let R be a Noetherian ring containing Q and A an R-algebra such that A"l =
R for some m € N. Then, A = R,

The following result of Bass-Connell-Wright ([BCW76, Theorem 4.4]) gives a character-
ization of locally polynomial algebras.

Theorem 2.3.7. Let A be a finitely presented R-algebra such that Ap is Rp-isomorphic to the
symmetric algebra of some Rp-module for each P € Spec(R). Then, A is R-isomorphic to the
symmetric algebra Symg (M) for some finitely presented R-module M.

We now state a result by Russel-Sathaye, famously known as the Russel-Sathaye cri-
teria for an algebra to be a polynomial algebra ([RS79, Theorem 2.3.1], also see [BD97,
Theorem 2.11]).

Theorem 2.3.8. Let R be a domain and A a finitely generated overdomain of R. Suppose that there
exists an element 7t in R which is prime in A such that TANR = iR, A; = RQ] and the image
of R/ 7R is algebraically closed in A/ A. Then A = R,

The next result is by Swan ([Swa80, Theorem 6.1]).

Theorem 2.3.9. Let R be a seminormal ring. Then, Pic(R) = Pic(R!")) for all n € N,

As an immediate consequence of Theorem 1.2.7 ([Asa87]), Theorem 2.3.9, Theorem 2.3.6
and Theorem 2.3.7 the following holds.
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Corollary 2.3.10. Let R be a Noetherian ring containing Q and A an A'-fibration over R. If
QRr(A) is extended from R, specifically when R is seminormal, then A = Symy(N) for some

finitely generated rank one projective R-module N.

Next, we state a few properties of affine fibrations.
Lemma 2.3.11. Let R be a ring and A an A"-fibration over R. Then A is faithfully flat over R.

Proof. Since Ais flatover Rand A ®g R/m = A ®gk(m) = k(m)!" # (0) for each maximal
ideal m of R, it follows that A is faithfully flat over R. O

Lemma 2.3.12. Let R be a domain and A an A"-fibration over R. Then, A is a domain and R is

inert in A.

Proof. Since R is a domain, we have A < A ®g Qt(R) = A ®g k(0) = k(0)") = Qt(R)!".
This shows that A is a domain and Qt(R) is inertin A ®g Qt(R). Let f, g € A\{0} be such
that f¢ € R. We shall show that f,¢ € R. Due to inertness of Qt(R) in A ®g Qt(R), we
see that f, ¢ € Qt(R), and therefore, f,g € ANQt(R). Suppose, f = r/s for some r € R
and s € R\{0}, and hence, sf = r € R. Since A is an A"-fibration over R, by Lemma
2.3.11 it follows that A is faithfully flat over R, and therefore, sA N R = sR. This shows
that r = sf € sR, and hence, f € R. Similarly, we have ¢ € R. O

Asanuma, in his structure theorem of affine fibrations, i.e., Theorem 1.2.7 ([Asa87]), es-
tablished that for an affine fibration A over a Noetherian ring R, the module of differentials
QRr(A) is a projective A-module and A can be viewed as an R-subalgebra of a polynomial
algebra B over R in such a way that A ®g B is a symmetric B-algebra of the extended pro-
jective B-module Qr(A) ®4 B. As a consequence of Asanuma'’s result the following can
be observed.

Lemma 2.3.13. Let R be a Noetherian ring and A an A"-fibration over R. Then, R is a retract of
Aand A is a retract of RI*! for some t € IN.

Proof. Since A is an A"-fibration over a Noetherian ring R, by Theorem 1.2.7 ([Asa87]),
Qr(A) is a projective A-module and there exists m € IN such that A is a R-subalgebra of
RI" with the property A"l = Sym.(Qr(A) ®4 RI™). Using Lemma 2.3.11 we see that
A is a faithfully flat R-algebra, and therefore, R can be seen as a subring of A. Clearly, R
is a retract of RI" and hence, R is a retract of A. Now, we shall show that A is a retract of
R for some t € N.

Since Qr(A) is a projective A-module, Qg(A) ® 4 RI" is a projective RI"/-module, and
therefore, we have N @ (Qg(A) ®4 RI") = (RI")! for some projective RI"-module N and
¢ € IN. From this we get
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Since any symmetric algebra has a natural retraction to its base ring, we see that RI"! is
a retract of Sym. (N), and therefore, R @) A"l = Al is a retract of Sym g (N) @ gimy
Alml = Rlm+(], Again, since A is a retract of Alml e see that A is a retract of RI" 1. ]

A criterion for finite generation of algebras by Onoda ([Ono84, Theorem 2.20]) is as
follows.

Theorem 2.3.14. Let R be a Noetherian domain and A an overdomain of R such that
(I) There exists a non-zero f € A for which A[1/ f] is a finitely generated R-algebra.
(I) Ay, is a finitely generated R,,-algebra for all maximal ideals m of R.

Then A is a finitely generated R-algebra.

We quote below a result of Daigle on rigidity of LNDs of polynomial algebras over a
field containing Q ([Dai%, Theorem 2.5].

Theorem 2.3.15. Let k be a field containing Q. Then, all LNDs of k®! are rigid.

We again register three results by Daigle ([Dai97, Theorem 3.3], [Dai97, Corollary 3.10]
and [Dai97, Corollary 2.4] respectively).

Theorem 2.3.16. Let A be a UFD containing Q and let B be inert in A. Assume that A is of finite

presentation as a B-algebra. Then A is almost smooth over B.

Proposition 2.3.17. Let k be a field of characteristic zero, B = k[Xy,--- ,X,] = koA =
k[f1,- -, fm] a k-subalgebra of B of dimension d. Let | denote the ideal of B generated by the d x d
minors of the Jacobian matrix Jacx, ... x,y(f1, -+, fm). Suppose, A is inert in B, then ht(]) > 1.

Corollary 2.3.18. Let k be a field of characteristic zero and B = k[Xy,-- -, X,] = kI"l. Suppose,
f=H, " fu1) € B"~!is such that f1,-- -, f,_1 are algebraically independent over k and
k(fi,- -, fu-1] is inert in B. Then, Ay € Dery(B) is irreducible and Ker(A¢) = k[f1,- - -, fu-1].

We now register a few results of Das-Dutta from [DD14]). For the first two results one
may refer to [DD14, Lemma 2.1] and [DD14, Corollary 3.18] respectively.

Lemma 2.3.19. Let A be a stably polynomial algebra over a ring R. Then Qg (A) is a stably free
A-module
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Corollary 2.3.20. Let R be a Noetherian domain and A an A™'-fibration over R. Then an m-
tuple W of elements from A is an m-tuple residual variable of A over R if and only if A is an
A-fibration over R[W].

The following is again a result of Das-Dutta ([DD14, Corollary 3.6, Lemma 3.12, Theo-
rem 3.16 & Corollary 3.19]).

Theorem 2.3.21. Let R be a Noetherian ring and A an A"-fibration over R. Suppose, W € A
is an m-tuple residual variable of A. Then, A is an A" "-fibration over R[W] and Qr(A) =
Ogw)(A) © A™. Further, if A is stably polynomial over R <= Q and n —m = 1, then A =
R[W)l = Rl

It is to be noted that though Das-Dutta, in [DD14], proved Theorem 2.3.21 (see [DD14,
Corollary 3.19]) with the hypothesis that the base ring is a Noetherian domain containing

Q, from their proof it follows that Theorem 2.3.21 holds over Noetherian rings (not neces-
sarily domains) containing Q.

In [EKO14], Kahoui-Ouali proved the following result ([EKO14, Corollary 2.5]).
Proposition 2.3.22. Let R be a Noetherian domain containing Q, and let A be an A'-fibration
over R. Then A is trivial over R if and only if there exists 6 € Derg(A) which is fixed point free.

We end this section with one of our observations.

Lemma 2.3.23. Let R be a one-dimensional Noetherian domain containing Q, A = RI® and D a
fixed point free R-LND of A. Then, the following are equivalent.

(I) Ker(D) = R and A = Ker(D)!V.
(II) D has a slice.

Proof. (I) = (II): Follows from the converse of the Slice Theorem (Theorem 1.2.1).

(I) = (I): Since D has a slice, by the Slice Theorem (Theorem 1.2.1) we have A =
Ker(D), and therefore, by Lemma 1.3.1 it follows that Ker(D) is an A2-fibration over R.
Since R is a one-dimensional Noetherian domain containing Q, by Theorem 1.2.8 ([AB97,
Theorem 3.8]) there exists W € Ker(D) such that Ker(D) is an A!-fibration over R[W], and
hence, by Corollary 2.3.20 W is a residual variable of Ker(D). Since Ker(D)[!! = RF, by
Lemma 2.3.19 and Theorem 2.3.21 we get Ker(D) = R[W]) = RP. This completes the
proof. O
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Chapter 3

Fixed point free LNDs of
A?-fibrations

In this chapter our main aim is to solve the following problem quoted in Introduction as
Question 1.3.6. For our convenience, we rewrite it again.

The main problem to solve in this chapter:
Given an A>-fibration A over aring R 2 Qand D : A — A a fixed point free LND of A,
our aim is to investigate whether D has a slice.

We show, without any extra hypothesis on A, that Question 1.3.6 has an affirmative
answer when the base ring R is Noetherian, specifically (see Theorem 3.3.2)

Theorem 3.A: Let R be a Noetherian ring containing Q and A an A2-fibration over R with
a fixed point free R-LND D : A — A. Then, Ker(D) is an A!-fibration over R and D has

1]

a slice, i.e., A = Ker(D) 1. In particular, if R is a normal domain, then A = Sym(I)"" for

some invertible ideal I of R.

In view of Theorem 3.A, we investigate the hypothesis “A is stably polynomial over R”
in Theorem 1.3.8 and find that it helps to generate another fixed point free R-LND of A for
which the A2-fibration A becomes trivial. More precisely, we observe the following (see
Theorem 3.3.5).

Theorem 3.B: Let R be a Noetherian domain containing Q and A an AZ%-fibration over R
having a fixed point free R-LND. Then, A has another irreducible R-LND D : A — A
such that Ker(D) = RI!, and A is an A'-fibration over Ker(D). Further, the following are
equivalent.

(I) D is fixed point free.
(I) A is stably polynomial over R.
() A = RE.

The following is the outline of this chapter. In Section 3.1 we observe some auxilary re-
sults; in Section 3.2 we review results on A!-fibrations having fixed point free derivations;
in Section 3.3 we discuss structure of A2-fibrations having fixed point free LNDs; and in
Section 3.4 we discuss a few examples.
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3.1 Auxiliary results

In this section, we observe some auxiliary results needed to prove the main results of this
chapter.

The following lemma is useful for reduction to the case when R is a reduced ring for
proving an R-algebra A is polynomial ring in n variables. To be precise.

Lemma 3.1.1. Let R be a Noetherian ring, 1 = nil(R) and A an R-algebra. Suppose, x; € A
wherei = 1,2, -+ ,naresuch that A/nA = R/y[x1, %, -+, Xy] where ;s are the images of x;’s
in A/nA. Then, A = R[x1,x2,- -+, Xu].

Proof. Clearly, A = R[xq,x2,- -, %] + 1A. Since there exists ¢ € N such that 7' = (0), we
see that A = R[x1,xp,- -+, Xy O

Next result helps in providing conditions for an R-algebra A to be R/ given that the
induced R/7-algebra is singly generated.

Lemma 3.1.2. Let R be a Noetherian ring containing Q, n = nil(R) and A an R-algebra such
that A/nA is a singly-generated R /n-algebra and (A/yA)* = (R/yR)*. Then, A = R if and
only if there exists D € Derg(A) such that the induced R /nR-derivation D : A/nA — A/nA
is fixed point free.

Proof. If A = RIU, then it is easy to see that there exists a fixed point free R/yj-derivation
of A/nA. So, we prove the converse. According to the hypotheses, A/#A is generated by
a single element over R/#, and therefore, by Lemma 3.1.1, we have A = R[x] for some
x € A. Suppose, D € Derg(A) is such that the induced R/#-derivation D : A/yA —
A/nA is fixed point free. By letting ¥ to be the image of x in A/#A, it is easy to see
that D(x) € (A/nA)* = (R/n)*, i.e., the image of D(x) in A/7A is a unit in R/#, and
therefore, D(x) is a unit in R. We claim that x does not satisfy any algebraic relation over
R. On the contrary, if there exists 4; € R foralli = 0,1,--- ,n, a, # 0 such that ag +
a1x + - -+ a,x" = 0, then we have D(x)(a; + 2ax + 3a3x? - - - + na,x"~!) = 0. Since
D(x) € R*, we get a; + 2ax + 3a3x? - - - + na,x"~! = 0, from which again we see that
D(x)(2a2 + 6azx + 12a4x*> + - - - + n(n — 1)a,x"2) = 0. Repeating same arguments, we
eventually get D(x)(n!)a, = 0, i.e., a, = 0 which is a contradiction to our assumption that
a, # 0. This proves that A = R[x] = R O

The next lemma shows that a derivation restricts onto a subalgebra provided it is a
retraction. i.e,

Lemma 3.1.3. Let C C B be algebras over a ring R with a retraction ¢ : B — C. Suppose,
D : B — B is an R-derivation. Then, D := (¢ o D)|c : C — C is an R-derivation.
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Proof. Easy. O

Suppose an A2-fibration A over R is a polynomial ring in one variable over a R-
subalgebra C. The next lemma describes the structure of such an R-subalgebra C.

Lemma 3.1.4. Let C, A be algebras over a Noetherian ring R containing Q such that A is an
A fibration over R and A = C[W] = CI. Then, C is an A'-fibration over R and A is an
A-fibration over R[W].

Proof. Clearly, C is a finitely generated R-subalgebra of A, and further, C, being a direct
summand of the flat R-module A, is flat over R. Let P € Spec(R). Now, k(P)? = A @y
k(P) = (C ®g k(P))!1], and therefore, by Theorem 2.3.6 ([Ham?75]), we get C @ k(P) =
k(P)!1. This shows that C is an A'-fibration over R. Again, as C @ k(P) = k(P)!!J, we see
that A @ k(P) = (C ®g k(P))[W] = (R[W] ®g k(P))!l. This proves that W is a residual
variable of A, and therefore, by Theorem 2.3.21 ([DD14]), A is an Al-fibration over R[W].
This completes the proof. O

3.2 Structure of Al-fibrations having fixed point free LNDs

In [EKO14], Kahoui-Ouali proved Proposition 2.3.22 ([EKO14]) that states that an Al-
fibration over a Noetherian domain containing Q is trivial if and only if it has a fixed point
free derivation. In this section we show that the result of Kahoui-Ouali holds even over
Noetherian rings (not necessarily domains) containing Q (see Proposition 3.2.1), which we
shall use in the next section. Though the proof of this observation follows from Kahoui-
QOuali’s proof of Proposition 2.3.22 ([EKO14]), for the convenience of the readers it is de-
tailed here.

Proposition 3.2.1. Let R be a Noetherian ring containing Q and A an A'-fibration over R. Then
the following are equivalent.

(I A =R,
(I) Qr(A) is a free A-module.
(IT) Qr(A) is a stably free A-module.
(IV) There exists D € Derg(A) such that D is fixed point free.

Proof. (I) = (II), II) = (III) and (I) = (IV): Obvious.

(IlT) = (I): Suppose that Qg(A) is a stably free A-module. Then, there exists n € IN
such that Qg(A) @ A" = A"l Since A is an Al-fibration over R, by Theorem 1.2.7
([Asa87]), there exists £ € IN such that A is an R-subalgebra of B = R and A =
Symg(Qr(A) ®4 B), and therefore, we have At = A @pr B = A @r B®g B =
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Al @5 B = Sym,((Qr(A) ®4 B) ®p Bl = Sym;((Qr(A) @ A") ®4 B). Now, since
(Qr(A) @ A") ®4 B = B!, we essentially have A"+l = BlIr+1] = RI*++1] ‘and hence,
by Theorem 2.3.6 ([Ham?75]), we get A = RI!l.

(IV) = (I): Suppose that D € Dergr(A) is fixed point free. Let us assume that R is
reduced. Since the total quotient ring K of R is zero-dimensional reduced Noetherian ring,
we see that A ®g K = Kl = K[U], say, for some U € A. Suppose, D; € Derg(A). Letting
D(U) =a € Aand D;(U) = B € A, we have aD; = BD. Since D is fixed point free there

m

exists aq, a2, ,am € Aand uq, un, - - , Uy € A such that sziD(ui) = 1, and therefore,

i=1
m m

m
Y a;iBD(u;) = B. Now, since aD; = BD, we get Y wjaD1(u;) = B, ie., a Y a;Dq(u;) = B.
i=1 i=1 i=1

m

This shows that aD;y = & ) _ a; D1 (u;)D.
i=1
Let D : A®g K — A ®p K be the extension of D. Clearly, D is fixed point free. Since
A ®r K = K[U], we have D(U) = D(U) = & € K*, i.e., a is a non-zero divisor in R. Since
m
A is flat over R, & remains a non-zero divisor in A, and therefore, D1 = Z a;D1(u;)D. This
i=1

proves that Derg (A) = Homa (Qgr(A), A) is a free A-module of rank one. Since Qg (A)isa
projective A-module, it is a reflexive A-module, and therefore, Qr(A) is a free A-module.
Consequently, by “(Il) = (I)”, we get A = R,

Now, we suppose that R is not reduced. Set 7 := Nil(R). Clearly, the induced R/#-
derivation D : A/nA — A/nA is fixed point free. Since A/nA is an A'-fibration over
R/1, from the previous discussion we have A/nA = (R/y)1) = (R/#)[X], say, and there-
fore, by Lemma 3.1.1, we get A = R[X]. Finally, due to Lemma 3.1.2, it follows that
A = R[X] = R, O

3.3 Structure of A2-fibrations having fixed point free LNDs

The upcoming proposition illustrates the structure of kernel of a fixed point free derivation
on a symmetric algebra over a rank two projective module.

Proposition 3.3.1. Let R be a Noetherian ring containing Q and A = Sympy (M) for some finitely
generated rank two projective R-module M. Suppose, D : A — A is a fixed point free R-
LND, then Ker(D) = Symg(N) for some finitely generated rank one projective R-module N and
A = Ker(D)1,

Proof. By Theorem 1.2.3 we see that Ap = Ker(D)E}] and Ker(D)p = Rg] for all P €
Spec(R). This shows that Ag = Ker(D)g] for all Q € Spec(Ker(D)), and therefore, by
Theorem 2.3.7 ([BCW76]) we have A = Symy, ) (L) for some finitely generated rank one
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projective Ker(D)-module L, which proves that Ker(D), being a retract of the finitely gen-
erated R-algebra A, is a finitely generated R-subalgebra of A. Since Ker(D)p = Rp!! for
all P € Spec(R), by Theorem 2.3.7 ([BCW76]) Ker(D) = Sym(N) for some rank one pro-
jective R-module N. Moreover, since A = Symy,, (L), by Proposition 3.2.1 we see that
A = Ker(D)!. O

Now we will state our first main result (Theorem 3.A) which gives answer to Question
1.3.6.

Theorem 3.3.2. Let R be a Noetherian ring containing Q and A an A>-fibration over R. Sup-
pose, D : A — A is a fixed point free R-LND. Then, Ker(D) is an A'-fibration over R and
A = Ker(D)!W. Further, if Qr(A)is extended from R, specifically, when R is seminormal, then
Ker(D) = Symy(N) for some finitely generated rank one projective R-module N.

Proof. Since A is an A2-fibration over R, by Theorem 1.2.7 ([Asa87]) there exists B = R
such that A C B and A" = A ®r B = Sym,(Qr(A) ®4 B) where Qr(A) is a finitely
generated projective A-module of rank two. Let D:=D®1: A®gB — A ®g B be the
trivial extension of D. Note that D is fixed point free and Ker(D) = Ker(D) ®g B. Since
Qr(A) is a projective A-module, Qr(A) ®4 B is a projective B-module, and therefore,
applying Proposition 3.3.1 we get Ker(D) ®g B = Symy(L) for some finitely generated
rank one projective B-module L and A ®g B = (Ker(D) ®g B)[!. Since B = RI", we
have A"l = A@g B = (Ker(D) ®gr B)m = Ker(D)[”“], and therefore, by Theorem 2.3.6
([Ham75]) we have A = Ker(D)['. Finally, using Lemma 3.1.4 we see that Ker(D) is an
A-fibration over R.

Now, we assume that Qr(A) is extended from R, i.e.,, Qr(A) = M ®g A for some R-
module M. Since Qg(A) is a projective A-module of rank two and A is faithfully flat over
R, due to faithful descent property of finite projective module we see that M is a rank two
projective R-module. Since A is an AZ2-fibration over R, from earlier arguments we have
A C R and

Al = Symyp, (Qr(A) @4 RIM)
= Symyg (M ®g A) ©4 RI")
= Symg (M) @g RI"
= Symg (M) ]

Thus, we have Ker(D)!"*1l = Al"l = Sym(M)!"], and therefore, for each P € Spec(R),
we get Ker(D)ng} = (SymR(M))E?} = R¥l+2], from which, by Theorem 2.3.6 ([Ham?75])
we see that Ker(D)p = Rg]. Now, applying Theorem 2.3.7 ([BCW76]) we have Ker(D) =
Symg(N) for some rank one projective R-module N. When R is seminormal, the result
follows directly from Corollary 2.3.10, as Ker(D) is an A!-fibration over R. O
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As a consequence of Theorem 3.3.2 we can summarize the following equivalent condi-
tions for an A2-fibration over a noetherian ring R containing Q to have a fixed point free
R-LND.

Corollary 3.3.3. Let R be a Noetherian ring containing Q and A an A*-fibration over R. Then,

the following statements are equivalent.
(I) A has a fixed point free R-LND.
(I) A has an R-LND with a slice.
(1) A = C[W] = C for some R-subalgebra C of A.
(IV) A = C[W] = C!Y where C C A is an A'-fibration over R.

(V) A isan A'-fibration over RIW] = R where W € A and there exists
B = R[W][Uy, Uy, - - -, U,] = R[W]", for some n € N, along with a retraction ¢ : B —
A such that oy (¢(U;)) = 0.

Proof. (I) <= (I) = (III): Follows from Theorem 3.3.2.

(IIT) = (IV): Follows from Lemma 3.1.4

(IV) = (II): Since A = C[W] = Cl!l, A has a C-LND D with a slice, and therefore, D
is an R-LND of A with a slice.

(IV) = (V): From Lemma 3.1.4 it follows that A is an A!-fibration over R[W]. Now,
since C is an A!-fibration over R, by Theorem 1.2.7 ([Asa87]) there exists
B’ =R[Uy, Uy, -+, Uy = R for somen € N along with a retraction ¢ : B — C, which
induces a retraction ¢ : B — C[W| = A such that ¢|p = ¢; where B = B'[W]. Clearly,
ow(¢(U;)) =0foralli=1,2,---,n.

(V) = (M):Set D := (¢podw)|la : A — A. By Lemma 3.1.3 it follows that D is an
R-derivation of A. We shall show that D is an R-LND with a slice W. Clearly, D(W) = 1.

Leta(U) € ANR[Uy, Uy, - -+, Uy]. Note that ¢p(a(U)) = a(U). One may check that

D(a(U)) = 0 (3.1)

Di(a()W™) = m(m—1)---(m—i+1)a(U)W" foralli=1,---,m (3.2)

Let f € A. Then, f = ag(U) + a; (U)W + ap(U)W? + - - - + &, (U)W™ for some a;(U)’s
in R[Uy, Uy, - -+, U,], and therefore, f = ¢(f) = ¢p(ao(U)) + ¢(a1(U))W + ¢(az(U))W? +
o+ ¢(ayu (U))W™. Now, using 3.1 and 3.2 we see that D"*1(f) = 0. This shows that D is
an R-LND of A with a slice W. O
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As a follow up of the above corollary we now state a related problem on the structure
of A2-fibration.

Problem 3.3.4. Let R be a ring containing Q and A an A%-fibration over R. Is then A an Al-
fibration over R[V] for some V in A?

To know the origin of Problem 3.3.4, one may refer to [AB97] (also see [VD74], [Sat83],
[Asa87]and [BD94]). While Problem 3.3.4 is open in general, it is known that it has a nega-
tive answer even when R is a two-dimensional regular UFD (see Example 3.4.2). How-
ever, the following landmark results give partial affirmative answers to Problem 3.3.4.
Sathaye ([Sat83]) proved that A = R if R is a DVR. A result of Bass-Connell-Wright
(IBCW76]) along with the result of Sathaye show that A = R[? holds even if R is a PID.
Later, Asanuma-Bhatwadekar ([AB97, Theorem 3.8 and Remark 3.13]) showed that A is an
Al-fibration over R[W] for some W € A, if R is an one-dimensional Noetherian ring. For
more related results one may look at [DER02], [Ess07], [DF10], [Fre09], [EKO12], [EKO14],
[Das15], and [EKO16].

As Kahoui-Ouali’s result ([EKO16]) gives an affirmative answer to Question 1.3.6 under
the assumption that A is a stably polynomial algebra and in that case the AZ-fibration
becomes trivial (i.e., polynomial algebra), we here show that the phenomemon is actually
due a "companion” LND of the given fixed point free LND, which becomes fixed point free
when the A2-fibration is stably trivial. For the detailed analysis, one needs to go though
Theorem 3.3.5 and Remark 3.3.7(B).

Theorem 3.3.5. Let R be a Noetherian domain containing Q with quotient field K and A an
A>2fibration over R having a fixed point free R-LND. Then, A has another irreducible R-LND
D : A — A such that Ker(D) = R and A is an A'-fibration over Ker(D). Further, the
following are equivalent.

(I) D is fixed point free.
(II) A is stably polynomial over R.
() A = RE

Proof. Suppose, 6 : A — A is a fixed point free R-LND. Then, by Theorem 3.3.2 Ker ()
is an Al-fibration over R and A = Ker(8)[V] = Ker(d)!) for some V € A. Since K is
the quotient field of R, we have Ker(d) ®r K = K[Up] = KM for some Uy in Ker(4), and
therefore, A ®g K = K[V, Up|. Since Ker(J) is finitely generated over R, there exists t €
R\{0} such that Ker(d)[1/t] = R[1/t][Up], which enables us to choose & € IN and a K-
LND D on A ®g K such that D(V) = 0, D(Up) = #*, and D(A) C A. So, D := D|, is an
R-LND of A such that R[V] C Ker(D). Since R is Noetherian, through proper reduction,
we can ensure irreducibility of D. Now, since A = Ker(8)[V], by Lemma 3.1.4 A is an A!-
fibration over R[V]. This shows that R[V] is inert in A, and hence, it is algebraically closed
in A. Note that Ker(D) is also algebraically closed in A. Now, since R[V] C Ker(D) and
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tr.degy (R[V]) = tr.degy(Ker(D)), we have Ker(D) is algebraic over R[V], and therefore,
Ker(D) = R[V].

We now prove the equivalence of (I), (II) and (III).
(I) <= (IlI): Follows from Proposition 3.2.1.

(II) = (II): Obvious.

(II) = (I): Since A an A!-fibration over Ker(D) = R, we see that A ®g k(P) is
an A'-fibration over Ker(D) @g k(P) = k(P)! for all P € Spec(R), and therefore, by
Corollary 2.3.10 we get A @ k(P) = (Ker(D) @ k(P))[! for all P € Spec(R). Since A is
stably polynomial over R, applying Theorem 2.3.21 ([DD14]) we conclude the implication.

O

Remark 3.3.6. As a corollary of Theorem 3.3.2 we get Kahoui-Ouali’s result on triviality of stably
polynomial A%-fibration having a fixed point free LND, i.e., Theorem 1.3.8 ([EKO16]).

Proof. Let A"} = RI™*2], Using a standard reduction technique (see [EKO16, Lemma
4.3] for the details) we get a finitely generated Q-algebra Ry which is a subring of R
and a finitely presented Ry subalgebra Ay of A such that A([)m] = R([)m+2], Ag®gr, R = A,
D(Ap) € Ap and Dy := D], is a fixed point free Ro-LND. Using Theorem 3.3.2 we get
Ay = Ker(Do)m, and therefore, we have A" = Ker(Do)[’”H] = Ro™*2 from which,
by Theorem 2.3.6 ([Ham75]) it follows that Ker(Dy) = Ro 1. This shows that we have
Ag = RO[Z], and therefore, by the properties of Ag and Ry it follows that A = REl. Now, on
applying Theorem 1.2.3 we conclude that Ker(D) = R and A = Ker(D).

Next, we assume that R is Noetherian and A is a locally stably polynomial algebra over
R. Since D is a fixed point free R-LND of A, by Theorem 3.3.2 we have Ker(D) is an A!-
fibration over R and A = Ker(D)[. Since A is locally stably polynomial over R and A =
Ker(D)!!, by Theorem 2.3.6 ([Ham75]) we see that Ker(D) is a locally polynomial algebra
over R, and therefore, by Theorem 2.3.7 ([BCW76]) it follows that Ker(D) = Symy(N) for
some rank one projective R-module N. O

Remark 3.3.7. From Corollary 3.3.3 and the proof of Theorem 3.3.5 we note the following.

A. Let R be a Noetherian domain containing Q, A an A>-fibration over Rand 6 : A — Aa
fixed point free R-LND. Then, there exists V € A such that

(I) Ker(8) is an A'-fibration over R and A = Ker(8)[V] = Ker(5)!!. Further, A is stably
polynomial algebra over R if and only if Ker(8) = RIY, ie., A = RIZ.
(IT) A has another irreducible R-LND D, not necessarily fixed point free, such that Ker(D) =
R[V] = RY and A is an A'-fibration over R[V). Further, A = R[V] if and only if
D is fixed point free.
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B. Let R be a Noetherian domain containing Q and A an A>-fibration over R. Then A = R
if and only if there exist a tuple of R-LNDs (D1, Dy) of A with slices and an element V in A
such that D1(V) = 1and D,(V) = 0.

Corollary 3.3.8. Let R be a Noetherian ring containing Q and A an A3-fibration over R. Suppose
that there exists a pair of R-LNDs (D1, D) of A with slices and an element V in A such that
Dy(V) = 1and Do(V) = 0. Then, A = CP for some A'-fibration C over R. Further, if A has
another R-LND D3 with a slice and an element W € A such that Dy(W) = 1and D3(V) =
D3(W) =0, then A = RB.

Proof. Since D1(V) =1, we have A = Ker(D;)[V] = Ker(D;)!!. As the Zariski’s cancella-
tion problem has affirmative answer in dimension three over fields containing Q (follows
from [MS80], [Fuj79], and [Kam75]), from the proof of Lemma 3.1.4 we see that Ker(D;)
is finitely generated and flat over R and Ker(D;) ®g k(P) = k(P)? for all P € Spec(R),
i.e.,, Ker(D;) is an A2-fibration over R. Now, since D; is an R-LND of A = Ker(D;)[V]
with a slice satisfying D,(V) = 0, it induces an R-LND D, of A/VA = Ker(D;) having a
slice, and hence, by Corollary 3.3.3 we have Ker(D;) = C [1], ie, A=C 2] where C is an

Al-fibration over R.

We now assume that A has another R-LND D3 with a slice and an element W € A such
that Do(W) = 1 and D3(V) = D3(W) = 0. Since A = Ker(D;)[V] and Ker(D;) is an A2-
fibration over R, we see that V is a residual variable of A, and therefore, by Theorem 2.3.21
([DD14]), A is an A2-fibration over R[V]. Again, since R[V] C Ker(D,) C Ker(D,)[W] =
A, from Lemma 3.1.4 it follows that Ker(D) is an Al-fibration over R[V]. Now, note that
as V,W € Ker(D3) we can see D3 as an R[V]-LND of A = Ker(D,)[W] with a slice, and
therefore, the corresponding R[V]-LND of A/WA = Ker(D>) also has a slice. This shows
that Ker(D;) = R[V]Y, ie., A = R[V, W]l = RB. O

3.4 Examples

Now let us illustrate with an example that there are non-trivial A2-fibrations over Noethe-
rian domains containing Q, which have fixed point free LNDs and hence are non-stably
polynomial. (refer Theorem 3.3.5)

Example 3.4.1. Let R be a Noetherian domain containing Q with quotient field K and B a non-
trivial A'-fibration over R (may refer to [Yan81, Example 1]). Set A := B[X] = Bl It is easy to
see that A is a non-trivial A2-fibration over R. Let B®@g K = K[Y] for some Y € B, and therefore,
A ®g K = K[X,Y]. Let D be the restriction of the partial derivative dx : A @r K — A ®g K
on A, ie, D = dx|a. It is easy to see that D is an R-LND of A, D(X) = 1 and Ker(D) = B.
However, by the Slice Theorem (Theorem 1.2.1) and Theorem 2.3.6 it follows that A is not a stably

polynomial algebra over R.
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Now we refer to a collection of examples which shows the existence of non-trivial sta-
bly polynomial A2-fibrations which are not A!-fibrations over polynomial algebras in one
variable (refer Corollary 3.3.3).

Example 3.4.2. Let A be a non-trivial A>-fibration over a Noetherian domain R containing
Q such that A is stably polynomial over R, e.g., the examples of Raynaud in [Ray68](also see
[Sus82]) and Hochster in [Hoc72] (for both the examples one may also refer to [ER01], [Fre09]
and [Frel7], p.272 and p.282). If possible, let V. € A be such that A is an Al-fibration over
R[V]. From the Theorem 1.2.7 ([Asa87]) we see that A is an RV subalgebra of R[V]!"for some
n € IN, and therefore, by the first fundamental exact sequence ([Mat80, Theorem 57, p.186]), we get
Or(A) = Qg (A) © Qr(R[V]) @gv) A = Qr[V](A) @ A. Since A is stably polynomial over
R, by Lemma 2.3.19 ([DD14]) it can be seen that Qr(A) is a stably free A-module, and therefore,
Qgv)(A) is a stably free A-module. Now, from Theorem 1.2.7 (see [Asa871) it directly follows that
A is a stably polynomial algebra over R[V], and hence, by Theorem 2.3.6 ([Ham75]) A = R[V]1Y,
which is a contradiction. This proves that there does not exist V € A such that A is an Al-fibration
over R[V].

Asanuma-Bhatwadekar in [AB97, Example 3.12] constructed an example of a non-
trivial A2-fibration which can be written as an Al-fibration over a polynomial algebra

in one variable but not stably polynomial as well as does not possess any fixed point free
LND with reference to Corollary 3.3.3.

Example 3.4.3. Set T := C[X] = C"Y and R := C[X% X®]. Let T[V,W] = T and A =

R[V,W + XV2W?| + X2T[V, W]. One may check that A is a non-stably polynomial A>-fibration

over R and V is a residual variable of A over R; i.e., A is a non-trivial Al—ﬁbmtion over R[V].
The next two examples are due to Winkelmann ([Win90]) which shows the existence of

fixed point free LNDs of a polynomial algebra R*l not having have a slice even when R is
a PID containing C.

Example 3.4.4. Let Ry = C[f] = C, A4y = Ry[X,Y,Z] = RP and Dy : Ay — Ay an
R1-LND given by D1(X) = t, D1(Y) = Xand D1(Z) = 1 +2tY — X2.

Again, let Ry = Cls, ] = C?, Ay = Ry[X,Y,Z] = R and D, : Ay — A, an Ry-LND
given by Da(X) =5, Da(Y) =tand Dy(Z) =1+ tX —sY.

Clearly, both LNDs Dy and D, are fixed point free. Howeuver, it is well known that none of Dy
and D, have slice.
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Chapter 4

LNDs with polynomial kernels of
stably trivial A’-fibrations

In this chapter we move on to our next problem stated in the introduction, i.e., Question
1.3.13. Let us restate it here for our convenience.

The main problem to solve in this chapter: Let R be a Noetherian domain contain-
ing Q with quotient field K, A an A*fibration over R such that A" = A[Ty,T,---,T,] =
R[Xy, X, -+, Xps2| = R2l gnd D« A — A an R-LND. Are then the following statements

equivalent?
(i) D is irreducible and Ker(D) = RV,
(i) grade(D(A)A) > 2.

(iii) D = ID(x, X Xnia) (F, T1, T2y - -+, Ty, —) where D is the trivial extension of D on
A[Ty, Ts, -+, Ty], A®r K = K[F]! and grade((Fx,, - - -, Fx,.,) A[T]) > 2.

n+2

In this context we should recall that for an ideal I of a ring R we say grade(I) = oo if
I = R; and for ¢ € N, we say grade(I) > ¢ if either grade(I) = oo or ¢ < grade(I) < oo.

A possible approach towards the above stated problem is using the techniques of Bhatwadekar-
Dutta applied in their proof of Theorem 1.3.9 ([BD97]). In their proof the following two
results ([BD97, Proposition 4.4] and [BD97, Proposition 4.5] respectively) played pivotal
roles.

Proposition 4.0.1. Let R be a Noetherian domain containing Q with quotient field K, and F €
R[X, Y]\ R. Suppose that K[X,Y] = K[F]!l. Then, R[X,Y] = R[F]!Y if and only if Fx, Fy are

comaximal in R[X, Y]

Proposition 4.0.2. Let R be a Noetherian domain containing Q with quotient field K, and F €
R[X, Y]\ R. Then, R[F] is inert in R[X,Y] if and only if K[F] is inert in K[X,Y] and the ideal
(Fx, Fy)R[X,Y] is either the unit ideal, i.e., grade(Fx, Fy) = oo or grade(Fx, Fy) = 2. Conse-
quently, JDx y)(F, —) is an irreducible R-derivation if R[F] is inert in R[X, Y.



34 Chapter 4. LNDs with polynomial kernels of stably trivial A%-fibrations

To follow the techniques of Bhatwadekar-Dutta in order to solve Question 1.3.13, the
first step would be to check whether the above two results are generalized for multivariate
polynomial rings. Since from Theorem 1.3.8 ([EKO16]) it already follows that Proposition
4.0.1 has an extension to stably polynomial algebras (see Proposition 4.3.1), we ask the
following questions.

Question 4.0.3. Let R be a Noetherian domain containing Q.

(I) Is it possible to classify the inert subrings of RI™, which are polynomial algebras in one
indeterminate? (asks to extend the 1st part of Proposition 4.0.2)

(I) IfR[Fy,- -+, Fy—1] isinert in R[Xq,- - - , Xy] where Fy, - - -, F,_1 are algebraically indepen-
dent over R, is then jD(X1,~-~,X,,)(F1/' -+, F,_1,—) an irreducible R-derivation? (asks to
generalize the 2nd part of Proposition 4.0.2)

In Section 4.1 we show that the answer to Question 4.0.3(I) is affirmative. Specifically
(see Proposition 4.1.4)

Proposition 4.A. Let R be a Noetherian domain containing Q and A = R[Xy, Xp, - -+, Xy| =
R[" where n > 2. Then, for an element F € A \ R, R[F] is an inert subring of A if and only
if K[F] is an inert subring of A ®g K and the ideal (Fx,, Fx,, - - - , Fx, ) A has grade at least 2.

In section 4.2 we show that from the proof of [Dai97, Corollary 2.4] (see [Dai97, Section
3]) an affirmative answer to Question 4.0.3(II) exists under certain assumptions. To be
specific (see Corollary 4.2.2),
Corollary 4.B. Let R be a Noetherian domain containing Q and A = R[Xy, X2+ -+, Xy] =
R, Suppose that Fi, F>, - - -, F,_1 € A are algebraically independent over R; and
R[F,F, - ,F,—1] is inert in A. Then, the kernel of jD(Xl,XZ---,X,,)(FllFZ/' <+, Fy_q,—) is
R[F1,F, - - ,F,_1]. Further, if R is either a UFD or a regular domain, then
jD(XLXZ_,,/Xn)(Pl,FQ,‘ -+, F,_1,—) is irreducible.

In Section 4.4 we investigate Question 1.3.13 and observe that while over Noetherian
UFDs containing Q it has complete affirmative answer, over general Noetherian domains
containing Q the result holds partially (see Theorem 4.5.1 and Corollary 4.5.3).

Theorem 4.C. Let R be a Noetherian domain containing Q with quotient field K, A an R-
algebra and D an R-LND of A. Suppose, X = (Xy,--- ,Xnﬂ) and T = (Ty,---,T,) are
two sequence of indeterminates such that A[T] = R[X] and D is the trivial extension of D
on A[T].

(a) Consider the following statements.

(I) D and Dp are irreducible for each P € Spec(R).
(1) Ker(D) = R,
(IT) grade(D(A)A) > 2.

(IV) There exists W € A such that A®@r K = K[W]ll, D = JDxy(W,T,—) and
grade((Wx,,--- , Wx,,,)A[T]) > 2.
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(V) There exists W € A such that A ®@g K = K[W] U, yD = th(X)(W,L —) and
grade((Wx,,---,Wx,,,)A[T]) > 2 wherer € R, h € Ker(D).

Then, “(Il) <= (V)”, “(IV) = (V)” and “(Il) = (I)” hold. Further, if R is either
a UFD or a regular domain, then (V) implies that 7 D(X) (W, T, —) is irreducible.

(b) If R is a UFD, then Ker(D) = RI!. Further the following statements are equivalent.

(I) D isirreducible.
(I) grade(D(A)A) > 2.
(IlI) There exists W € A such that A @z K = K[W]l], D = JDxy(W,T,—) and
grade((Wx,, - -+, Wx,.,)A[T]) > 2.

n+2

(c) If R is a regular domain, then Ker(D) = Symg(I) for some invertible ideal I of R.
Further, the following statements are equivalent.

(I) D and Dp are irreducible; and Ker(D) = R
(II) grade(D(A)A) > 2; and Ker(D) = R
(I) There exists W € A such that A @g K = K[W], D = JD(x)(W,T,—) and
grade((Wx,, -+, Wx,.,)A[T]) > 2.

n+2

4.1 A criterion for one-variable polynomial subrings of R" to be

inert
In order to explore Question 4.0.3 we first observe a few properties of polynomial rings.

The first lemma shows that for a non-constant element F in the polynomial algebra K [,
the K-algebra generated by K[F]| intersected with the ideal generated by partial derivatives
of F contains at least one non-zero element. This result is necessary in the proof of Lemma
4.1.2.

Lemma 4.1.1. Let K be a field containing Q and F € K[Xy, Xa, - -+ , Xu] = K" be a non-constant
element. Then, (Fx,, Fx,,- -+ ,Fx,)K[X1, X2, -+, Xu] N K[F] # (0).

Proof. Let S = K[F]\ {0}, L = S7'K[F], C = S7'K[X3, X5, - -, Xy and
I = (Fx,,Fx,,- - - ,Fx,)C. Itis enough to prove that I is not contained in any maximal ideal

of C. So, we assume that I C m for some m € MaxSpec(C). Note that Cy, is a regular local

ring. Now, the ring homomorphisms K — L s €, where i and j are inclusion maps

give rise to the following exact sequence.

QK(L) X1 Cn L> QK(Cm) — QL(Cm) — 0
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Since Cy, is a regular local domain and Q < L, one can see that Q1 (Cy,) is a free Cy,-module
of rank n — 1 ([AK70, pp. 159-167]), and therefore, the short exact sequence

0 — Im(0) — Qx(Cn) — Qp(Cn) — 0

is split exact where o (d; jx(a) ® b) = bdc, /k(i(a)). Since Qx(Cn) is a free Cy, module of
rank n with basis {dX;,dX>,- - ,dX,}, im(0) = (Fx,dX; + Fx,dXp + - - - , Fx,dX,;)Cn and

Fx, Fx, --- Fx,
Ok (Cm) = OL(Cn) @ im(0), we see that there exists a matrix M :=

such that MP forms a basis of Qg (Cy) where P := (dX;,dXa,- -+ ,dX,)!. Using the fact
that det(M) = 1in C, we get ICy, = Cy, which is a contradiction to the assumption that
I € m. So, we have I = C. This completes the proof. O

The next lemma proves that for a non-constant element F in KI") the ideal generated by
the partial derivatives Fx;s is not contained in any proper principal ideal of K], provided
K[F] is inert in K["]. This result is used in the Proposition 4.1.4.

Lemma 4.1.2. Let K be a field containing Q and F € K[Xy,Xp,- -+, Xu| = K" be a non-constant
element. If K[F] is an inert subring of K[X1, X, - - - , Xy|, then the ideal

(Fx,, Fx,, -+, Fx,)K[X1,Xa, - -+, Xy| is not contained in any proper principal ideal

of K[X1, X2, , Xy

Proof. Set A := K[Xy,---,Xy]) and I := (Fx,, Fx,, -+ ,Fx,) K[X1, -+, Xu]. If possible let
I C pA for a prime p in A, and therefore, by Lemma 4.1.1 we have pA N K[F] # (0).
Let 0 # b € pANKIF]. Then b = Bp where p € A. Since K[F] is an inert subring
of A, we get B,p € K[F|. Write p = ¢(F) := ro +rF--- +r,F" wherer; € K. Since
Fx,, Fx,, -+ ,Fx, € pA, we get Fx, = a;¢(F) wherea; € Afori =1,2,--- ,n. Now, for each
i=1,2,---,n comparing the degrees of X;s in the equation Fx, = a;¢(F) we see that either
a; = 0 or ¢(F) = ry which respectively imply that either F € K or pA is an unit ideal — a
contradiction to our assumptions. So, we conclude that I ¢ (a) for any non zero and non
unita € A. O

The next result shows that an R["l-extended ideal of R will contain a non-constant ele-
ment of RI" if and only if all of the partial derivatives of that non-constant elements are in
the extended ideal. This result is also needed in the proof of Proposition 4.1.4.
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Lemma 4.1.3. Let R be a domain containing Q, I an ideal of R and F an element of the ideal
(X1, ,Xu)R[Xq, -+, Xu]. Then, Fis in IR[Xy,- -, Xy] if and only if all of Fx,, - - - , Fx, are
in IR[Xy,- -+, Xy

Proof. Write F as sum of monomials say F = Z Ay, Xil e Xff, where a;,...;, € R. Then,
1'1,‘.. ,in
foreachj=1,2,--- ,nwehave
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Since Q — R, the above expression shows that for each j = 1,2,--- ,n we have FX/. €
IR[X], cee ,Xn] if and only if aj,...i, € I for all (il,iz, cee ,l']',1,l']', i]'+1, s ,in) € N with Z] >
0. This proves that F € IR[X3, -+, X,] if and only if Fx,,-- -, Fx, € IR[Xy, -+, Xu]. O

We now give an answer to the Question 4.0.3(I) which generalizes the first part of
Proposition 4.0.2 ([BD97]).

Proposition 4.1.4. Let R be a Noetherian domain containing Q with quotient field K and A =
R[Xy,Xp, -+, Xn] = R where n > 2. Then for an element F € A\ R, the following are

equivalent.
(I) RI[F] is an inert subring of A.
(II) K[F] is an inert subring of A @ K and grade((Fx,, Fx,, - -+ ,Fx,)A) > 2.

Proof. (I) = (II): Assume that R[F] is inert in A. Let ab € K[F] witha,b € A ®g K. Write
a= Z—; and b = Z—; where a1,b; € A and a,,b, € R so that ab = % with a1b; € R[F]. By
our hypothesis we have a1, b1 € R[F], and therefore, 7L, % € K[F]. This proves the first part
of (II).

We use induction on the number of indeterminates 1 to prove the conclusion. By 4.0.2
([BD97]) the result holds when n = 2. We assume that the result holds forn = r -1 >
2 and shall show that it holds for n = r. We can assume, without loss of generality,
that F € (X3, Xp,---,X;)A. We further assume that the (Fx,, Fx,,- -, Fx,)A # A, ie,
grade((Fx,, Fx,,- -+ ,Fx,)A) # oo, otherwise it directly leads to the conclusion of (II).

Case Fx, =0 :Inthiscase, F € (X, X3, -+, X;)R[X2, X3, - -, X;]. Since
R[X2, X3, -+, X;] isinertin A, we see that R[F| isinertin R[X», X3, - - , X;]. Now applying

the induction hypothesis we get the required result.

Case Fx, #0 : We will show that one of Fx,, Fx,, - ,Fx, is a non-zero divisor in
A/Fx,A. Let Q € Assy(A/Fx,A), and hence depth(Ag) = 1. It is enough to prove that
one of Fx,, -+, Fx, isnotin Q. Let P := Q N R. Then, there are two possibilities: P = (0)
and P # (0).
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Assume that P = (0). Then, QA ®r K € Assag k(A ®r K/Fx, (A ®r K)). Since A ®r
K = K" we have ht(QA ®r K) = 1, and therefore, QA ®g K is a principal ideal. Since
K[F] is inert in K[X3, X2, - - -, X;], by Lemma 4.1.2 we get (Fx,, Fx,, -, Fx,) € QA®rK,
i.e., one of Fx,, Fx,, - - -, Fx, does not belong to QA ®r K.

Now assume that P # (0). Let 0 # a € P. Since depth(Ag) = 1, we have Q €
Assa(A/aA); and since a € R, we see that Q is an extended ideal of R. Thus, Q = PA,
and hence P € Assg(R/aR). This shows that there exists b € R\ aR such that bP C aR
along with bQ C aA. We claim that F ¢ Q. Otherwise, bF € bQ C aA, and hence bF = aG
for some G € A. Now, since R[F] is inert in A we have G € R[F|, and therefore, G = cF
for some ¢ € R. This shows that bF = aG = acF, i.e., b = ac which a contradiction to the
fact that b € R\ aR. So, we have F ¢ Q. Now, by the Lemma 4.1.3 we get that one of
Fx,, Fx,,- - - , Fx, does not belong to Q.

So, in both the cases we have one of Fx,, Fx,, - - - , Fx, does not belong to Q.

(I) = (I): Assume that (II) holds. Since K[F] is an inert subring of A ®g K, it is

enough to prove that A N K[F] = R[F]. We show that cA N R[F| = cR[F] for all c € R. Let
K .

G € Aand ¢(F) = ) _a;F', a; € R be such that ¢cG = ¢(F). As ag = ¢G — (a1F 4 a,F> +

=0
s ElgFK), we are done, if we show thata; € ¢cR, foreachi=/¢,{—1,---,2,1;i.e., enough

to show that foreachk=¢,¢—1,---,2,1, 4)]Ek)(F) € cA where ¢ (F) = i a;F' and where
¢ denotes the k-th derivative of ¢. -

First, we shall show that cpée) (F) € cA, and for which we start with showing qbél) (F) €
cA. Note that cGx, = cpél)FXl, cGx, = ¢§1)PX2, -, cGx, = cpél)PXn. LetcA = N; be are-
duced primary decomposition of cA where P; € Spec(A) be such that {P;} = Assa(A/Nj),
and therefore, {P;Ap} = Ass Ap, (Ap,/cAp,). This shows that depth(Ap,) = 1. Hence, by
the given hypothesis at least one of Fx,, Fx,,- - - , Fx, becomes a unit in A Py ie., FXiO ¢ P
for some iy = 1,2,---,n, and therefore, since we have qb,gl) (F )FXr’o = CGX,.0 € cA C N, it
follows that qbél) (F) € Nj. So, we have (/)él) (F) € Nj for each j, and therefore, cpél) (F) € cA.
Now, foreachm = 1,2,--- ,{ — 1, by repeating the above argument m-many times on the
m-th derivative qb(gm) (F), we can conclude that 4)2"1“) (F) € cA. In particular, ) (F) € cA;
and as Q < R, it follows that a; € cR. Note that ¢(F) = ¢¢(F) = ¢;_1(F) + a,F’. Since
ap € cR, we get ¢y_1(F) = cG — a,F' € cA.

Now, foreachk = ¢ — 1,/ —2,---,1, repeating the whole argument for ¢y (F) we see
that a; € cR. This completes the proof. O

Remark 4.1.5. From the proof of Proposition 4.1.4 it follows that under the given hypothesis if R[F]

is an inert subring of A, then either one of Fx,, Fx,, -, Fx, is unit or two of Fx,, Fx,,- -, Fx

n
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form a reqular sequence in A; and further, if all of Fx,, Fx,,- - -, Fx, are non-zero and non-unit,

then for each Fx, there exists Fx; such that Fx,, Fx; form a regular sequence where i 7 j.

4.2 Irreducible Jacobian derivations of polynomial algebras

The following proposition plays a major part in proving the upcoming Corllory 4.2.2. It is
an extension of Proposition 2.3.17 ([Dai97]).

Proposition 4.2.1. Let R be a Noetherian domain containing Q with quotient field K and R[X] =
R, Suppose F = (Fy, Fy, - -+, Fu) € R[X]™ be such that R[F) is inert in R[X] and tr.deg, (R[E ]) =
d. Let I be the ideal generated by the d x d minors of M = Jacx)(E) in R[X]. Then, grade(I) >
provided any one of the following holds.

(I) R iseither a UFD or a reqular domain.
(I) d = mand (R/P)|[E] remains inert in (R/P)[X] for all height one prime ideal P of R.

Proof. Set A := R[X] and B := R[E].
(I): Suppose that R is a UFD. Then the conclusion follows from Theorem 2.3.16 ([Dai97,
Theorem 3.3]) and the proof of Proposition 2.3.17 (see [Dai97, Corollary 3.10]).

Now, suppose that R is regular. For P € Spec(R), consider Rp. Since Rp is a UFD, by
the earlier case we have grade(IAp) > 2. Since this holds for all P € Spec(R), by Lemma
2.3.2 it follows that grade(I) > 2.

(I): We now assume that d = m and (R/P)[F] remains inert in (R/P)[X] for all height
one prime ideal P of R. Note that since R[F] = R}, R[F] is inert in R[F] for each i =
1,2,---,m. Note that from Lemma 2.3.2 it follows that to prove grade(D(A)A) > 2 it s
enough to prove that grade(D(A)Ap) > 2 for each P € Spec(R) where Ap = A ®g Rp.
Therefore, without loss of generality we assume that R is a local domain. We shall show
that grade(D(A)A) > 2. To prove it we use induction on the dimension of the Noetherian
local domain R. If dim R = 0, the result follows from Proposition 2.3.17 ([Dai97]). We
assume that the assertion holds when dim R = /; and now we shall show that it holds
whendimR =/ + 1.

Let I = (¢1,¢2,- -, ¢r)A where ¢1,¢2,- -+, ¢, are the d X d minors of M and [ # A,
ie., grade(I) # oo. We will show that if ¢; # 0, then one of ¢, ---,¢, is a non-zero
divisor in A/¢1A. So let ¢; # 0 and dim(R) = £+ 1. Let Q € Assa(A/¢1A), and hence
depth(Ag) = 1. It is enough to prove that one of ¢, ¢3, - - - , ¢, isnotin Q. Let P := QN R.
Then, there are two possibilities: P = (0) and P # (0).

Assume that P = (0). Then Q(A ®r K) € Asspgzx(A @r K/¢p1(A ®r K)). Since A ®r
K = K", we have ht(Q(A ®g K)) = 1, and therefore, Q(A ®g K) is a principal ideal. Since
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Bis inert in A, it can be seen that B @ K is inert in A ®g K, and therefore, by Proposition
2.3.17 ([Dai97]) we get (¢1,¢2,- - , ) Qr K € Q(A ®g K), i.e., one of ¢o, P, - - -, ¢r does
not belong to Q(A ®r K).

Now assume that P # (0). Let 0 # a € P. Since depth(Ag) = 1, we have Q €
Asss(A/aA); and since a € R, we see that Q is an extended ideal of R. Thus, Q = PA,
and hence P € Assg(R/aR). This shows that there exists b € R\ aR such that bP C aR
along with bQ C aA. Note that due to inertness of R[F;| in A we have F; ¢ Q for all
i=1,2,---,m; otherwise it contradicts that b € R \ aR. Now, by the Lemma 4.1.3 we get
that at least one of Fix , Fix,, - -+, Fix, does not belong to Q for eachi = 1,2,---,m, ie,
foreachi =1,2,---,m, not all of Fix,, Fix,, -, Fix, are zero in A/Q. Let Ry = R/P and
Ay = A/PA = A/Q = Ry[X]. By the hypothesis we have R;[F] is inert in A/Q. Since
dim(R;) < ¢, by the induction hypothesis we have grade((¢1,¢2, -+ ,¢r)A1) > 2, and
therefore, (¢2, -+ , ¢r) §Z Q,i.e,oneof ¢, - -, ¢, does not belong to Q.

So, in both the cases we see that at least one of ¢, - - - , ¢» does not belong to Q. This
completes the proof. O

Our next observation answers the Question 4.0.3(IlI) and it generalizes the second part
of Proposition 4.0.2 ([BD97]).

Corollary 4.2.2. Let R <= Q be a Noetherian domain and R[X] = R[Xy,Xa, -+, Xu] = R,
Suppose that F = (F,F, -+ ,F,_1) € R[X]""! is a sequence of algebraically independent ele-
ments over R and R[E] is inert in R[X]. Then, Ker(J D x)(E, —)) = R[E]. Further, IDx(E, —)
is irreducible provided either R is a UFD or a regular domain or (R/P)[E] remains inert in
(R/P)[X] for all height one prime ideal P of R.

Proof. Set A = R[X] and A := JDx)(E, —). Since A # 0, it is clear that Ker(A) # A
and tr.degy, ) (A) = 1. Again, since Ker(A) and R[F] are algebraically closed in A,
trdegpp (A) = 1and R[F] C Ker(A), we see that R[F] = Ker(A).

Clearly, {A(X;) [i =1,2,- -+ ,n}arethe (n —1) x (n — 1) minors of the Jacobian Jac x)(E)
and tr.degy (R[F]) = n — 1, and therefore by Proposition 4.2.1 we see that the ideal
(A(X1),A(Xz), -+ ,A(X,))A is either the unit ideal or has grade at least two. This proves
that (A(X1),A(X2),---,A(Xy))A is not contained in a principal ideal of A, i.e., A is irre-
ducible on A. O

4.3 A criterion for a stably trivial A2-fibration to be trivial

The next proposition gives a criterion for a stably polynomial A2-fibration to be a polyno-
mial algebra. The proof is given in the spirit of Bhatwadekar-Dutta’s proof of Proposition
4.0.1 ([BD97]). One can see that the result is related to Theorem 1.3.8 ([EKO16]).
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Proposition 4.3.1. Let R be a Noetherian domain containing Q with quotient field K and A a sta-
bly polynomial Az—fibmtion over R. Suppose, X = (X1,X2, -+, Xpy2)and T = (Ty, T, - -+ , Ty)
are two sequence of indeterminates such that A[T| = R[X]. Let F € A be such that A @ K =
K[F)M. Then A = R[F) if and only if (Fx,, Fx,, - - - , Fx,)A[T] = A[T].

Proof. Due to Theorem 2.3.21 ([DD14]) it is enough to prove that F is a residual coordinate
of A. Since an element i € A is a residual coordinate of A over R if and only if & is
a residual coordinate of Ap over Rp for all P € Spec(R), without loss of generality we
assume R to be local with maximal ideal m and residue field k = R/m. Since A Qg K =
K[F]M, for each P € Spec(R)\ {0} we only need to show that A @g k(P) = k(P)[F]!!l where
F denotes the image of F in A ®@g k(P). We prove this using induction on the dimension d

of the local ring R.

If d = 0, there is nothing to prove as F is already a coordinate of A ®g K = KIZ. Assume
that d = 1. Since R is an one-dimensional Noetherian local domain, by the Krull-Akizuki
theorem there exists a discrete valuation ring (DVR) (C, 7r) such that R € C C K and
the residue field L = C/ () is finite over k. Since A2-fibrations over a DVR containing
Q are trivial (see Theorem 1.2.5 ([Sat83])), we get A Qr C = Cl2l. We shall show that
A ®g C = C[F]l!L. Since F is a generic coordinate of A @g C, by Theorem 2.3.8 ([RS79]) it
is enough to show that L[F] is algebraically closed in A @ L = (A ®x C) ®c L = L. By
Theorem 2.3.4 ([AEH72]) the algebraic closure of L[F] in A @ L = LI is of the form L[U],
and therefore, we have L[F] C L[U] C A®gr L C A[T]®r L = L[X1,Xp, -+, Xy12]. Thus,
the partial derivatives of U with respect to X1, Xy, - - - , X;,42 are well defined. Let us write
F=ap+a U+ aU?+ - - - + a, U™ where a; € L. Applying partial derivatives with respect
to Xy, Xp, - - -, X2 we get the following equation

oF ou ou

ou
o g—— 49 . m—1
ox, ~ Mgx, TAUmgy T mUT A

wherei =1,2,--- ,n+2. Since (Fx,, Fx,, - - - , Fx,.,)A[T] = A[T], there exists by, by, - - - , by42
such that by aaTFl + bz(-)aTFz 44 bn+2%f+2 = 1, which along with the above equation gives

the following
ou ou ou m—1y _
(s, gz, T gy, ) b 2l man U =1

On comparing degrees of U in the above equation, we geta; = Oforalli =2,3,--- ,m.
This shows that F is linear in U, and therefore, L[F] = L[U]. So, we have A @ C = C[F]1,
and hence A ®g L = L[F][!l. Since L is a finite separable extension of k, we get A ®g k =

k[E]Y, i.e., F is a residual coordinate of A.
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Now, assume that the result holds for all domains of dimension d < m — 1. Let
dim(R) = m. Consider R; := R/P where P is a height-one prime ideal of R and set A; :=
A ®g Ry. Clearly, A; is an A2-fibration over R;. Since dim(Ry) = m — 1, by the induction
hypothesis F is a residual coordinate of A, and therefore, A; ®g, k(Q) = k(Q)[F]!!! for all
Q € Spec(R;) where Q denotes the image of Q € Spec(R) in R; such that P C Q. Since
Ay = A®g Ry and k(Q) = k(Q) we have A @ k(Q) = k(Q)[F] for all Q € Spec(R)
such that P C Q. This shows we have A @ k(P) = k(P)[F]!Y for all P € Spec(R) with
ht(P) > 1. Since F is already a generic variable of R[X, Y], i.e., R[X, Y] ®r k(0) = k(0)[F]1!,
it follows that F is a residual coordinate of A, and hence, by Theorem 2.3.21 ([DD14]) we
get A = R[F]l!. O

Remark 4.3.2. Let R be a reqular domain containing Q with quotient field K and A an A>-
fibration over R. Let F € A be such that A ®g K = K[F]l. Fix P € Spec(R). Then, by
[Asa87, Corollary 3.5] there exist sequence of indeterminates T = (Ty, Ty, -+ ,Ty) and X =
(X1, X2, , Xyy2) such that A @g Rp[T] = Rp[X]. In that case, we see that A g Rp =
Rp[F)M ifand only if (Fx,, Fx,, -+ , Fx,.,)A ®r Rp[T] = A ®g Rp[T]

4.4 LNDs of stably trivial A*-fibrations with image having grade

at least two
The following lemma gives a condition for the ideals of an R-algebra A to be equal.

Lemma 4.4.1. Let R C A be rings, I an ideal of R and |; C |, ideals of A such that I C ;N\ R
fori=1,2. Suppose that the images of |1 and |, are same in A @r R/, then J; = J».

Proof. Let for any element x € A, the notation X denote the image of x in A ®g R/I. Let
x € J. Thenx € [, ®r R/I = J; ®r R/I. This shows that there exists y € J; such that
f—7=0in A®rR/I, ie,x—y € IA, ie, x € J; +IA. Since [A C J;, it is clear that
x € J1, and therefore, we have [; = J». O

The next result states that for a Noetherian domain R containing Q, a stably polynomial
R- algebra A of transcendence degree two is also an A2-fibration.

Lemma 4.4.2. Let R be a Noetherian domain containing Q and A an R-algebra such that A" =
RI+2], Then, A is an Az-ﬁbmtion over R.

Proof. Since Al"l = RI"*2, A is finitely generated and flat over R and further we have
(A®gk(P))" = k(P)!"*2 for all P € Spec(R), and therefore, the result follows from the
cancellation result of Fujita, Miyanishi and Sugie ([Fuj79], [MS80]. O
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The next lemma is a part of proof of Bhatwadekar-Dutta’s ([BD97]) result Theorem 1.3.9
which we state here as it is used in the proof of our main result Theorem 4.C (Theorem 4.5.1
and Corollary 4.5.3).

Lemma 4.4.3. Let R be a Noetherian domain containing Q with quotient field K, A = R[X, Y] =
RPand D : A — A an R-LND. Then, there exists F € Ker(D) such that K[X,Y] = K[F]!. If
D(A)A = Aor D(X), D(Y) form a reqular sequence in A, then aD(X) = Fy and —aD(Y) = Fx
for some o € A. Further, F can be chosen to be an irreducible element from the ideal (X,Y)A, and
in that case « € R*, i.e., D(X) = Fy and D(Y) = —Fx, and consequently, (D(X),D(Y))A =
(Fx, Fy)A.

Proof. By Theorem 2.3.3 ([Ren68]) there exists F € Ker(D) such that K[X,Y] = K[F][!.
Since F € Ker(D), we have FxD(X) + FyD(Y) = 0 and therefore, due to the hypothe-
sis D(A)A = A or D(X),D(Y) form a regular sequence in A, we get aD(X) = Fy and
—aD(Y) = Fx for some a € A.

Let F(0,0) = b € R. Clearly, F —b € (X,Y)R[X,Y], D(F —b) = 0and K[X, Y] = K[F —
b)) This shows that F can be chosen to be from the ideal (X, Y)R[X,Y]. Further, since
R is Noetherian, F can be chosen to be an irreducible in A. Now, since K[X,Y] = K[F]!
and aD(X) = Fy and —aD(Y) = Fx for some a € A, by Jacobian criterion we have
a € K*N A = R. Thus, « € Ris such that « | Fx, and « | Fy and therefore, it follows that
a | Fin A. Since F is an irreducible in A, we have & € R*, and hence (D(X),D(Y))A =
(Fx, Fy)A. O

The next result describes the condition for two elements by, b, in R to be a regular
sequence which are R-multiples of regular sequence a1, a, in R.

Lemma 4.4.4. Let R be a domain and let r,s,a;,b; € R, i = 1,2 be such that ra; = sb;. Suppose
that a1, ay form a reqular sequence in R. Then the following holds.

(I) Ifs =0, thenr =0.Ifs # 0, then's | r.

(I) Suppose r,s € R\ {0}. Then, by, by also form a regular sequence in R if and only if either

s = r upto units or r,s € R*.

Proof. (I): Since a1, a is a regular sequence, if s = 0 then clearly = 0. Now assume that
s #0.

ray = sby and ray = sby together gives ra;by = sbib, = rbiay so that we have r(a;by —
byap) = 0. This implies either ¥ = 0 or a1by — bjap; = 0. If r = 0, then clearly s | . Assume
r # 0. Then as a1by — bja; = 0 and since {a1,a2} is a sequence, we have b; € (a;7) and
by € (az). Thus by = aap and substituting this back in ra; = sb, we have ra, = saa, and
hence (r — s)a, = 0. Since by hypothesis a, # 0, we gets | r.
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(II): If either s = r upto units or r,s € R*, then clearly by, b, form a regular sequence in
R. Now, suppose that by, by form a regular sequence in R. If r,s € R* we are done. Clearly,
under the given hypotheses only one of r and s cannot be a unit of R. So assume that both
r and s are not in R*. Now, since r,s € R\ {0}, by repeating the arguments in (I) we have
r | s and also from (I) we have s | r; these two together gives us r = s upto units. O

Now we will establish the relationship between irreducibility of a derivation over an
R-algebra A and the grade of its image ideal.

Lemma 4.4.5. Let R C A be Noetherian domains and D : A — A an R-derivation. Then, the
following holds.

(I) If grade(D(A)A) > 2, then D and Dp are irreducible for all P € Spec(R).

(I) (a) If D is irreducible and A is a UFD, then grade(D(A)A) > 2.
(b) Foreach P € Spec(R), if Dp is irreducible and Ap is a UFD, then grade(D(A)A) > 2.

Proof. (I): Assume that grade(D(A)A) > 2. If possible let D be reducible. Then, there
exists @ € A such that D(A)A C aA, which clearly contradicts the assumption that
grade(D(A)A) > 2. Therefore, D is irreducible.

Let P € Spec(R) and Dp denote the extension of D to Ap. Since grade(D(A)A) <
grade((Dp(Ap)Ap)), we have grade(Dp(Ap)Ap) > 2. This tells us that Dp is irreducible.

(I): Suppose that D is irreducible. Let I = D(A)A.If I = A, i.e., grade(I) = oo, we are
done. So assume that [ # A.

(a): Since A is Noetherian, there exists P = (f1, f2,--- , fr) € Spec(A) such that I C P
and grade(I) = grade(PAp). Now suppose that A is a UFD. Since Ap is a UFD and PAp
is a prime ideal of Ap, there exists a prime p; € A such that p; remains a prime in Ap
and p; | f1 in Ap; and from which it follows that p; | f; in A. In that case we have
P = (p1,f2,- -+, fr). Note that there exists j # 1 such that p; { f; in A; otherwise we
shall have D(A)A =1 C P C (p1), which is a contradiction to the assumption that D is
irreducible. So, without loss of generality we assume that p; { f>. In that case, on repeating
previous arguments we get a prime p, € A such that p, remains prime in Ap, py | fo in A
and p1 # p2, and hence P = (p1, p2, f3,- -+, f). Since p; and p; are distinct primes in Ap,
they form a sequence in Ap, i.e., grade(PAp) > 2, and hence we have grade(I) > 2.

(b): Assume that for each P € Spec(R), Dp is irreducible and Ap is a UFD. Then by

(a) we have grade(Dp(Ap)Ap) > 2 for each P € Spec(R). Now, since grade(D(A)A) =

grade(Dp, (Ap,)Ap,) = grade(D(A)Ap,) for some Py € Spec(R), by Lemma 2.3.2 it follows
that grade(D(A)A) > 2.

O
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As a consequence of the above Lemma 4.4.5 we get the following results.

Corollary 4.4.6. Let R be a Noetherian domain, A a stably polynomial algebra over R and D :
A — A an R-derivation.

(I) Suppose that R is a UFD. Then, D is irreducible if and only if grade(D(A)A) > 2.

(II) Suppose that R is a regular domain. Then, D and Dp are irreducible for each P € Spec(R) if
and only if grade(D(A)A) > 2.

Corollary 4.4.7. Let R C A be Noetherian domains containing Q and D,E : A — A two
R-LNDs. Assume that rD = sE for some r,s € A and grade(D(A)A) > 2. Then D is irreducible

and s|r® for some e € IN.

Proof. Clearly, by Lemma 4.4.5(I) D is irreducible. For rest of the proof, let us fix the fol-

lowing notation.

P := “ideal generated by the image of the derivation has grade at least two”

Given that D satisfies P on A. Let R, = R[1/r], A, = A ®gr R,, and D, and E, denote
the natural extension of D and E respectively on A,. Since A, is flat over A, we see that D,

satisfies P on A,. Now, since rD, = sE, on A, where r is an unit in R, and since D, satisfies

P on A,[T], it follows that s is a unit in R,, and therefore, s | 7° in R for some e € IN. O

For the next results of this section we use the following hypothesis.

Let H := “Let R be a Noetherian domain containing Q with quotient field K and A an R-
algebra. Suppose, X = (X1,Xp,- -+, Xpy2) and T = (Ty, Ty, - - - , T,,) are two sequences of inde-
terminates such that A"l = A[T] = R[X] = R"**2. Let D : A — A be a non-trivial R-LND,
D the trivial extension of D on A[T| and Dy the natural extension of D on A ®g K.”

We now observe some properties of LNDs of stably polynomial A>-fibrations.
Proposition 4.4.8. Under the hypothesis ‘H the following holds.

() Dk = h, D = hIDx)(F,T,—) for somer € R\ {0}, h € Ker(D) \ {0} and ir-
reducibles F,G € A such that Ker(D) ®g K = K[F], A®r K = K[F,G] = K and

Ker(D) = Ker(D)[T]. Further, D x)(F, T, —) is irreducible in A[T] @g K = K[X].
(II) (a) Suppose that grade(D(A)A) > 2. Then, h € R and h|r* for some e € IN and therefore,
rD = JDx) (hF,T,—), i.e., rD is a Jacobian derivation.

(b) Suppose that grade(D(A)A) = oo. Then, grade((Fx,,- - - ,Fx,,,)A[T]) = co and
D= JIDx)(uF,T,—) for some p € R*.
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(c) Suppose that 2 < grade(D(A)A) < oo. Then, there exist f; € (Fx,,---,Fx,.,)A[T]
and ¢; € D(A[T))A[T] for i = 1,2 such that g1,g> form a regular sequence where

n+2

hf; = rgiand h | r. Further, f1, f, form a regular sequence in A[T] if and only if either
r = h upto units or r,h € R*, and therefore, D = JIDx)(uF,T,—) for some p € R*.

Proof. (I): By Lemma 4.4.2 A is an AZ-fibration over R and therefore, by Theorem 2.3.3
([Ren68]), one can find F,G € A such that F,G are irreducible in A, A ®g K = K[F, G|,
Ker(Dg) = K[F] and Dx = haac where h = Dg(G) = D(G) € Ker(D). Since D is non-
trivial, h # 0,i.e., h € Ker(D) \ {0}. Consider the Jacobian derivation A := JDx)(F, T, —)
defined on A[T] and its extension Ag on A[T] ®r K. Note that ¥rDx = hAg where r =
Ax(G) = A(G). Since A[T] ®r K = K[F, G, T] = K[X], it follows that r € K* N A. Further,
since A is faithfully flat over R, we have KN A = R, and therefore, ¥ € R\{0}. Now,
observe that the equation rDx = hAg also holds on A[T], and therefore we have rD = hA
on A[T]. Clearly, Ker(D) = Ker(D)[T]. Further, since A[T] @ K = K[F, G][T] = K[X], we
see that K[F, T] is inert in K[X], and therefore, by Corollary 2.3.18 ([Dai97]) A is irreducible
in K[X].

(ID(a): Assume that grade(D(A)A) > 2. Since A[T] is faithfully flat over A, we see that
grade(D(A[T])A[T]) > 2. By Proposition 4.4.8(T) we have rD = hA for some r € R and
h € Ker(D), and hence by Corollary 4.4.7 we get h | r° for some e € IN. Since 1 € Ker(D),
and r € R C Ker(D), it follows that 1 € R. Thus, we have rD = JDx) (hF,T,—) = hA

wherer, h € R.

(ID(b): Though the proof follows from Theorem 1.3.8 ([EKO16]) and Theorem 1.3.9
(iii) ([BD97]), we give an independent proof. We suppose that grade(D(A)A) = oo, ie,,
D(A)A = A. Note that A[T] @z K = K[F, G][T] = K[X], and therefore, (Fx,, - - - , Fx, ,) A[T] ®r
K = A[T|®r K, i.e., a1Fx, + ayFx, + - - - + ap42Fx,,, = t where t € Rand a; € A[T] for all
i=12,---,n+2 Setl:= RN (Fx,, Fx,, - ,Fx,,,)A[T]. Note that I isanideal of R, t € I
and I = Rifand only if (Fx,,- - -, Fx,,,)A[T| = A[T]. We claim that (Fx,, - - - , Fx,.,,)A[T] =
AT = A[T) i
and only if (Fx,,---,Fx,,,)Ap[T] = Ap[T] for all P € Spec(R) where Ap = A ®g Rp,

without loss of generality we may assume that R is local. We shall use induction on

AIT]. Since by a standard local-global principle we have (Fx,,- - -, Fx

dim(R) to prove our claim. If dim(R) = 0, the claim holds true obviously. So, assume
that dim(R) # 0.

If possible let (Fx,,- -, Fx,,,)A[T] # A[T]. Then, there exists P € Spec(A[T]) such
that (Fx,, -+ ,Fx,,,)A[T] € B. Clearly, I C P and hence there exists p € Spec(R) such
that I C p and PN R = p. Consider the domain Ry = R;. Let (R\l,ﬁ) be the completion

of (Ry,p). Since the non-zero divisors of R remains non-zero divisor in R, going modulo
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a minimum prime ideal of I/{\l, we may assume that 1/2; is a domain such that I = R if and
only if T:=I®g Ry = Ry. Let (1?1,5) denote the normalization of (l/ﬂ, p).

(+): Note that (Fy,, -+ , Fx,.,)A[T] = A[T] ifand onlyif (Fy,, -+ , Fx, ,) A1[T] = A;[T].
One implication is obvious. We let (FX1, -+, Fx, +2)Z\1[I] = Aw\l[ﬂ Since E[I] is integral
over A1[T], it follows that (Fx,, -+, Fx, +z)Al[ | = A1[T], and therefore, due to faithful
flatness of Al[T] over A1[T] we have (Fx,, - ,Fx,,,)A1[T] = Ai[T]. This shows that
(Fip+++ /i) ALL] = A[T)

n+2)

Let dim(R) = 1. Then, (E,ﬁ) is a Noetherian normal local domain of dimension
= = =~ =~ = =[n+2]
one, i.e, Ry is a DVR. Set A1 := A ®g R;. Clearly, A1[T] = R[X] = R4 . One can

observe that ;l\l is an A2-fibration over I/{I < Q, and therefore, by Theorem 1.2.5 ([Sat83])
-~ = =[2] = = =~
A1 =Rq[U,V] =Ry .So,wehave A1[T] = Ry1[X] = Ry1[U, V, T]. Now observe that

(Fxys o+ Fxn)AIT] @apr) A1[T] = (Fx,, -+ F Hz)Al[T] N
= (Fu, Fv, Fr,, Fr, -+, Fr,) A1 [T]
= (Fu, Fv)z/‘\\l[ﬂ-

Since the natural extension of D on 2&\1 is fixed point free and since {E = Ri[U, V], by
Lemma 4.4.3 it follows that (F, FV);\\l[I] = ,/4\1[1] = (Fx,, -, Fx
the argument in (t) we have (Fx,, - - - , Fx,,,)A1[T] = A1[T], which gives a contradiction.

Ay [T]. Now, using

n+2)

We now assume that our claim holds for R where dim(R) < /. Let dim(R) = ¢ + 1.

Let {Pl,P2,~~ Pu} = ASSx(I/G/tI/G) Note that ht(P;) = grade(P;) = 1foralli =
1,2,---,m(see [MatSO Theorem 38]).

Case UL = P; D T : By prime avoidance lemma we have T C Piforsomej=1,2,--- ,m.

Note that P]-A1 [T] € AssA:m( 1[T]/ tA1 [T]) and P; Al[ N R1 P;. Now, by the induction
114

hypothesis, considering the LND induced by D on Al[ ] ®x 1/2\1 / Pj we have

(Fx,, -~ ;1+2)A1[ T] ®A Rl/P = Al[ ] ®A Rl/P Since we assumed that

(Fx, -+ Fx,,,)AT] F A[ ], by the arguments in (1) there exists ‘}3 € Spec(Al[T]) such
that (FX1,~ . ’FXn+ )A [ ] - q3andq3®A Rl/P = A1 ®A Rl/P Since P - mﬂRl, by

Lemma 4.4.1 we see that 213 = A1 [T], which is a contradiction.

Case U1 P 2 T Clearly P; 2 7. Consider the domain 1/2~\1 /P;. Then dim(IAQA; /Pp) <

¢, and therefore, by the induction hypothesis we have 1/{\1 /P = I ®g I/{\l /Py which is a
contradiction to the fact that 1/2; is a local domain with maximal idealﬁ O I®r 1/2; .
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So, we get (Fx,, - - - , Fx,.,)A[T] = A[T] for dim(R) = ¢+ 1. This establishes our claim,
ie., grade((Fx,, -, Fx,.,)A[T]) = oo.

We now show that D = JDx)(uF,T,—). From the equation rD = hA we get the

following system of equations

rD(X;) = h(aﬂl—"xl +apFx, +---+ ain+2PXn+2) = hA(X;)

where, for i,j = 1,2---,n+2, a;;j € A[T] and a; = 0. Since D(A) = A, we have

D(A[T])A[T] = A[T], and therefore, there exists b; € A[T],i = 1,2,--- ,n + 2 such that

n+2 n+-2 _

Z biD(X;) =1,ie, Z birD(X;) = r, which, along with the above set of equations, gives

=1 =1

: n+2 l n+2

us h ) biA(X;) = r. Thus, we have ¢ := )_bA(X;) € R, ie., (Fx,, - ,Fx,,,)A[T] con-
i=1 i=1

tains a constant ¢ € R such that ic = r and therefore cD = A. Note that by Proposition

4.3.1 we have A = RJ[F,G]| for some G € A, and therefore, R[F, G][T] = R[X]. From this

we see that y := det(Jacg (X)) € R*. Further, by Theorem 1.3.9 ([BD97]) we have

Ker(D) = R[F] and D = JD ) (F, —). This shows that

D =JDgen(F T —)
= det(Jac(rcr) (X)) IDx)(F, T, —-)
— 4. JDx(F,T,-)
= JDx)(uF,T,—) = pA where u € R*.

(ID(c): Since A[T] is faithfully flat over A and 2 < grade(D(A)A) < oo, we have
2 < grade(D(A[T])A[T]) < co. So, there exists a;, 8; € A[T], i = 1,2,--- ,n + 2 such
that g1 := ;D(Xq) + axD(Xp) + - - + ay12D(Xu42) and go := B1D(X1) + B2D(Xz) +
-+ BuiaD(X,42) form a regular sequence in A[T]. Set fi := a1 A(Xy) + arA(Xo) + -+ +
(20 (Xys2) and fr := B1A(X7) + P2A(X2) + - - - + But2A(Xy+2). Note that by (II)(a) we
have rD = hA where r,h € R and h | ¢ for some e € N and also hif; = rg; for i = 1,2.

Now, since g1, g2 forms a sequence, by Lemma 4.4.4 we have h | .

We now assume that fi, f, form a regular sequence in R, then by Lemma 4.4.4 it follows
that either r = h upto units or r,h € R*, and therefore, D=Jg D(X)(P‘FI T,—) for some
i € R*. Conversely, we assume that r,1 € R*. Then, it is easy to see that f;, f» form a

regular sequence in R as g1, g» form the same. O

Remark 4.4.9. (I) In Proposition 4.4.8 under the hypothesis “grade(D(A)A) > 2" if we fur-
ther have v € R*, then in view of Lemma 4.4.4 it is clear that h € R*, and in that case
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grade((Fx,;- - ,Fx,,,)A[T]) > 2, and therefore, by Proposition 4.1.4 we have Ker(D) =
R[F).

(IT) One can see that Proposition 4.4.8(I) also follows from [ML98, Lemma 8] (also see [Frel7,
Theorem 3.20] ).

4.5 LNDs with polynomial kernels of stably trivial A2-fibrations
We are now ready to prove our main results. First we shall prove Theorem 4.C(a).
Theorem 4.5.1. Let the hypothesis H holds and consider the following statements.
(I) D is irreducible.
(I') D and Dp are irreducible for each P € Spec(R).
(I) Ker(D) = R
(Ill) grade(D(A)A) > 2.

(IV) There exists W € A such that A @ K = K[W] W,D = JIDx) (W, L, —) and
grade((Wx,, -+, Wx, ,)A[T]) > 2.

(V) There exists W € A such that A ®g K = K[W]1, rD = hJIDxy(W,T,—)and
grade((Wx,,--- ,Wx,.,)A[T]) > 2wherer € R, h € Ker(D).

Then, we have the following
() "I') = ()", ") <= (V)",“(IV) = (V)" and “(Ill) = (I')” hold.

(b) Suppose that (V) holds and assume that either R is a UFD or a regular domain or R[W| ®g
R/Pis inert in A ®@g R/ P for all height-one prime ideal P of R. Then, JDx(W, T, —) is
irreducible in R[X] and Rp[X] for all P € Spec(R).

(c) If Risa UFD, then (II) holds and further (1) and (I') are equivalent.

(d) Suppose that R is either a UFD or a reqular domain. Then, “(I') <= (1II)”, "(IV) =
(III)" and “(I') & (II) = (IV)” hold true.

Proof. (a): “(I') = (I)” and “(IV) = (V)” are trivial. “(Ill) = (I')” follows from
Lemma 4.4.5(1).

Now, we shall prove “(Il) <= (V)”. Assume that (II) holds, i.e., Ker(D) = RI) = R[W]
for some W € A. We shall show that (V) holds. By Proposition 4.4.8(I) we have an ir-
reducible element Fin A, ¥ € R and h; € Ker(D) such that A ®x K = K[F]l!, D =
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mJIDx)(F,T,—). Since R[F| C R[W] and K[F] = K[W], we see that F = ro + W
for some rp € R and r; € R\{0}. In that case we have rD = hlrljD(X)(W,I, -) =
hJIDx)(W,T,—) where h = hir1 € Ker(D). Since R[W] = Ker(D) is inert in A, it is inert
in A[T] = R[X], and hence by Proposition 4.1.4 we have grade((Wx,,- - -, Wx,,,)A[T]) >
2.

We now assume that (V) holds. Since A ®g K = K[W]l!, K[W] is inert in A ®g K
and hence it is inert in A[T] ®g K = K[X]. Now, since grade((Wx,,- -, Wx,,,)A[T]) > 2
whereas A[T] = R[X], by Proposition 4.1.4 we have R[W] is inert in A[T|. Further, since
R[W] C A, we have R[W] is inert in A and hence R[W, T] is inert in A[T], and therefore, by
Corollary 4.2.2 we have Ker(JDx)(W,T,—)) = R[W, T]. Since rD = hJIDxy(W,T,-)
for some r € R, h € Ker(D) and since D is a natural extension of D, R[W] C Ker(D).
Since both R[W] and Ker(D) are inert in A and tr.degy.,p)(A) = tr.degp (A), we have

Ker(D) = R[W].

(b): We assume the hypothesis. Since (II) <=> (V) hold, we have from (a) that Ker(D) =
R[W] = R, and therefore, R[W, T] is inert in A[T] = R[X]. This also shows that Rp[W, T]
is inert in Ap[T] = Rp[X] for each P € Spec(R). Now, due to the given hypothesis, from
Corollary 4.2.2 it follows that 7D x)(W, T, —) is irreducible in R[X] and Rp[X] for all P €
Spec(R).

(c): Assume that R is a UFD. By Theorem 2.3.5 ([AEH72]) and Theorem 2.3.6 ([Ham75]),
one can easily see that Ker(D) = R (also see Corollary 5.1.8). We now show that (I)
and (I') are equivalent. It is enough to show that “(I) = (I')”. So, assume that (I)
holds, i.e., D is irreducible. Since R is a UFD, we already have Ker(D) = R[W] for some
W € A. Now, by Corollary 4.4.6 we see that grade(D(A)A) > 2 and hence by Proposition
4.4.8 (I) & (11)(a) it follows that rD = hJIDxy(W,T,—) where r,h € R. Since Ker(D) =
R[W] is inert in A we see that R[W, T] is also inert in A[T] = R[X], and therefore, by
Corollary 4.2.2 we have J D(X)(W,L —) is irreducible. Since R is a UFD, both D and
JIDx) (W, T, —) are irreducible and rD = hJ D(x) (W, T, —) wherer,h € R, it follows that
D = JDy, (W, T, —). Rest follows from (b).

(d): We assume that R is either a UFD or a regular domain. “(') <= (III)” follows
directly from Corollary 4.4.6.

We now prove “(IV) = (II)”. So, assume that (IV) holds. Note that since “(IV) =
(V)” holds true, from (b) it follows that JD ) (W, T, —) is irreducible in R[X] and Rp[X]
for all P € Spec(R). From this it follows that D, and therefore D is irreducible in R[X] and
Rp[X] for all P € Spec(R). Now, by Corollary 4.4.6 we see that grade(D(A)A) > 2; and
therefore (III) holds.
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Next we prove “(I') & (I) = (IV)”. Assume that (I') and (II) holds. Now, since
(I) <= (V) holds true, we assume that both (II) and (V) holds, and therefore by (b)
we see that 7D x) (W, T, —) is irreducible where Ker(D) = R[W] = R, Again, since
D is irreducible, D is also irreducible. Since R is either a UFD or a regular domain,
in view of Corollary 4.4.6, we see that an iterative use of Corollary 4.4.7, for both D
and jD(X)(W,I, —), on the given equation D = th(X)(W,L—), where r € R and
h € Ker(D), givesus D = J D(X)(W,L —). Now since we already have (II) <= (V), it
follows that grade((Wx,, - - - , Wx, ,)A[T]) > 2. This establishes (IV). O

n+2

Remark 4.5.2.  (a) From the proof of Theorem 4.5.1 the following is observed easily. If we assume
(11) and (III) hold, then in (V) we have rD = th(X) (F,T,—) where r,h € R; as due to
Corollary 4.4.7 it would follow that h|r® for some e € N, implying h € R.

(b) It is to be noted that under the hypothesis of Theorem 1.3.9 ([BD971) the following statements
can be seen to be equivalent.
(I) D is irreducible and Ker(D) = RI!.
(I') D and Dp are irreducible for each P € Spec(R) and Ker(D) = RV,
(I) Either D is fixed point free or D(X) and D(Y) form an R[X, Y]-regular sequence.
(Ill) D = JDxy)(F,—), K[X,Y] = K[F] 1 and Fx, Fy either form an R[X,Y]-regular
sequence or are comaximal in R[X,Y].

As a particular application of the Theorem 4.5.1 we have the following corollary.
Corollary 4.5.3. Let the hypothesis H holds.

(A) Assume that R is a UFD. Then, Ker(D) = R[W] = R for some W € R. Further, the
following are equivalent.

(I) D is irreducible.
(I') D and Dp are irreducible for all P € Spec(R).
(II) grade(D(A)A) > 2.
() D = JDx)(W,T,-).
(B) Assume that R is a regular domain. Then, Ker(D) = Sympy(I) for some invertible ideal I of
R. Further the following are equivalent.
() D and Dp are irreducible and Ker(D) = R forall P € Spec(R).
(I) grade(D(A)A) > 2 and Ker(D) = RV,
(I1) There exists W € A such that A®g K = KWW, D = JDx)(W,T,—) and
grade((Wx,,--- ,Wx, ,)A[T]) > 2.

n+2) — —
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Proof. (A): By Theorem 4.5.1(c) we have Ker(D) = R[W] = R for some W € A; and
therefore, it follows that R[W] is inert in A[T] = R[X]. Again directly by Theorem 4.5.1(c)
we have (I) <= (I'). For the rest of the proof, first notice that by Proposition 4.1.4 we have
grade((Fx,,- -, Fx,.,)A[T]) > 2. Now, “(I) <= (II)” follows from Theorem 4.5.1(c) and
(d); and “(II) <= (III)” follows from Theorem 4.5.1 (c), (d) and (a).

(B): Since Rp is regular local, it is a UFD and therefore, by Corollary 4.5.3(A) we have
Ker(D)p = Rg] for all P € Spec(R). Now, since D is an R-LND of A, D has a pre-slice, i.e,
there exists z € A such thata := D(z) € Ker(D), and therefore, D,, the natural extension
of D on A[1/a], has a slice. So, by the Slice Theorem (Theorem 1.2.1) we have A[l/a] =
Ker(D)[1/a]l'). This shows that Ker(D)[1/4] is a finitely generated algebra over R, and
therefore, by Theorem 2.3.14 ([Ono84]), Ker(D) is finitely generated over R. Since R is
Noetherian, by Theorem 2.3.7 ((BCW76]) we have Ker(D) = Sym(I) for some invertible
ideal I of R.

Now, “(I) <= (III)” follows from Theorem 4.5.1(a) and (d); and “(I) <= (II)” directly
follows from Theorem 4.5.1(c).
O

Though the implication “(I) == (III)” or even “(I) & (II) == (III)” in Theorem 4.5.1
may not hold if R is not a UFD or not a regular domain (see Corollary 4.5.3), the following
result specify an extra condition under which the implication holds when R is a general
Noetherian domain containing Q.

Proposition 4.5.4. Let the hypothesis H holds. Assume that D is irreducible and Ker(D) =

R[F]. Then, there exist d; € A[T| such that aFx, = sd; and d; = %DV - g—)‘éDUfor all i =
1,2,--- ,n+2where U,V € Asatisfying A ®@r K = K[U, V|. Further, if there exist i, j such that
d;, d; form a regular sequence in A[T| whenever Fx,, Fx, form the same, then grade(D(A)A) > 2.

Proof. By Theorem 2.3.3 ([Ren68]) there exists G € A and h € R[F] such that A ®g K =

K[F,G] and Dx = ha(z; Let U,V € A be such that A ®g K = K[U, V] and D(U) # 0 #
D(V). Since K[U, V|[T] = K[F, G|[T], clearly we have

(Fx,, -+ Fx, o) ATl @R K = (Fx,, -, Fx,,,)K[U, V][T]
= (Fu,Fv, Fr,,- -+, Fr,)K[U, V][T]
= (Fu, Fv)K[U, V][T]
= (Fr, F6)KIF, G][T]
= A[T] ®r K

Therefore, for 0 = D(F) = FyD(U) + FyD(V) we have D(U) = aFy and D(V) =
—aFy wherew € A ®g K.

Again since K[U, V,T| = K[X3, X2, - - - , Xn+2], we have
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ou U ou

90X, 9X» o aXVH—Z

F F oV 9V oV

X u X, 9X> o Xy

% o1, o1y o1,

X, X, - oX
PT 1 2 n+2
= | where | = 4.1)

Fx Fr,
n+2 n

aT, 9T, T,

0X; 0Xp ° ° ° 0Xpp2

Clearly, det(J) € K* N A[T] = R\ {0}. Note that Fr, = 0 for each i and aFy = D(U)
and aF; = —D(V), and therefore,

aFx, = (34DV-3DU) ie, aFy =sd

where d; = (%DV— g—)‘gDU) foralli=1,2,--- ,n+2,sae =a € Aands € R.

We now prove the next part.

Case (Fx,, Fx,, - Fx,,,)A[T] = A[T] : By Proposition 4.3.1 we have A = R[F,G| =
RP for some G € A, and therefore, by Theorem 1.3.9 ([BD97]) grade(D(A)A) > 2.

Case (Fx,,Fx,,---Fx,,,)A[T] # A[T] : In view of Remark 4.1.5, without loss of gener-
ality, we assume that Fx,, Fx, form a regular sequence. By hypothesis d1, d form a regular
sequence, and therefore grade(D(A[T])A[T]) > 2. Since A[T] is faithfully flat over A, it
follows that grade(D(A[T])A[T]) = grade(D(A)A) > 2. O

4.6 Examples

We shall now workout on two examples of stably polynomial A2-fibrations in complete
details; one by Hochster ([Hoc72]) and another by Raynaud ([Ray68]). These examples of
A-fibrations belong to the class of one-stably polynomial algebras and can not be written
as Al-fibrations over polynomial algebras (see Example 3.4.2 in Chapter 3 for details), and
therefore, by Theorem 1.3.8 ([EKO16]) they do not possess fixed point free LNDs.

First we compute the example by Hochster.

Example 4.6.1. Let R = R[X, X1,X2]/(X% + X% + X% —1), B = R[Yo, Y1, Y2] and K denote
the quotient field of R. Let xq, x1 and x, denote the image of indeterminates Xo, X1 and X, respec-
tively in R. Since the polynomial X3 + X? + X% — 1 have the Jacobian matrix as (2Xo,2X1,2X>)
(# 0) which is a row matrix of rank-1, using Jacobian criterion for reqular rings we notice that R

is a regular ring. Further, by Nagata’s criterion it can be seen that R is a UFD.
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Define an R-LND Dy : B — B by Do(Yo) = xo, Do(Y1) = x1, Do(Y2) = xo.
Let ¢ := x0Yp + x1Y1 + x2Y2 € B. See that c is a slice of Dy, i.e., Do(c) = 1. Let A :=
Ker(Dg) = R[Yy — xo¢, Y1 — x1¢, Yo — xoc¢] = B/(c). Clearly, by the Slice Theorem (Theorem
1.2.1) B = Alc], and therefore by Lemma 1.3.1 A is a 1-stably trivial A>-fibration over R.

Set Yy := Yo —xoc, Y1 := Y1 — x1cand Ys := Yo — xpc. Observe that BRg K = K[Yo, Y1, Ys] =
KBl Do(x1Yo — x0Y1) = x1x0 — Xox1 = 0 and Do(x2Y1 — x1Y2) = x2x1 — x1x2 = 0. Now
x1Yo — x0Y1 = x1Yo — xoY7 and x3Y; — x1Ys are K-linear transformations of variables in KBl and

hence are again variables in KBl Thus,
B®rK = KB = K[Yy, Y1, Ya] = K[x1Yo — x0Y1, x2Y1 — x1Ya, ¢] = K[x1Yy — oY1, x2Y1 — x1Ya, c].

We use the relation Yy = —(x1171 + xzfz)/xo to eliminate Yy in B Qg K and A @ K and get the
following.

2 a2 _ _ _
B®RK:K[( Al xl)Yl—X1XZY2, XZY1—X1Y2,C:|
X0 0
a2 a2 _ _ _

A@xK=B/(c) o K =K [(X‘)"l)n -2y Y - xlyz]

X0 X0
~ ~ (—x2—x3) s xx0 -

Set S := Y1 —x1Yo € Aand T := #Yl — TYZ' One can check that T =
0 0

—(x1Yo — xoY1) = —(x1Yo — x0Y1) € A. Due to finite generation of A over R, 37 € R such that
A[1/r] = R[1/7][S, T] = R[1/7]?. To obtain r, first note that

S\ X2 —X1 Y,
T Il S I 7
X0 X0

We now calculate the generators Yo — xoc, Y1 — x1¢ and Yo — xoc of A in terms of S and T in
A®grK.

2 2 2 _ .2
Yo — xoc = —X§x2 — 2x1X5 —X{ — X3
- 2 2
xox1(2x5 — 1) x1(2x5 — 1)
X2 X
Yi—xic=s0—S+oT
2x5 — 1 2x5 — 1
2 4 42
Yy — o0 = Xy + X7 XoX2

(23 -1)  x(2x3—-1)

Hence it is clear that we can choose r to be x1 (2x§ —1). Define a new R-LND Dg on A Qg K as
follows
Dx :K[S,T] — K[S,T] by S+ 0, T+ x1(2x5 —1)
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Notice that Dg|a(A) € A = R[Yyp — xoc, Y1 — x1¢, Y2 — xoc| and therefore D := Dg| 4 is an
R-LND of A. Let D be the trivial extension of Don Alc] = B = R[Yp, Y1, Y2), ice, 5|A = D and

D(c) = 0. Using the equations above we have
5(Y0) = —x% — x% = D(ﬁ)), ﬁ(yl) = XoX1 = D(YV]), E(Yz) = XgX2 = D(Yfz)

It is easy to see that D is irreducible, and therefore, so is D. Also, Ker(D) ®g K = K[x2Y] —

x1172] = K[x2Y7 — x1Y2]. Now, as x; = M, —x] = Mform a se-
8Y1 ~aY2

quence in R[Yy, Y1,Y2], by Proposition 4.1.4 it follows that Ker(D) = R[x2Y; — x1172] = R,

One can check that D = I Dy yi 1) (x2171 —x1Ys, ¢, —) = I Doy v) (x2Y1 —x1Y2, ¢, —)
and grade(D(A)A) = 2.

The next example is by Raynaud ([Ray68]).

Example 4.6.2. Let R = R[X,Y,Z,F,G,H|/(XF+YG+ZH —1), K := Qt(R) and B =
R[U,V,W| = RBl. Let x, Y,z, f, g and h denote the images of indeterminates X,Y,Z,F, G and H
respectively in R. Since the polynomial XF +Y G + ZH — 1 has the Jacobian matrix (F,G,H,X,Y,Z)

(# 0) and hence using Jacobian criterion for reqular rings we notice that R is a reqular ring.

Define an R-LND Dy on B by
Do(U) =f, Do(V) =g, Do(W)=h.

Let ¢ := xU+yV +zW € B. Observe that Dy(c) = 1, i.e., ¢ is a slice of Dy. Let
A :=ker(Dy) = R[U — fc,V —gc, W — hc] = B/(c). By the Slice Theorem (Theorem 1.2.1) we
have B = Alc], and therefore by Lemma 1.3.1 A, is a 1-stably trivial A>-fibration over R.

Note that B®@gr K = K[U,V,W] =K]|S,T,c] = KBl for some S, T € B. We now calculate the
elements S and T. Set U = U — fc, V =V — gc, W = W — hc. Observe that Do(gU — fV) =
Do(gU — fV) = gf — fg = 0and Do(hV — gW) = Do(hV — gW) = hg — gh = 0. Now
gU — fV and hV — gW are K-linear transformations of variables in B @ K and hence are again
variables in B ®g K. See that

Bor K = KB = K[U,V,W] = K[gU — fV, hV — gW, ¢] = K[gU — fV, hV —gW, c].



56 Chapter 4. LNDs with polynomial kernels of stably trivial A%-fibrations

Note that gU — fV, hV — gW € A. Using the relation U = —(yV + zW)/x we eliminate
U in B®gr Kand A @g K and get the following.

B@RK:K[Wm{jW, W — oW, C]

A@RK:K[Wm{jW, h\7—gV~\/]

SetS:=hV—gWe€ Aand T := (xfx—I—g;V)V+ %W. Note that
(xf +yg)V +2zgW
(xf+yg)V +zgW — ge(xf +yg + zh)
(xf+yg)V +zgW — gc
—x(gU~fV)

= —x(gU—fV) €A,

xT =

ie, T = —(gU — fV) = —(gU — fV) € A. As A is finitely generated, 3 r € R such that
A[1/r] = R[1/7][S, T] = R[1/r]!2. We shall now find r. First, note that

(1) (= ) ()

The generators U = U — fc, V =V — gcand W = W — hc of A are calculated as follows:

_ g 8y —hzy
g 8
V =2z5+xT
W= —xfg—gy5+th

Clearly, we can set r := g € R. Now, define a new LND Dg on A ®g K as follows
D:K[S5,T]| — K[S,T] by S—0,T—g

Notice that Ker(Dg) = K[S] = K[hV — gW], Dx|a(A) € A = R[U — fc, V — gc, W — h].
This shows that D := Dk| 4 is an R-LND of A. Using the above equations we see that

D(U) = —gy —hz=D(U), D(V)=gx=D(V), D(W)=hx=D(W)
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Let D be the trivial extension of D on A[c] = B = R[U,V, W], i.e., D|4 = D and D(c) = 0.
Note that D is irreducible, and therefore, so is D. Also, Ker(D) ®g K = K [hV — gW] = K[hV —
gWI]. Now, since h = a(hVa;gW), -9 = é)(hX/a;VgW) form a sequence in R[U,V,W]|, by

Proposition 4.1.4 it follows that Ker(D) = R[hV — gW].

One can easily check that D = —IDw,v,w) (W —gW, ¢c,—) = ~IDwy,wy(hV —gW, c,—)
and grade(D(A)A) = 2.
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Chapter 5

Rank and rigidity of LNDs of affine

fibrations

The main aim of this chapter: To define a notion of rank and rigidity of LNDs of affine
fibrations which is analogous to the perception of rank and rigidity of LNDs of polynomial
algebras.

Before we go to the definition of rank and rigidity of LNDs of affine fibrations we note
some important results related to rank and rigidity of LNDs of polynomial algebras.

The following two results show that when the rank of an LND of a polynomial algebra
is at most two, then the LND satisfies some nice properties.

Theorem 5.0.1. Let R be a domain containing Q, A = Rl and D: A — A an R-LND. Then,
the following hold.

(I) Suppose that the rank of D is one. Then, Ker(D) = RI"~ and A = Ker(D)!!.
(IT) Suppose that the rank of D is two.

(a) If R is an HCF domain or a UFD, then Ker(D) = RI"1],
(b) If D is fixed point free, then Ker(D) = R""Y and A = Ker(D).
Theorem 5.0.1(I) follows from the property that kernel of an LND of a domain B is
an inert subring of B and the trancendence degree of B over the kernel is one. Theorem

5.0.1(I)(a) holds due to Theorem 2.3.5 (JAEH72]); and Theorem 5.0.1(II)(b) appears as a
corollary of [Ess07, Remark 3.2].

As a consequence of Theorem 5.0.1 we have the following characterization of the R-
LNDs of RF having a slice when R is a PID.

Corollary 5.0.2. Let R be a PID containing Q, A = RP! and D a fixed point free R-LND of A.

Then, the following are equivalent.

(I) The rank of D is at most two.
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(I) Ker(D) = R and A = Ker(D)!1,

(II) D has a slice.

The equivalence of (I) and (II) of Corollary 5.0.2 follows from Theorem 5.0.1. (II) implies
(IIT) follows from the converse of the Slice Theorem (Theorem 1.2.1); and (III) implies (II)
follows from Lemma 1.3.1, Theorem 1.2.5 ([Sat83]) and Theorem 2.3.7 ([BCW76]).

Remark 5.0.3.  (I) Itis to be noted thatin Theorem 5.0.1, if rank of D is three, then Ker(D)
need not be a polynomial ring even when R is a PID and D is fixed point free (see
[Win90] or [Frel7, pp.104 — 105]).

(I) In Corollary 5.0.2, if the rank of D is three, then D can not have a slice. See [Win90]
or [Frel7, pp.104 — 105] for example of such LNDs. Note that Corollary 5.0.2 holds
even over one-dimensional Noetherian domains containing Q; see Lemma 2.3.23 for
details.

In section 5.1, we define residual rank of LNDs of affine fibrations. We observe that if
an affine fibration is a polynomial algebra, then the rank of an LND equals to its residual
rank under certain conditions (see Remark 5.1.4(3)); otherwise, in general, residual rank is

dominated by rank. Further, we get results analogous to the existing results on the rank of
LNDs of polynomial rings, specifically (see Corollary 5.1.7 and Corollary 5.1.9).

Theorem 5.A: Let A be an A’"-fibration over a Noetherian domain R containing Q and
D : A — Aan R-LND. Then, the following hold.

(I) If the residual rank of D is one, then Ker(D) is an A"~ !-fibration over R and A is an
A'-fibration over Ker (D). Further, if R is a UFD, then A = Ker(D)!!l.

(I) If the residual rank of D is two and R is a UFD, then Ker(D) = B! for some A" 2
fibration B over R.

(IIT) Suppose that D is fixed point free and the residual rank of D is at most two, then D
has a slice.

Clearly, the above result is an analogue to Theorem 5.0.1. As an immediate application
of Theorem 5.A, we get a characterization of the LNDs of A3-fibrations with slice as follows
(see Corollary 5.1.11). The result is analogous to Corollary 5.0.2.

Corollary 5.B: Let R be a Noetherian domain containing Q, A an A3-fibration over R and
D : A — A afixed point free R-LND. Then, the following are equivalent.

(I) The residual rank of D is at most two.
(I) Ker(D) is an A2-fibration over R and A is an A!-fibration over Ker(D).
(II) D has a slice.

Further, if the residual rank of D is three, then Ker(D) need not be an A2-fibration over R
(see Example 5.3.3).
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Notation: Let R be a domain with quotient field K, A an R-algebraand D : A — A
an R-LND. The natural extension D g K : AQr K — A®g Kof D on A ®g K will be
denoted by D.

Keshari and Lokhande proved the following result on rigidity of LNDs ([KL14, Theo-
rem 3.1 & Corollary 3.2]) as an extension of a result by Daigle (Theorem 2.3.15).

Theorem 5.0.4. Let R be a domain containing Q with Qt(R) = K and D an R-LND of Rl such
that the rank of D equals to the rank of Dx. If Dy is rigid, then D is also rigid. Consequently, an
R-LND D of RP! is rigid if the rank of D equals to the rank of Dx.

In section 5.2, we define residual-rigidity using residual rank and show that our notion

of rigidity of LNDs of affine fibrations also enjoys similar property as in Theorem 5.0.4,
specifically (see Theorem 5.2.4 and Corollary 5.2.5).

Theorem 5.C: Let A be an A’-fibration over a Noetherian domain R containing Q with
Qt(R) =Kand D : A — A an R-LND. If the residual rank of D equals to the rank of Dg
and Dy is rigid, then D is residually rigid. Consequently, if n = 3 and the residual rank of
D equals to the rank of Dk, then D is residually rigid.

In section 5.3, we discuss a few examples of LNDs of affine fibrations and calculate
their residual ranks.

5.1 Rank of LNDs of affine fibrations

We first define rank of an LND of an affine fibration.
Definition 5.1.1. Let R be a ring and A an A"-fibration over R.

1. For an R-subalgebra B of A, the sequence (R, B, A) is called an (n, r)-residual system if B is
an A" fibration over R and A ®g k(P) = (B @g k(P))!" for all prime ideals P of R.

2. Let D: A — Abean R-LND; D is said to have residual rank r if r is the least non-negative
integer for which there exists an (n,r)-residual system (R, B, A) such that B C Ker(D).

The residual rank of D is denoted by Res-Rk(D). Note that Res-Rk(D) belongs to {0,1,- - - ,n}.

Remark 5.1.2. Given a non-trivial A"-fibration A over a ring R, there may not exist an
(n,r)-residual system (R, B, A) where 1 < r < n even for the case n = 2 (see Example
5.3.2). However, Asanuma and Bhatwadekar proved that (see Theorem 1.2.8 or [ABY7,
Theorem 3.8]) when R is a one-dimensional Noetherian domain containing Q and A is an
A2-fibration over R, then there exists W € A such that A is an A!-fibration over R[W],
and therefore, by Lemma 5.1.5 it follows that (R, R[W], A) is a (2, 1)-residual system. From
their result it also follows that A has an R-LND D such that Ker(D) = R[W], and therefore,
the residual rank of D is one.
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In view of Definition 5.1.1 a result on residual variables by Das and Dutta ([DD14,
Corollary 3.6, Theorem 3.13, Corollary 3.19 & Appendix A]) can be stated as follows.

Remark 5.1.3. Let R be a Noetherian ring, A an A"-fibration over R and (R, B, A) an (n,n —r)-
residual system. Then, A is an A"~ "-fibration over B and Qr(A) = Qp(A) & (Qr(B) ®p A).
Further, suppose B = R[W| = RU, i.e., W is an r-tuple residual variable of A, and Qg(A) is a
stably free A-module. Then,

M Al = B+ for some ¢ € N.

(I A = Bl, provided n —r = 1and Q — R.

It is to be noted that though Das and Dutta, in [DD14], proved Remark 5.1.3(Il) (see
[DD14, Corollary 3.19]) over Noetherian domains containing Q, from their proof it follows
that Remark 5.1.3(I) holds over Noetherian rings (not necessarily domains) containing Q.

Remark 5.1.4. Let R be a ring, A an A"-fibration over Rand D : A — A an R-LND. Then,

the following can be observed from Definition 5.1.1.

1. Residual system implies tower of affine fibrations: If R is Noetherian and (R, B, A)
an (n,r)-residual system, then by Remark 5.1.3 we see that A is an A’-fibration over
B. If we further assume that R is a domain, then by Lemma 2.3.12 it follows that R is

inert in both B and A, and B is inert in A.

2. Condition for residual rank of an LND to be zero: If R is a domain, then it is easy
to see from Lemma 2.3.12 and Lemma 2.3.1 that Res-Rk(D) = 0 if and only if D = 0.

3. Relation between residual rank and rank: If R is a domain with K = Qt(R) and D

is non-trivial, then the following hold.

(a) Since A ®g K = K", it directly follows from the definition that Rk(Dg) =
Res-Rk(Dg) < Res-Rk(D).

(b) Suppose A = RI"l. Clearly, Rk(Dx) < Res-Rk(D) < Rk(D). Hence, if we
suppose that Rk(D) = Rk(Dk), then we have Res-Rk(D) = Rk(D).

Now, we discuss the case residual rank is at most two. Collectively, the discussion
proves Theorem 5.A. At first we observe a few results on residual systems.

Lemma 5.1.5. Let R be a domain, A an R-algebra and B an R-subalgebra of A such that B is an
A" "fibration over R and A is an A’-fibration over B. Then, the following hold.

() Ifr =1, then (R, B, A) is an (n,1)-residual system.

(IT) If R contains Q, n = 3 and r = 2, then (R, B, A) is a (3,2)-residual system.
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Proof. Note that A is finitely generated and flat over R. Since A is an A’-fibration over B,
we have A @ k(P) is an A’-fibration over B ®g k(P) = k(P)!"~"] for all P € Spec(R). This
implies that tr.degp. i (p) (A ®r k(P)) = forall P € Spec(R).

(I): Let r = 1. Fix P € Spec(R). By Lemma 2.3.13 and Lemma 2.3.1 we see that
B®rk(P) € A®rk(P) C B®gk(P)! is a chain of UFDs for some t € IN. Since
trdegg k(p) (A ®rk(P)) =1, Theorem 2.3.5 ((AEH?72]) implies A ®g k(P) = (B ®r k(P))lM
k(P)!". This shows that A is an A”-fibration over R, and hence, (R, B, A) is an (1,1)-

residual system.

(I): Assume that R <= Q, n = 3 and r = 2. Fix P € Spec(R). Since B ®g k(P) =
k(P)M is a PID, by Theorem 1.2.5 ([Sat83]) and Theorem 2.3.7 ([BCW76]) it follows that
A®@gk(P) = (B®gk(P))Z = k(P)B). This shows that A is an A3-fibration over R, and
hence, (R, B, A) is a (3,2)-residual system. O

Theorem 5.1.6. Let A be an A"-fibration over a domain R containing Q, D : A — Aa
non-trivial R-LND and (R, B, A) be an (n,r)-residual system such that B C Ker(D). Then,
the following hold.

(I) If r = 1 and R is Noetherian, then A is an Al—ﬁ'bmtion over B and Ker(D) = B, i.e., Ais
an Al-fibration over Ker(D), and Ker(D) is an A"~ -fibration over R. If we further assume

that either A is stably polynomial over R and B = RU"-1; or D is fixed point free, then
A = Ker(D)1l.

(I) Ifr = 2, R is Noetherian and D is fixed point free, then A = Ker(D)!) and Ker(D) is an
A-fibration over B as well as an A" '-fibration over R. If we further assume that A is
stably polynomial over B, then Ker(D) = B,

(III) Suppose that R is a Noetherian UFD.

(a) Ifr =1, then A = Ker(D)!! and Ker(D) = B.
(b) Ifr = 2, then A is an A*fibration over B and Ker(D) = B!,

(IV) Suppose that R is an HCF domain and A is stably polynomial over R as well as over B.

(a) Ifr =1, then A = Ker(D)!! and Ker(D) = B.
(b) Ifr = 2, then Ker(D) = Bl

Proof. Since D # 0 and A is a domain, by ([Frel7, Principle 1 & Principle 11]),
tr.degy,p)(A) = 1and Ker(D) is inert in A.

(I): Let R be Noetherian and r = 1. By Remark 5.1.4(1) A is an A!-fibration over B
and B is inert in A. Since B C Ker(D) C A and tr.degy(A) = trdegy,,p)(A) = 1, using
Lemma 2.3.1 we get Ker(D) = B.
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Now we further assume that A is stably polynomial over R. By Lemma 2.3.19 ([DD14])
Qg (A) is stably free over A. Since (R, B, A) is a residual system and Ker(D) = B = RI*~1,
applying Remark 5.1.3 we get A = Ker(D)[!l.

Again, along with the hypotheses r = 1 and R is Noetherian, if we further suppose that
D is fixed point free, then by Proposition 2.3.22 ([EKO14]) we get that A = Ker(D)!.

(II): Let R be Noetherian, r = 2, and D a fixed point free R-LND. Since (R, B, A) is an
(n,2)-residual system, from Remark 5.1.4(1) we have A is an A%-fibration over B. Now,
since B C Ker(D), we see that D is a B-LND of A, and hence by Remark 3.3.7 ([BD21])
it follows that A = Ker(D)!!l and Ker(D) is an A'-fibration over B. Since B is an A"~
fibration over R, by Lemma 5.1.5(I) we get (R, B,Ker(D)) is an (n — 1, 1)-residual system
and which implies that Ker(D) is an A"~ !-fibration over R. If we further assume that A is
stably polynomial over B, then by Remark 3.3.7 ([BD21]) Ker(D) = B!

(III): Let us assume that the hypothesis holds. Since both A and B are affine fibrations
over R, by Lemma 2.3.13 and Lemma 2.3.1 we see that both A and B are UFDs. Again,
since Ker(D) is inert in A, by Lemma 2.3.1 it follows that Ker(D) is also a UFD.

(a) Let r = 1. By (I) we have Ker(D) = B. Since A is an Al-fibration over Ker(D),
by Theorem 1.2.7 ([Asa87]) we find a t € IN such that A is a Ker(D)-subalgebra
of Ker(D)!. This shows that Ker(D) C A C Ker(D)! is a chain of UFDs where
trdegye,(p) (A) = 1. Therefore, by Theorem 2.3.5 ([AEH72]) we conclude that A =
Bl

(b) Let r = 2. By Remark 5.1.4(1), A is an A2-fibration over B and therefore, using
Theorem 1.2.7 ([Asa87]) we get an £ € IN such that A is an B-subalgebra of Bl
Notice that B C Ker(D) C A C Bl is a chain of UFDs where tr.degy(Ker(D)) = 1.
Therefore, by Theorem 2.3.5 ({AEH72]), we get Ker(D) = BUI.

(IV): We assume the hypothesis. Since A is stably polynomial over both R and B, there
exist s,t € IN such that Al = R+l and Al = Bl Since R € A C RI"*sl and
B C A C BIr, by Lemma 2.3.1 both R and B are inert in A, and therefore, repeated
application of Lemma 2.3.1 implies that A, B and B} are HCF domains for all m € IN.

(a) Letr = 1. By (I) we have Ker(D) = B, and hence Alfl = Blt+1] = Ker(D)!"*1). Clearly,
A is inert in Ker(D)!"*1 and Ker(D) € A C Ker(D)!*! is a chain of HCF domains.
By Theorem 2.3.5 ((AEH72]) we get A = Ker(D)[.

(b) Let r = 2. Since A is stably polynomial over B, we see that B C Ker(D) C All =
Bl*+2] is a chain of HCF domains for some there t € IN. Note that since Ker(D) is
inert in A, it is also inert in All. Now, by Theorem 2.3.5 (JAEH72]) we conclude that
Ker(D) = B,
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O

As a consequence of Theorem 5.1.6, we get the following analogue of Theorem 5.0.1(I)
and (II)(a).

Corollary 5.1.7. Let A be an A"-fibration over a Noetherian domain R containing Q and D :
A — A a non-trivial R-LND. Then, the following hold.

(I) Suppose that Res-Rk(D) = 1. Then, Ker(D) is an A"~ '-fibration over R and A is an A'-
fibration over Ker(D). Furthermore, if either A is assumed to be stably polynomial over R or
R is assumed to be a UFD, then A = Ker(D)[,

(I) Suppose that Res-Rk(D) = 2 and R is a UFD. Then, Ker(D) = B! for some A" ~2-fibration
B over R.

Proof.  (I) : Since Res-Rk(D) = 1, there exists an (n,1)-residual system (R, B, A) such
that B C Ker(D), and therefore, the result follows due to Theorem 5.1.6[(I) & (III)].

(II) : Since Res-Rk(D) = 2, there exists an (1,2)-residual system (R, B, A) such that B C
Ker(D), and therefore, by Theorem 5.1.6(III) we get the result.
O

As an immediate corollary of Theorem 5.1.6(Il) we observe the following result.

Corollary 5.1.8. Let R be a Noetherian UFD containing Q, A an A2-fibration over R and D :
A — A a non-trivial R-LND. Then, Ker(D) = RV,

Proof. Clearly, (R, R, A) is a (2,2)-residual system such that R C Ker(D), and therefore, by
Theorem 5.1.6(I1T) we directly get Ker(D) = RI1. O

Next, we get an analogue of Theorem 5.0.1(II)(b).

Corollary 5.1.9. Let A be an A"-fibration over a Noetherian domain R containing Q and D :
A — A afixed point free R-LND. Suppose Res-Rk(D) < 2, then A = Ker(D)!" and Ker(D) is
an A"~ -fibration over R, i.e., Res-Rk(D) = 1.

Proof. Let Res-Rk(D) < 2. Then, there exists an (1, r)-residual system (R, B, A) such that
B C Ker(D) where either r = 1 or r = 2 (note that r # 0 because D is fixed point free).
Now, from Theorem 5.1.6[(I) & (II)] it follows that A = Ker(D)[" and Ker(D) is an A"~1-
fibration over R, which, by Lemma 5.1.5, is equivalent to say that Res-Rk(D) = 1.

O

Remark 5.1.10. The phenomenon in Corollary 5.1.9(I) is very specific for fixed point free
LNDs, i.e., if the LND D is not fixed point free then the condition Res-Rk(D) < 2 need not
imply Res-Rk(D) = 1. One may look at Example 5.3.4 for details.
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We now prove Corollary 5.B.

Corollary 5.1.11. Let R be a Noetherian domain containing Q, A an A3-fibration over R and
D : A — A a fixed point free R-LND. Then, the following are equivalent.

(I) D has a slice.
(I) Res-Rk(D) = 1.
(Il) Res-Rk(D) < 2.
(IV) Ker(D) is an A?fibration over R and A = Ker(D)!1l.
(V) Ker(D) is an A2-fibration over R and A an A'-fibration over Ker(D).

(VI) Ker(D) is Noetherian and A is an A'-fibration over Ker(D).

Further, if Res-Rk(D) = 3, then Ker(D) need not be an A>-fibration over R.

Proof. (I) = (II): Since D has a slice, A = Ker(D)m, and therefore, finite generation
and flatness of A over R will imply the finite generation and flatness of Ker(D) over R.
Further, we see that k(P)P®) = A @y k(P) = (Ker(D) ®g k(P))!! for all P € Spec(R). Now,
since the Zariski cancellation problem has affirmative answer in dimension two over fields
containing Q (follows from [MS80], [Fuj79], and [Kam?75]), we conclude that Ker(D) ®g
k(P) = k(P)® for all P € Spec(R) and therefore, it follows that Ker(D) is an A2-fibration
over R. Since A = Ker(D)!!, we see that Res-Rk(D) < 1. Since D is non-trivial, we have
Res-Rk(D) = 1.

(II) = ), IV) = (V) and (V) = (VI): Obvious.

(IlT) = (IV): Directly follows from Corollary 5.1.9(]).

(VI) = (I): Directly follows from Proposition 2.3.22 ([EKO14]) and the converse of
the Slice Theorem (Theorem 1.2.1).

Example 5.3.3 exhibits an R-LND D such that Res-Rk(D) = 3, but Ker(D) is not an
A’-fibration over R. This shows that if Res-Rk(D) = 3, then Ker(D) need not be an A?-

fibration over R. O

5.2 Rigidity of LNDs of affine fibrations
First, we define rigidity of LNDs of affine fibrations.

Definition 5.2.1. Let A be an A"-fibration over a ring R and D : A — A an R-LND with
residual rank r. We define D to be residually rigid if, for any two (n, r)-residual systems (R, By, A)
and (R, By, A) with By, By C Ker(D) we have B = B.
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Remark 5.2.2. Let R be a ring, A an R-algebraand D : A — A an R-LND.

1. If A = RI" and Rk(D) = Res-Rk(D), then one can see that the residual-rigidity of D
implies rigidity of D.

2. If R is a domain, A = RI" and Rk(D) = 1, then it can be seen, due to inertness of
Ker(D), that D is rigid. In the context of affine fibrations one may observe a similar
phenomenon, also caused by the inertness of the kernel of the LNDs: If R is a Noethe-
rian domain, A is an A"-fibration over R and Res-Rk(D) = 1, then D is residually
rigid.

Before proving Theorem 5.C, we note the following lemma which can be seen as an
extension of an observation by Abhyankar-Eakin-Heinzer ([AEH72, p. 1.7]).

Lemma 5.2.3. Let A be a domain and By, By subdomains of A. Suppose By is inert in A. If b € By
is such that bA N By # {0}, then b € By.

Proof. Letd € bAN By. Then, d = bc € B, for some ¢ € A. Since b,c € A and B is inert in
A, wehaveb,c € B,. O

We now present Theorem 5.C.

Theorem 5.2.4. Let A be an A"-fibration over a Noetherian domain R and D : A — A an
R-LND. Suppose that Res-Rk(D) = Rk(Dx). If Dx is rigid, then D is residually rigid.

Proof. Let Res-Rk(D) = Rk(Dg) = r. Let us assume that Dy is rigid. Since K is a field,
we have Res-Rk(Dg) = Rk(Dg) = r. Let (R, By, A) and (R, By, A) be two (n,r)-residual
systems such that B;, B, C Ker(D). By Remark 5.1.4(1), we get A is an A’-fibration over
both B; and B;; and both B; and B, are inert in A. We shall show that B; = B..

Let U € B;" "and V € B, " be such that B; ®g K = K[U] and B, ®g K = K[V]. Since
A is an A’-fibration over both B; and B,, we have A ®g K = K[U] [ = K[V] "l = Kl and
therefore, since Dy is rigid and Rk(Dg) = r, we have K[U] = K[V], i.e., By ®g K = K[V].
Suppose that x € B;. Since By ®g K = K[U] = K[V] = B, ®g K, there exists r € R such
that rx € B,. This shows that rx € xA N By, and therefore, by Lemma 5.2.3 we have x € B,.
So, we get B C By. Now, interchanging the roles of B; and B, we get B, C B;. Hence,
By = By. This completes the proof. O

As a direct consequence of Theorem 5.2.4 and Theorem 2.3.15 ([Dai9%6]) we get the fol-
lowing.

Corollary 5.2.5. Let A be an A3-fibration over a Noetherian domain R and D : A — A an
R-LND such that Res-Rk(D) = Rk(Dx), then D is residually rigid.
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5.3 Examples

We now discuss a few examples. The first example involves a non-trivial A?-fibration
along with a fixed point free LND.

Example 5.3.1. Let R be a Noetherian domain containing Q, A a non-trivial A?-fibration
over Rand D : A — A a fixed point free R-LND. We shall show Res-Rk(D) = 1.

By Remark 3.3.7 ((BD21]) we have A = Ker (D)) and Ker(D) is an A!-fibration over R,
and therefore, by Lemma 5.1.5 we see that (R,Ker(D), A) is a (2,1)-residual system. This
shows that Res-Rk(D) < 1. Since D is non-trivial, Res-Rk(D) # 0, and hence Res-Rk(D) =
1.

The next example is by Hochster (see [Hoc72] or [FrelZ, p. 10.1.5]).

Example 5.3.2. Let R = R[X,Y,Z]/(X?+Y?+ Z? — 1) = R|x,y,z] where x,y,z denote
the images of X,Y,Z in R. Let A = R[U,V,W]/(xU + yV + zW). One can see that R
is a Noetherian UFD, A is a non-trivial A2-fibration over R and Al = RBI. We claim
that there does not exist B C A such that (R,B, A) is a (2,1)-residual system. On the
contrary, let (R, B, A) be a (2,1)-residual system. Since R is a Noetherian domain and B is
an Al-fibration over R, by Lemma 2.3.13 and Lemma 2.3.1 we see that R C B C R s a
sequence of UFDs for some m € IN where tr.deg,(B) = 1, and therefore, by Proposition
2.3.5 (JAEH72]) we have B = R, Now, since A is stably polynomial over R, by Lemma
2.3.19 ([DD14]) and Remark 5.1.3 it follows that A = RI? which is a contradiction to the fact
that A is a non-trivial A2-fibration over R. This shows that for any non-trivial R-LND D
of A, the residual rank of D is always two, and therefore, in view of Example 5.3.1, A does
not have any fixed point free R-LND. In this context, one should note that by Corollary
5.1.8 we have Ker(D) = R, however, A can not be an A'-fibration over Ker(D).

The following example is by Winkelmann ([Win90], also see [Frel7, pp.104 — 105]).

Example 5.3.3. Let R = C[X] = C!, A = R[U,V,W] = RP¥land D : A — A be an
R-LND defined by D(U) = X, D(V) = U and D(W) = U? — 2XV — 1. One can easily see
that D is fixed point free. It is known that Ker(D) = R[f, g, h] # R[? where

f=U?-2XV,
g=XW+(1-f)U,
Xh=g>—f(1—f)% ie, h=XW?>+2(1— f)(UW + (1 - f)V).

By Theorem 5.0.1 it follows that Rk(D) = 3. We shall calculate Res-Rk(D). Note
that Ker(D) is not an A2-fibration over R, otherwise by Theorem 1.2.5 ([Sat83]) and The-
orem 2.3.7 ((BCW76]) we get Ker(D) = R which is a contradiction. Further, D has no
slice; otherwise by Lemma 1.3.1 ([Fre09]) it would follow that Ker(D) is an A2-fibration
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over R, which is a contradiction. Thus, D is fixed point free without a slice, and there-
fore, by Corollary 5.1.9, we have Res-Rk(D) = 3. So, by Remark 5.1.4(3) we see that
3 = Res-Rk(D) < Rk(D) = 3, i.e.,, Res-Rk(D) = Rk(D) = 3.

We now consider an example by Bhatwadekar and Dutta ([BD94, Example 4.13] ) (also
see [VO1]).

Example 5.3.4. Let IF be a field containing Q, R = F[r],) and A = R[X,Y,Z]. Set F :=
X + Y (YZ + X + X?) + Y. One can check that A ®@g k(P) = (R[F] ®g k(P))!? for all
P € Spec(R), i.e., F is a residual variable of A, and therefore, by Remark 5.1.3, A is an A2-
fibration over R[F], and hence, by Theorem 1.2.7 ([Asa87]), A is stably polynomial over
R[F]. It is not known whether A = R[F]?.

Define an R-LND D of A by D(X) = Y2, D(Y) = 0 and D(Z) = — (7 + Y + 2XY).
Then, R[F] C Ker(D). We shall find Rk(D) and Res-Rk(D). Clearly, D is irreducible and
triangular. By Corollary 5.1.8 we get Ker(D) = R[F][!/ = R/, We now show that D is not
fixed point free. On the contrary, assume that D is fixed point free, and therefore, there
exists f1, f2, f3 € R[X,Y, Z] such that D(X) f1 + D(Y) fo + D(Z) f3 = 1. Since D(Y) = 0, we
have D(X)fi + D(Z)f3 = 1,ie, Y2fi — (m+ Y +2XY)f3 = 1. Hence,in A/YA = R[X, Z]
we get —7mf3 = 1, i.e., 7T is a unit in R[X, Z], giving a contradiction to the fact that 7 is a
prime in R.

As A = R[X,Y,Z] and Y € Ker(D), we see that Rk(D) < 2. Since R is a UFD and
D is a non-trivial irreducible R-LND without having a slice, by Corollary 5.1.7 we have
Res-Rk(D) = 2; and also by Theorem 5.0.1 it follows that Rk(D) = 2. So, we have
Res-Rk(D) = Rk(D) = 2. Note that since A is an A2-fibration over R[F], by Lemma
5.1.5 we have (R, R[F], A) is a (3, 2)-residual system such that R[F] C Ker(D).
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Appendix A

Gg-actions, exponential maps and
LNDs

Here we get into the details of the relationship between the G,-actions, exponential maps
and LNDs. Throughout this section k will denote an algebraically closed field.

A.1 Relationship between the G,-actions and the exponential maps

Definition A.1.1. Let B = k"l and X := Spec(B). Then the G,-action on X is a morphism of
varieties 0 : G, x X — X satisfying

(i) 6(0,x) =x VxeX, and

(i) O(a,0(B,x)) =0(a+pB,x) VxeX, apcG,

In fact for the above definition, B need not necessarily be k" but it can also be any
affine k-domain.

Definition A.1.2. Let B be a ring, h an element of B[X,Y] and pj, : B[T] — B[X,Y] the
B-algebra evaluation map T > h. Given a ring homomorphism ¢ : B — B[T], we define
¢" : B[X,Y] — B[X, Y] to be the unique lift of the composite ring homomorphism yj o ¢ : B —
B[X, Y] satisfying ¢"(X) = X and ¢"(Y) = Y. One can see that the ring homomorphism ¢"
makes the following diagram commutative

BIX,Y] - B[X,Y]

b

B— " . BT

where v is the inclusion map.
For the field k we shall denote the additive group (k, +) by G, (k).
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Proposition A.1.3. Let B be an affine k-algebra and ¢ : B — B[T] be a k-homomorphism. Then
the following are equivalent.

1. Spec(¢p) : Ga(k) x Spec(B) — Spec(B) is a Gy-action
2. (PO = idB[X,Y] and (PX+Y = (PY (@) (PX.

Proof. The condition that ¢° = idp(x,y| is equivalent to say that the composition map B N
B[T] B Bis the identity map on B (see Definition A.1.2). Now applying the Spec functor
on the composite map B LN B[T] 2 B gives the composite map Spec(B) Speclio), G, (k) x
Spec(B) Specld), Spec(B) to be the identity map on Spec(B); which is equivalent to say
that Spec(¢)(0,x) = x for all x € Spec(B) (the first condition of the Definition A.1.1 of G,

action). Note that Spec(B[T|) = G, (k) x Spec(B)

Now one can see that the second condition of the G,-action’s Definition A.1.1 is equiv-

alent to the commutativity of the following diagram

Ga(k) X Ga(k) x Spec(BY“F5G, (k) x Spec(B)

P 1Spec(3>l lSPeC(tﬁ) (A.1)
Spec(¢)

G, (k) x Spec(B) ———————— Spec(B)
Where ¢ : G, (k) x G,(k) — G, (k) is the morphism corresponding to the k-homomorphism
k[T] — k[X, Y] which maps T to X 4+ Y. Now the commutativity of diagram A.1 is equiv-

alent to the commutativity of the below diagram (via contraviant equivalence of the Spec

functor)
B[X,Y] — B[T]
VX+YT sz (A.Z)
B[T] e B

Where i xy is the B-homomorphism evaluation map T — X + Y and 7 is defined as
17(T) = X along with 5(b) = ¢¥(b).
Y
Note that under the composite of maps B[T] = B[X,Y] ?, B[X, Y] one can see that

T +— X and b — ¢Y(b) Vb € B and therefore ¢ o ux = 17. Now from the Definition A.1.2

X+Y

it follows that ux o ¢ = ¢pX ov as well as uxy o ¢ = ¢**Y o v. Combining these relations

along with the commutativity of the diagram A.2 it follows that ¢*X*Y ov = ¢¥ 0o pX o v.

Now since v is injective as well as ¢"(X) = X, ¢"(Y) = Y forall h € B[X, Y], it follows that

d*X+Y = ¢¥ o ¢X. This proves the equivalence of the two statements. O

Any k homomorphism ¢ satisfying the second property of the statement of Proposition
A.1.3 is called as an exponential map. The proposition A.1.3 establishes bijection between
the G, -actions and the exponential maps.
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A.2 Relationship between the exponential maps and the LNDs

We now discuss the bijection between the exponential maps and the locally nilpotent k-
derivations of B. Throughout this section we assume that the field k has characteristic zero.

Set T := {¢ € Homy(B, B[T]) | ¢° = idp[xy) and ¢* 1" = ¢" 0 p*}.
Given ¢ € I, define Dy : B — B to be the composition of the maps

¢

B % B[T] &4,

B[T] & B,
where d/dT denotes the derivative with respect to T.
We claim that Dy € LND(B).

One can check that ypo ¢ = idg and ¢° = idp(x,y| (see Definition A.1.2). Dy being

additive follows from the fact that all of o, a7 and ¢ are additive. Now for the Leibniz

rule,

Therefore, Dy € Dery(B). We now show that the following diagram commutes

B[T] T, B[]

T , "’T (A.3)

Dy
B— B

Let b € B and write p(b) = ) | b;T' € B[T]. Then,
ielN
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Yo b)x" =" <‘E be1>
iEIN iEIN

=¢" (97 (b))

= ¢ (b)

=) bu(X+Y)"
nelN

-xe (2, ()
(5 (7))

Thus we get ¢ (b;) = Y biyj <Z —1H> Y/ Vi € N. Now since we have ¢* o v(b;) =

jeN
py o ¢(b;) it follows that ¢(b;) = Y by <Z —iH ) T/ Vi € N. But, since by definition
jeN
Dy(b) = by, we have
, ; d ;d
¢(Dy(b)) = p(b1) = ) bia (i + )T = = 3 BT = ——(¢p(b)).
ieN T ieN aT

Thus it follows that the square A.3 commutes and thus by recursive usage of the commu-
tative square A.3 it follows that the diagram

T"’ . "’T (A.4)

also commutes. Now since d/dT is locally nilpotent it follows that D, is also locally nilpo-
tent from the commutative square A.4. Hence D, € LNDy(B) and thus we have a well de-
fined map from the set of exponential maps I’ to the set of all locally nilpotent k-derivations
as ¢ — Dy.

Now for the map in the converse direction let D € LNDy(B) be given, consider the

n
map ¢ : B — B[T] which is defined by b — ) _ Dn('b) T". Since, D" is additive Vn € IN
nelN :
and respects multiplication by scalars as k C ker(D), it follows that the above maps are

k-homomorphisms.

Claim: ¢ € T
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Define A : B[X, Y] — B[X, Y] by }_(b;X'Y/) — Z b;j)X'Y/. Ttis easy to verify directly
ij

that A € LNDyx,y|(B[X,Y]) by using D € LNDk(B) Now for every h € k[X,Y] since

h € ker(A), we have that hA € LNDyx y|(B[X, Y]).

Claim: e("®) ¢ Autyx v (B[X, Y]).

Clearly e(") is a k[X, Y]-homomorphism by the direct application of Leibniz rule for hA.
Now since l1A o hpA = hpA oA = (hy + hp)A for all hy, hy € k[X, Y] it follows that the
map e +12)A : B[X, Y] — B[X, Y] is well defined and for ¢ € B[X, Y]

(8 0 eh2d)(g) = Pd (Z <th'>f<g>)

v
jen

_ e ((hA)I(g))
- (EN ﬂ )

_y! (Z (ImA)( th><g>>>

]GIN ieN
- (hA) o (A) (g)
s iljl
=% ¥ (%) () o i) 0
neN ! i+j=n
From this it follows that e"® o e™"* = ¥ = idpg(xy) proving that ¢"* is a k[X,Y]-

automorphism.

We now prove that e"®) = ¢', and for which it is enough to show the commutativity

of diagram below
hA

B[X, Y] -2 B[X,Y]

Tv H}:T (A~5)

B—"  B[T]

as it is trivial to observe that ¢"*(X) = X, ¢"*(Y) = Y. Note that for any b € B we have

hA)" (b D"(b) ., D™(b) ..,
(€ o v)(b) = " (b) = Z%,(): Y (,)h :.“h<z (,)T)zm(qb(b))
nelN n: nelN n: nelN n.
which establishes that the square A.5 commutes. Hence we have ch“/ = XAtYA —

e 0 eXA = ¢¥ 0 pX s0 that ¢ € T as claimed.

Now we shall show that the above constructions establish two bijective maps between
the set of exponential maps on B and the set of k-LNDs on B which are inverses to each
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other.
n
Let D € LNDy(B). Define ¢pp : B — B[T] as discussed above, i.e, b — ) Dn('b) T".
nelN :
Now, if we construct back Dy, then
_ d _ d Dn(b) n _ . Dn(b) n—1 _
Dy 8) = ol g (90())) = (g 5 TP T) = ol 12 (5 1) = DO

and hence Dy, = D.

On the other direction, let ¢ € I' and define Dy as given in the construction above. Let

Dy (b)
¢ : B —> B[T] be the map defined by b — ) p” T". We need to show that ¢ = 1.
neN :
m
Write p(b) = ) _ b, T". Since the diagram A .4 commutes, we have ;; (¢(b)) = ¢(Dy (b))

nelN
for all m € N. Letting T +— 0, we have m!b,, = ¢(Dg(b))[r—0 = po(¢(Dy'(b))) € B.

Now, since ;o ¢p(x) = ¢"(x) for all x € B and by hypothesis ¢° = idp(x,y;, we have

m

no(9(Dg (b)) = ch(Dg](b)) = Dy (b). Therefore, by = (;(' ) for all m € IN, which
proves that ¢ = 1. '

Therefore, from the discussions in sections A.1 and A.2 it is clear that when k is a alge-
braically closed field of characteristic zero, there is a bijection between the G,-actions and
the exponential maps as well as a bijection between the exponential maps and the locally
nilpotent derivations.
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