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1. POLYNOMIAL ALGEBRAS AND THEIR IDEALS

Basic Definitions

We fix the following notation:
K is any field, e.g. the field Q of rational numbers, the field R of real numbers, the field
C of complex numbers or the finite field F, with ¢ elements, where ¢ = p™ for some prime
p and a positive integer m, etc. We shall call the elements of K scalars or constants. All
vector spaces are over a fixed field K.

Definition 1.1. A vector space R is called an associative algebra with 1 (or a unitary
associative algebra), if R is equipped with a binary operation - (i.e. a mapping (R, R) — R)
called multiplication, such that R is a ring with 1 = 1z with respect to the addition and
the multiplication, and for any a,b € R and any constant o € K

ala-b) = (aa)-b=a- (ab).

In other words, the notion of algebra generalizes the both notions of vector space and
of ring. If we want to emphasize that R is an algebra over K, we shall say that R is a
K-algebra. The algebra is called commutative if it additionally satisfies the property

a-b=>b-a

for all a,b € R. Usually we shall omit the - in the multiplication and shall denote a - b by
ab.

Examples 1.2. (i) The field K itself is a commutative algebra with respect to the
usual operations. Every field extension L of the field K is also a commutative K-algebra.

(ii) The ring of polynomials K[z] in one variable x is an algebra. Another example is
the field K (x) of rational functions. By definition, K (z) consists of all fractions f(z)/g(x)
of two polynomials f(z) and g(z), where g(x) # 0. Recall, that in Algebra usually we
do not consider polynomials as functions and g(x) # 0 means that at least one of the
coefficients of g(z) is not equal to zero.

(iii) The ring of polynomials K[z1,...,x,] in n (a fixed number) variables x1, ..., z,
is also an algebra. When we consider polynomials in small number of variables, we shall
usually denote the variables by x,y, z, etc.

(iv) The ring M, (K) of all n x n matrices with entries from K is an example of a
non-commutative algebra.

Definition 1.3. The vector subspace S of the algebra R is called a subalgebra if
it contains 1 and is closed with respect to the multiplication. (Clearly, our definition of
algebra implies that any algebra contains the base field K as a subalgebra.) The subalgebra
S is generated by the set of its elements {s1, s2, ...} (called generators of S) if every element
s € S can be presented as a finite sum of the form

s:g ;Siy S, oy € K.
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Sometimes we shall denote this by S = Ks1, s2,...]. Usually from the context will be clear
whether si,s9,... are variables (i.e. S is a polynomial algebra in many, maybe infinitely
many, variables), or sy, s, ... are simply the generators of S. The subalgebra S is finitely
generated, respectively, n-generated, if it can be generated by a finite set, respectively, by
a set with n elements. The vector subspace J of R is called an ideal if for every u € J
and every a € R the products ua and au belong to J (we denote this property by RJ C J
and JR C J). The ideal J is generated by the set of its elements U = {uq,uq, ...}, the
notation is J = (U), if every element u € J is of the form

u = Zaiuibi, ai,bi € R.

The notions of finite generation and n-generation of ideals are similar to those for
subalgebras. In the case of commutative algebras, the ideal J is principal if it is generated
by one element, i.e. there exists an element uy € J such that J = (ug) = {aug | a € R}.

The notion of factor algebra R/J of the algebra R modulo the ideal J is similar
to the corresponding notion for rings. The basic theorems for ideals and factor rings
are true also in the case of algebras. In particular, the elements of R/J are the classes
a+J={a+u|ue€ J} and the operations are defined by

(a+ )+ b+J)=(a+b)+J, ala+J)=(aa)+J, (a+J)(b+J)=ab+ J.

The notions of homomorphism and isomorphism are also similar to the corresponding
notions for rings. (If ¢ : R — S is a homomorphism of algebras, we require that p(1g) = 1g
and p(aa) = ap(a) for all « € K and a € R.) In particular, the homomorphisms R — R
are called endomorphisms and the isomorphisms R — R are automorphisms.

In the most of our further considerations we shall consider commutative algebras only.

It is a basic result of the Undergraduate Algebra Course, that every ideal of the poly-
nomial algebra in one variable is principal and its generator can be found by the Euclidean
algorithm. If J = (f(x)) is the principal ideal of K[z] generated by the polynomial

flz) = o a4 e, o €K,
then the factor algebra K|z]|/J has a basis consisting of
1+Jz+J,... 2"+

For the algebra of polynomials in more than one variable such results are not more
true. For example, the set of all polynomials without constant terms (i.e. f(0,0) = 0)
in K[z,y] is an ideal which is not principal. Also, even for easy examples of ideals it is
not obvious which monomials form a basis of the factor algebra. Below we shall present a
technique which allows to solve such kind of problems.

Orderings of Monomials and Hilbert Basis Theorem

We fix the finite set of (commuting) variables X = {z1,...,z,}. We denote
[X] = {a" -2y [ @i > 0}
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the set of all monomials equipped with the operation of the usual multiplication, i.e.

(57 i) - (ol =
The set [X] is called the free unitary commutative semigroup and X is the set of free
generators of [X]. For two monomials u,v € [X], we say that u divides v if there exists
w € [X] such that v = ww. The nonempty subset I of [X] is called an ideal of [X] if
for every u € I and every v € [X]| we have uv € I. The ideal I is generated by the set

S = {u1,ug,...} if it consists of all elements of [X] divisible by some u € S, and denote
this with I = (5).

Theorem 1.4. Every ideal of [X] is finitely generated.

Proof. We use induction on the number of variables n in the set X = X,,. Forn =1
the set [X1] consists of all powers ¥ of 1. For an ideal I of [X;], we choose the element

2% of minimal degree in I. Since 2% - x¢ also belongs to I, we derive that I = {z§ | ¢ > a}

and I = (x7).
Now, by induction, let every ideal of [X,,]| be finitely generated. We consider an ideal
I of [X,,+1]. Let, for k> 0,

Jo = Ao oap € [Xo] [t afran € 1)

be the set of all monomials in n variables which are “coefficients” of the monomials in I
of degree k with respect to xp41. If {* -+ -z € Ji, then z{* -+ -zl 2k, € I, and

(@2 (@f - airahyy) = af etk €
Hence (28 ---xbr)(z% ---20%) € J and Jy is an ideal of [X,] (of course, if Jj is not
empty). Similarly,

(] ---:1:2”:1:,’2“)3:”4_1 = (z{ x,‘i”)a:flii el.

Hence z{*---a%" € Jry1 and this means that Jy C Jgyi. In this way, we obtain an

ascending chain of ideals of [X,],
JoCJi CJyC -

Since the union of any ascending chain of ideals of [X,,] is an ideal again, we obtain that
J = Ug>0Jk is an ideal of [X,,]. By induction, J is generated by a finite set of monomials,
say S = {u1,...,up}. Since Ji C Jpq1 for all k& > 0, there exists an m such that all
ui,...,Up are in Jy,. Since the set S is a subset of the ideal J,,, and generates the bigger
ideal J, we derive that S generates also J,,. Hence J,, = J,+1 = --- = J. Now, for each
k=0,1,...,m— 1, we choose a generating set Sy = {ug1,..., Ukp, } of Ji.

We claim that the set

Tz{ukikxﬁJrl,uijZrl|ik=1,...,pk,k:O,l,...,m—l,jzl,...m}
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generates the ideal I. First of all, since uy;, belongs to Iy, by the definition of Jj, we
obtain that up;, x* 41 belongs to I; and similarly u;z7", , € I. Hence T' C I. An arbitrary
element of I has the form uzf ,, where u = z{*---z% € [X,]. Then u € J,. If k <
m, then the ideal Jy of X, is generated by the set Si and hence u = wugp;v for some
ur; € Sy and some v = x?l ~exbn € [X,] C [Xny1]. Since ukixfﬁl € T, we obtain that
(ugizl 1) v = (ukiv)ak ., = uzk | belongs to the ideal of [X,,41] generated by T. If
k > m, then u € J,, = J and u = w;v for some u; € S and some v € [X,]. Again,
wizp' € T and (w;x)' ) - (vxﬁﬂ”) = uzl | belongs to the ideal generated by T'. Hence,
any element of T belongs to the ideal of [X,,11] generated by T and T is the generating set
of I.

Definition 1.5. We say that the binary relation < of the set [X| of monomials in n
variables is an admissible order on [X], if
(i) If u, v are two different monomials in [X], then either u < v or v < u (total order);
(ii) There exists no infinite sequence of monomials such that uy > ug > --- (descending
chain condition or well-ordering);
(iii) If w =7 --- 28 is different from 1, then 1 < u;

(iv) If w,v,w € [X] and u < v, then vw < vw.

Examples 1.6. (i) The lexicographical order on [X] is defined with z1 > --- > z,
and then extended to [X] by

bn

al a b1
:Ul ...xn".<x1 ...xn

if and only if a; = by,...,ar = by for some k < n and ax+1 < bgy1.
(ii) In the degree lexicographical order (Deg-Lex) we say that

_ al a b1 b S
w=xy e x,t LT x)t =

if
ai + -+ a, = deg(u) < deg(v) =by + - + by,
or, if deg(u) = deg(v), then u < v in the usual lexicographical order.

Exercise 1.7. If u,v € [X], u # v, and u divides v, then u < v for any admissible
order on [X].
Solution. If v = vw for some w € [X], then 1 < w and u < vw = v.

Definition 1.8. Let us fix some admissible order on [X]. If f(X) € K|[X] is a nonzero
polynomial, it is written in the form
f(X) =a1ur +ogua + - +ogug, 0# €K, wu; e [X],
where u; > ug > -+ > ug. The monomial u; is called the leading monomial of f. We shall
denote it by f = Im(f).

From now on, we shall always assume that [X] is equipped with some fized admissible
order.



Exercise 1.9. If 0 # f(X), g(X) € K[X], then fg = fg.

Hint. If f = u; and § = vy, then f = Zle a;u; and g = 2221 Bjv; for some
0 # oy, 35 € K, u;,v; € [ X], and uy > u;, v1 > v; for all ¢, > 1. Derive from here that
ULV > ULVj, UiV1, UiVj if 1,5 > 1.

Hilbert Basis Theorem 1.10. Every ideal of K[X] is finitely generated.

(Usually the Hilbert Basis Theorem, or the Hilbert Basissatz, is stated in a stronger
form, namely: If R is a noetheiran commutative ring (or algebra), then the ring (or algebra)
of polynomials R[z] is also noetherian.)

Proof. Let J be an ideal of K[X]. If J = {0}, then it is generated by 0. So, we
may assume that J contains also nonzero polynomials. Let I = J be the set of all leading
monomials of the nonzero elements of J (with respect to some admissible order). If u € I,
then there exists an f € J such that u = f. Hence fv € J for any monomial v € [X] and,
since fv = fo = wv, this implies that uv € I. Hence I is an ideal of [X]. By Theorem
1.4, I is generated by some finite set uq,...,ux. Let f1,..., frx € J be polynomials with
leading monomials uq, ..., u, respectively. Let f; = a;u; + ---, where 0 # «; € K and
--- states for the linear combinations of the monomials in f; which are lower than u;. We
shall show that J is generated by fi,..., fr. Let ¢ = g1 be any nonzero polynomial in J,
g1 = Biv1 + -+ Bpvp, where 0 # 3; € K and g1 = v;. Since v; € I and I is generated by
uq,...,u, there exists an i and w € [X] such that vy = wu;. Since ¢1, f; € J, we obtain
that go = g1 — (01/y) fiw also belongs to J. Clearly,

7 %

B : B
2 = (B4 Byy) = Chalo ) = 32y = Chu-),
and, if g5 # 0, then g3 < g1. In this way we obtain a sequence of polynomials g1, g2,... € J
such that g1 = g2 > g3 > ---. The descending chain condition gives that such infinite
sequences do not exist. Hence g; = 0 for some s and we obtain that g has the form
g = mwifi, + viwafi, + - + ysws fi, for some ; € K and some monomials w;. This
means that g belongs to the ideal generated by fi,..., fr and J is finitely generated.

The following easy proposition gives one of the universal properties of polynomial
algebras in the class of all commutative algebras.

Proposition 1.11. Every finitely generated commutative algebra is a homomorphic
mmage of some polynomial algebra.

Proof. Let the commutative algebra R be generated by the finite set {ry,...,r,}. We
define a mapping ¢ : K|z1,...,z,] — R by

cp(E akxlfl...xﬁ”)zg akrlfl...rﬁ", a; € K.

Clearly ¢ is a homomorphism of algebras. (Why? Use that the commutativity of R implies
that ¢ is well defined.) Since the generators ry,...,7, of R are the images of x1,...,x,,
we obtain that the mapping ¢ is onto R. By the isomorphism theorem the image Im(y)
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of ¢ is isomorphic to the factor algebra Klz1,...,z,|/Ker(y) of K[z1,...,x,] modulo the
kernel Ker(y). Hence R = K{z1,...,x,]/Ker(yp).

Definition 1.12. If the algebra R is isomorphic to Klz1,...,x,]/J for some ideal
J generated by the set of polynomials {u;(x1,...,2z,) | i = 1,2,...}, then we say that
{wi(x1,...,2,) =01]i=1,2,...} is a set of defining relations of the algebra R and write
this as
R=Klzy,...,xpn | ui(z1,...,2,) =0,9=1,2,...].

The algebra is finitely presented if it is finitely generated and has a finite number of defining
relations.

Corollary 1.13. Every finitely generated commutative algebra is finitely presented.
The proof follows immediately from Proposition 1.11 and the Hilbert Basis Theorem.

Exercise 1.14. Prove that every finitely generated commutative algebra R is noethe-
rian, i.e. every ideal of R is finitely generated.

Hint. Use Proposition 1.11. If ¢ : K[X]| — R is an epimorphism (i.e. p(K[X]) = R),
then there is a 1-1 correspondence between the ideals I of R and the ideals of J = ¢~ 1(1)
of K[X] containing the kernel of ¢, and ¢(J) = I. Then J is finitely generated and so is
the ideal I.

Grobner Bases

We still fix some admissible order on [X] and denote by f the leading monomial of
f e K[X].

Definition 1.15. Let G be a subset of K[X] and let G be the set of leading monomials
of the nonzero elements in G. We call a monomial u € [X] normal (with respect to G) if
it is not divisible by any monomial from G. (This means that [X] is a disjoint union of
the ideal generated by G and the set of normal monomials.)

Lemma 1.16. If J is an ideal of K[X], then the set of normal monomials with respect
to J forms a basis of the factor algebra of K[X] modulo J.

Proof. Let J be the ideal of [X] consisting of the leading monomials of the nonzero
elements of J (we already proved that J is an ideal of [X]). Let N be the set of normal
monomials (i.e. [X] =JUN and JN N = }). Let

h=au + - +apug € K[X]|, o €K, u;€[X], up>=- > ug.

If u; € J, then there exists an f; € J such that f; = Biu; + - - - (- is for the monomials
which are lower than w;). Then h — (a;/3;) fi = h (mod J) and

h—(ai/Bi)fi = crur + -+ 1uj g + -,
where the right --- above is a linear combination of monomials which are lower than wu;.
Continuing in this way, we shall express h modulo J as a linear combination of normal

monomials. If we assume that the normal monomials are linearly dependent modulo J,
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then, for some normal monomials v; > --- > v, and some constants -;, the polynomial
h =~yv1+ -+ Ymvm, belongs to J. Hence h=wv belongs to J, which is a contradiction.
Therefore the normal monomials are linearly independent modulo J and form a basis of
the factor algebra K[X]/J modulo J.

Examples 1.17. (i) Let J be the ideal of K[x] generated by the polynomial f(x) of
degree k. Then the set J consists of all monomials divisible by ¥ and the set of normal
monomials consists of 1,x,..., 2% 1.

(ii) Let G = {2%, 2y?,4*} C K|[z,y]. Since G consists of monomials, we have G = G.
Then the ideal (G) of [x,y] generated by G consists of all monomials divisible by some of

22, 2y?,y3. Hence the set of normal monomials with respect to G is N = {1, z,y, zy, y*}.

The ideal (G) of K|x,y] is spanned by (G) C [z,y] and the factor algebra K|z, y]/(G) has
a basis N.
(iii) Let G = {g1, 92,93} C Klz,y], with the lexicographical order (z > y), where

g =22+, gp=cy+y?, g3 =20+ 27

Then G = {22, zy,2%} and the set of normal monomials with respect to G consists of
1,2,y i =1,2,.... On the other hand, if J is the ideal of K[x,y] generated by G, then

fiz=g—zg=—a*+20° € J, fi=ay®, fo=fitie=y+20° € J fo=y",

and J contains the monomial y* which is normal with respect to G.

Hence, if we know the generators of the ideal of K[X], we cannot say immediately,
which are the normal monomials with repsect to this ideal, and to find a basis of the factor
algebra.

Definition 1.18. Let G be a subset of the ideal J of K[X]. We say that G is a
Grobner basis of J (with respect to the fixed admissible order), if G and J have the same
sets of normal monomials, i.e. if G generates the ideal J of [X]. The name Grébner has
also another spelling Groebner.

Exercise 1.19. If G is a Grobner basis of the ideal J of K[X], then G generates J.
Hint. Use the arguments of the proof of the Hilbert Basis Theorem and show that if
G C J and G generates J, then G generates J.

Definition 1.20. The Grobner basis G of the ideal J of K[X] is minimal, if it is
minimal with respect to the inclusion, i.e. no proper subset of G is a Grobner basis of J.
The Grobner basis G of J is reduced, if the leading monomials of G are not divisible by each
other and every polynomial g € G has the form g = ag+ > f;u;, where 0 # «, 5; € K and
all u; are normal monomials with respect to G \ {g}. (It is easy to see that every reduced
Grobner basis is minimal.)

Theorem 1.21. Let us fix and admissible order on [X].

(1) Minimal Grébner bases always exist and are finite.

(ii) The reduced Grébner basis always exists and is unique, up to scalar multiples of
its elements.



Proof. (i) Let J be the ideal of [X] consisting of the leading monomials of the nonzero
ideal J of K[X]. Then J is finitely generated. Let us choose a minimal set of generators
V ={v,...,vx} of J. If G = {g1,...,g9x} C J is such that g; = v;, then, clearly, G is a
Grobner basis of J. It is minimal because we need all elements of V' to produce the leading
monomials of J.

(ii) Starting with any finite Grobner basis G = {g1, .. ., gm } of J, we write the elements
g; € G in the form

k;
gz‘ZOéiUri-Zﬁijvij, 0# i, Bi; € K, w; = vi1 > > Vg, -
=1

If for some 7, j, say ¢ = 1, j = 2, one of the leading monomials us divides the other one u1,
then u; = wugy for some w € [X]. The polynomial

r aq
g1 =91 — —wWGg2
a2

belongs to the ideal J. It is easy to see that G and G’ = {g}, g2, ..., gm} are Grobner bases
for the same ideal J. The difference is that the leading monomial of ¢ is lower than this
of g1. (This is if ¢f # 0. If gf = 0, we remove it from G’.) Hence G’ looks out simpler that
G. Similarly, if some monomial v;; in the expression of g; is divisible by wus, then we can
repeat the above arguments and to replace v1; with something which is lower. In a finite
number of steps, we obtain a Grobner basis G” of J with the property that the monomials
of the expressions of the g/’ € G” are not divisible by the leading monomials of the other
polynomials in G”. Hence G” is a reduced Grobner basis of J and the reduced Grébner
basis always exists.

We have to show that the reduced Grobner basis is unique. Let GG and Gy be two
reduced Grobner bases of the ideal J. Hence G and G5 are minimal sets of generators
of the ideal J. It is easy to see that G; and Gy conicide: If G; = {vy,... Uk T Gy =
{wy,...,w;} are different, then, since there are generating sets of .J, w; is divisible by
some v;, e.g. by vi. Therefore, if v # wy, then v; is divisible by some w;, and we obtain
that w; divides wy. This contradicts with the minimality of G5. Hence v; = w; and, after
a finite number of steps, we obtain that G; = G5. This means that the polynomials of G
and G2 can be rearranged in a way, say G1 = {p1,...,px}, G2 = {q1,--.,qr}, such that
Pi = G;- Let p1 # ¢1. Then, since p; and ¢; have the same leading monomials, there exists
a constant a € K, such that py —agq1 = > v;w;, where v; € K and the monomials w; are
lower than py. Clearly, p; — aq; € J. The facts that G, G5 are reduced Grébner bases,
G1 = G5, and p1 > p1 — aqi, give that the monomials of p; — agq are not divisible by any
of the monomials from G;. If p; — aq; # 0, this is impossible. Hence p;, ¢; are equal, up
to a multiplicative constant, and the reduced Grobner basis of .J is unique.

Now we present the algorithm of Buchberger for computing of Grobner bases of ideals
of K[X]. Of course, when we consider algorithms, we assume that the base field K is
constructive. This means that we are able to perform calculations in K.

Algorithm of Buchberger 1.22. Let the ideal J of K[X] be generated by the
set G = {g1,...,gk} of nonzero polynomials and let G = {uy,...,ux}, where g; = u,.
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Multiplying by constants, we may assume that g; = u; + - - -, i.e. the leading coefficient of
g; is equal to 1.

Step 1. If u; divides uj, and u; = w;v for some v € [ X], then we replace g; := g; — g;v.
Then we make the leading coefficient of g; equal to 1. If the new g; is equal to 0, then we
remove it from G. This operation is called reduction. We continue the reductions, until
possible.

Step 2. Let u; = g; and u; = g; have a nontrivial common divisor, i.e. u; = v;w,
uj = v;w for some w € [X], w # 1. Since there are no possibilities for reductions between
the leading monomials of G, v;,v; # 1. We consider the polynomial g = g;v; — g;v;
which also belongs to J. We have g;v; = u;v; = v;wv; = g;v;. This operation is called
composition. We add g to G and go to Step 1.

If there are no more possible reductions and compositions between the polynomials
in GG, we stop the process. The obtained set G is a Grobner basis of J. If we additionally
make all possible reductions also between the leading monomials of g; € G and all the
monomials in the expressions of the other g; € G, then, as in the proof of Theorem 1.21,
we obtain the reduced Grobner basis of J.

Example 1.23. (This is Example 1.17 (iii).) Let G = {g1, 92,93} C K[z, y], with the
lexicographical order (x > y), where

g =22+y, gp=sy+y?, g3 =2+ 297

Find the Grobner basis of the ideal generated by G.
Solution. We apply the Buchberger algorithm. We start with reductions. Since
g1 = z? divides g3 = 23, we replace

g3 = g3 —xg1 = —xy’ +2y°, g3:=—gs=zy’ — 2y°.
Again, gz = xy divides g3 = zy>® and the next reduction is
g3 =93~y = -y — 2%, g3:=—gs=y" +2¢°.
Now the set G = {¢1, 92,93} becomes
=24y, @=wy+y’, gz=y'+2y"

No further reductions are possible and we start with the compositions. For example, x
divides

Gp=zy, GB=Yy
and g2y® = gzx. We construct the polynomial g4 := ¢2y® — g3z and continue with the
reductions:

g1 = —22y° +v°, g4:=ga+200° =9° +2y*,  gs:=gs—yg3 = 0.

Hence we remove g4 from the set G. We have one possible composition, because g7 and
g2 are divisible by x. The equality g7y = gzx suggests the composition, with further
reductions

ga= g1y — gex = —xy’ + 4", gai=gat gy =y +9°,
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g1 =0g1— g3 = —Y’, g1 = —gs = y°,
93: =93 — 94y =93, 9g3:=9g3—9gs=0.

Hence we remove g3 and obtain the set G = {g1, g2, g4}, where
n=2+9", g=wy+y’, a=v"

We have one more composition, but after the possible reductions we do not obtain anything
new:

g5 = goy® — qur = y*, g5:=g5 — gay = 0.

(We already had the composition between g1, g2.) Hence the Buchberger algorithm stops
and the Grobner basis of the ideal generated by G consists of

=24y’ gp=zy+y’, g=1y"
If we want to obtain the reduced Grobner basis, we have to replace g; with g1 — g4 = 22

and obtain

q =12 g=ay+y’, g1=y"

We derive from here, that the set of normal monomials is {1, z,y,y?} and this is the basis
of the factor algebra Kz,y|/(G).

Example 1.24. How many solutions has the system
>+ = Yz

vty =2
224 z= xy
over an algebraically closed field of characteristic 07
Solution. It is known (a consequence of the Hilbert Nullstellensatz, i.e. the Hilbert
Zeros Theorem) that a system f;(X) =0, =1,...,k, has a finite number of solutions if
and only if the factor algebra K[X]/(f1,..., fx) is finite dimensional. This means that the

set of normal monomials with respect to the ideal (fi,..., fi) is finite. We calculate the
Grobner basis of the ideal generated by

g=2—yztx, g=zy—2>—2 g =12-Yy —1,

with respect to the degree lexicographical order (z > y > z). Hence

G=1 Ga=uy, J3=az

The first composition is based either on g1y = gz« (or on g1z = gzx), or on gaz = gzy. For
example, let
g4 = §1Y — gox = zz? — yQZ +xy + xZ.
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The consecutive reductions give
g4 = 04— g32 = TY + T2+ Y2, G4 := ga— G2 :xz—l—z2+yz+z,

gii=g—gs=y" +22+y+z

One can show by direct calculations, that the further compositions do not give new ele-
ments. Hence the set

G=1{91,92,93,91a =y* + 22 +y+ 2}

is a minimal Grébner basis (to make it reduced we have to replace g3 with g3+ g4). In this
way, the set of normal monomials consists of 1, x,v, 2, k = 1,2, ..., and the factor algebra
is infinite dimensional. Hence the system has infinitely many solutions. The system is
equivalent to the system

x2+x—yz:y2+y—xz:z2+z—:1;y:y2+z2+y+z:O.

Considering z as a parameter, for each zp we can find (one or several) solutions (zg, yo).

Practical Hint 1.25. Instead of working with the generators of the ideal of K[X],
sometimes it is more convenient to work with the defining relations of the corresponding
factor algebra. For instance, in Example 1.24, let the factor algebra have the presentation

R=Kx,y,2]/(2® = yz —z,2y = 2* + z,22 = y* +y).

Then, working in R (and denoting its generators also by x,y, z), we have

P =yi-x, ay=P+z (@)= (r-a)y = (ey)r = (P+2)r, aP+ez =y z—ay,

which is the same as the fact that 222 — y2z + zy + zz belongs to the ideal.

For general reading on polynomial algebras see the books [AM] and [L]. For theory
of Grobner bases see the books [AL] and [BW], and the big survey article [U] which deals
also (and mainly) with noncommutative generalizations.

Many computer systems have packages of for computing of Grébner bases. For exam-
ple, the Computer Centre of the HKU has (at least temporary) possibilities for usage of
Maple. For this purpose, the students can access the system by telnet to “netbackl.hku.hk”
and use the HKUSUA UID/PIN to login the system; then type “maple” to access Maple
for Grobner bases computations.

Exercises

1. (i) Show that the subalgebra K[z?, 23] of K[z] generated by x? and 2 consists of
all polynomials with coefficient of 2! equal to 0.
(ii) Show that K[z?, 23] is isomorphic to the factor algebra of K[y, 2] modulo the

principal ideal generated by 33 — 22.
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2. Let V be a vector space with basis {v; | i =1,2,...}. Let us define a multiplication
between the basis elements by v; -v; =, afjfuk, where for fixed 7, 7 only a finite number

of constants af"j are different from 0. Show that the operation

(zm)- S 0| =303 et
i=1 j=1

i=1j=1 k

gives to the vector space the structure of algebra if and only if (v; - v;) - v = v; - (v; - v;) for
all basis elements v;, v;,v; and if there exists an element e € V' such that e-v; = v;-e = v;
for all basis elements v;. This algebra is commutative if and only if v; - v; = v; - v; for all
i,].

3. If G is a group, then the group algebra KG is defined as a vector space with basis
consisting of the elements of G and multiplication between the basis elements given by
g - h = gh, where gh is the product in G of g,h € G. (We say that the multiplication in
K@ is defined by the group operation in G.) Show that the group algebra is an algebra
which is commutative if and only if the group G is abelian.

4. Let G = (g | g" = 1) be the cyclic group of order n. Show that the group algebra
KG is isomorphic to the factor algebra K[z]/(z™ — 1) of the polynomial algebra in one
variable modulo the ideal generated by =™ — 1.

5*. Show that every subalgebra of K|[xz] is finitely generated. (Hint. Let R be a
nonzero subalgebra of K[z] and let D be the set of d € N U {0} such that there exists a
polynomial of degree d in R. Show that D is an additivelly written semigroup which is
finitely generated. For each generator d; of D take a polynomial f; of degree d; in R and
show that the set of all f; generates R.)

6. Show that the subalgebra R of K|[z,y] generated by all zy*, k =0,1,2,..., is not
finitely generated. (Hint. If R is finitely generated, then it can be generated by a finite
number of polynomials z,zy, zy?,...,zy". Show that zy"*! cannot be expressed as a
polynomial in z, zy, ..., xy™.)

7. Calculate the Grobner bases from Example 1.23 with respect to the degree lexi-
cographical order (and = > y) and with respect to the inverse lexicographical order (with
T <y).

8. Caluclate the Grobner bases with respect to the lexicographical order (z > y) of
the ideals (G7) and (G2) of K[x,y] generated, respectively, by

Gl = {gl =332—|—y3, g2 =Ty, g3 :x3—|—2y3},
Go={g=2"+9", ga==y+2¢y° gs=2"+2°}.
9. How many solutions has the system

xQ—x:yz, y2+y::cz, z2+z:xy
over an algebraically closed field of characteristic 07 (Comparing with Example 1.24, only
the sign of x is changed.)

10. If the ideal J of K[X] is generated by a set G of monomials (such ideals are
called monomial ideals, and the factor algebras are monomial algebras), show that G is a
Grobner basis of J with respect to any admissible order on [X].

13



2. AUTOMORPHISMS AND DERIVATIONS
OF POLYNOMIAL ALGEBRAS

Basic Definitions

We assume that K is a field of characteristic 0, e.g. K = Q, R, C. The requirement for
the characteristic sometimes is essential. We fix a finite set of variables X = {z1,...,2,}
and consider the polynomial algebra K[X] = K[z1,...,x,].

Definition 2.1. The isomorphisms K[X| — K|[X] are called automorphisms of K[X].
All automorphisms ¢ of K[X] form a group which we denote by AutK|[X]. Since every
mapping X — K[X] can be extended to an endomorphism of K[X], it is sufficient to
define the automorphisms of K[X] only on X. In commutative algebra and algebraic
geometry one often denotes the automorphisms as F' = (f1,..., fn), where f; = ¢(z;).
Then, if G = (g1,...,9») is another automorphism, where g; = 9(x;), one has F o G =
F(G) = (fi(G),..., fa(Q)), f;(G) = f;i(g1,.-.,gn), which corresponds to the composition
Y o o (first applying ¢ and then ). We shall also denote the automorphisms as ¢ =
(p(x1),...,¢(xy)), but shall use the notation ¥ = 1) o  instead of F(G).

Definition 2.2. The automorphisms of the form

n
(P(flfj) = Zamxz +5J7 O‘ijﬁﬂj € K7 Z;j = 17"',n7
=1

(where the n x n matrix («;;) is invertible) are called affine. The automorphisms of the
form

o(xj) =z + fi(zjp1,...,2n), a0 € K* j=1,...,n,

where the polynomials f;(x;t1,...,2,) do not depend on z1,...,x;, are called triangular.
The automorphisms which belong to the group generated by the affine and the triangular
automorphisms are called tame automorphisms. The automorphisms which are not tame
are called wild.

Example 2.3. (i) Let ¢, 9 € EndK |z, y] (where End K[X] is the set of all endomor-
phisms of K[X], equipped with the operation “composition”) be defined by

pl)=z+y° py) =y, or o= (z+y°y),

1/1(95):90—?J2ﬂ/1(y):y7 or T/JZ(JU—yZay)‘
Then o ¥(y) = p(Y(y)) = ¢(y) =y,

po(z) = p(ih(z)) = p(z — y°) = p(z) — o)’ = (x +y*) —y* = =.

Hence ¢ o 9 is the identity automorphism. Similarly 1 o ¢ is the identity. Hence ¢, are
automorphisms and ¢ = ¢ 1. Clearly, ¢, are triangular automorphisms.

14



(ii) Let o, 9 € AutK|[x,y] be defined by
plx) =z +y*oly) =y, or p=(z+y°y),

(@) =2, 9(y) =y +a°, o ¢ =(z,y+a%)
(v may be considered as a triangular automorphism with respect to the ordering of the
variables x; = y,xo = x). Then

e )=z -9y o'y =y,

Nz =, T (y) =y -2,
poy(z) =p(W(x) =pl@) =z +y°, oy =e(y)=ey+’) =y+ (x+y°)°
vop(r) =y +y*) =z 4+ (y+2°) voply) =9y =y+a°,
(po) Hz) =9 He @) =¢ (& —y*) =2 — (y — 2°)%,
(o) '(y) =¢ (¢ ' (W) =v " (y) =y —2°,

Example 2.4. The endomorphism of K|z, y, 2]
_ 2 2 2 2
v = (2= 2 + w2y — (4 + 222y + (4 + 22)22)
is an automorphism with inverse
vl =p=(z+20° +a2)y — (¥ +22)%2y — (v¥ +22)2,2).

It is called the Nagata automorphism and was constructed by Nagata [N] in 1970.

The easiest way to check that pov = v o p is the identity of K[x,y,z] is to see first
that v(y? + 22) = y? + xz. Hence w = y? + xz behaves as a constant under the action of
v and by direct calculation one sees that

vople) = vp(e) = vz + 2wy — w’z)

2

= v(x) + 2wr(y) — w?z = (z — 2wy — w?z2) + 2w(y + wz) — w?z = x,

and similarly for v o p(y) =y, vop(z) = z.
Later we shall see that the Nagata automorphism is an example of a general class of
naturally arising automorphisms.

We shall be interested in several natural problems:

Problems 2.5. (i) How to construct examples of automorphisms?

(ii) Do the automorphisms of K[X] have any “canonical” form? Can they be presented
as compositions of some simpler automorphisms?

(iii) How to recongnize whether an endomorphism of K[X| is an automorphism?

(iv) How to calculate the inverse of a given automorphism?
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Definition 2.6. Let ¢ be any endomorphism of K[z1,...,z,]. The n X n matrix

0¢(z1) 9¢(z2) .. O9d(xn)

8:81 8:81 81‘1
0¢(z1) O9¢(x2) . O¢(zn)

J(gb) _ 8:.::2 8%‘2 89.62
0(x1)  Dd(xa) .. Ob(xn)

Oxy, Oxy, Oxy,

is called the Jacobian matriz of ¢. (Very often in commutative algebra and algebraic
geometry one defines the Jacobian matrix as the transpose of the matrix in our definition.)

Proposition 2.7. (The Chain Rule) If ¢ and i are endomorphisms of K[x1,...,x,],
then

J(poy) = J(@)o(J(¥)),

where ¢(J(v)) means that we apply ¢ to the entries of the matriz J().

Proof. We shall prove the chain rule for the case of two variables only. The proof in
the general case is similiar. Let h, and h, denote the partial derivatives of h = h(z,y)
with respect to x and y. If

¢($) = f($7y)a d)(y) = g(x,y), ¢(1’) = u(:r;,y), w(l/) = ’U(i,y),
then ¢ o ¥ (x) = ¢(u(z,y)) = u(¢(x), d(y)) = u(f, g), similarly ¢ o ¥(y) = v(f,g) and

(¢ o 1?(9))3: = (U<frg))$ = Uﬂﬁ(fa g)fﬂﬂ + Ug(f? g)gﬂm
(povp(z))y = (ulf,9)y = ua(f, 9)fy + uy(f,9)9y,
(Po(y))y = (v(f,9)y = va(f, 9) [y + vy(f.9)gy-

These equations can be rewritten in a matrix form as

(J a0 (wolha) b)) gy

Corollary 2.8. The Jacobian matriz of any automorphism of K[X] is invertible over
K[X] (and the determinant of the Jacobian matriz is a nonzero constant).
Proof. Of course, if ¢ is an automorphism, then the Jacobian matrix of ¢po¢~1! is equal
to the Jacobian matrix of the identity automorphism which is the unit n x n matrix. By
¥

the chain rule J(¢) is invertible and its determinant is an invertible element in (K[X])*,
hence in K*.

The inverse function theorem in calculus states that if the Jacobian matrix of a map-
ping R” — R" is invertible, then the mapping is locally invertible. The analogue for
polynomial algebras is that any endomorphism of K[X| with an invertible Jacobian matrix
and which preserves the augmentation ideal (i.e. sends the variables to polynomials without
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constant terms) induces an automorphism of the algebra K[[X]]| of formal power series.
The famous Jacobian conjecture is the following:

Jacobian Conjecture 2.9. (Keller, 1939) Every endomorphism of K|[X]| with an
invertible Jacobian matriz is an automorphism (of K[X]).

Now we shall show the importance of derivations in the study of automorphisms of
polynomial algebras.

Definition 2.10. Let R be any (not necessarily commutative) algebra. The linear
mapping ¢ : R — R is called a derivation of R if

d(uv) = 0(u)v + ud(v)

for all u,v € R. We denote by Kerd = R® the kernel of § (considered as a linear operator
of the vector space R), it is a subalgebra of R, see the exercises. The derivation ¢ of R is
called locally nilpotent, if for every u € R there exists a d such that §%(u) = 0.

The derivation 0 of the polynomial algebra K[z, ..., x,] is called triangularif 6(z;) €
Klzjpr,...,zn),5=1,...,n.

Pay attention that for any derivation ¢ of the algebra R

§(1) = 6(1%) = (1)1 4 16(1) = 26(1)

and hence 6(1) = 0. By the linearity of § we have that §(a) = ad(1) = 0 forany o € K C R.
Examples 2.11. (i) Let R = K[X]| and § = 0/0x;, the partial derivative with respect
to x;. Clearly, 0 is a derivation. It is locally nilpotent because for a polynomial u(X) of

degree k with respect to x; one has 8%+ 1u/dz Tt = 0.
(ii) Let f;(X) € K[X],i=1,...,n. Then the mapping ¢ defined by

ou ou ou
d(u) —fla—x1+f28—x2+'“+fna—%a u e K[X],

is a derivation of K[X]. Indeed, J is a linear operator and

s O(w) & ([ Ou ov
5(uv)—;fz 5 —;fz(axivjtuaxi)

%

" ou - ov
= (; fza—%> v+u (; fzﬁ_xz> = d(u)v + ud(v).

(iii) The derivation § = —2ya% + Za% is a triangular derivation of K|x,y, z] because
sends = to —2y, y to z and z to 0.

Lemma 2.12. FEvery mapping X — K[X] can be extended in a unique way to a
derivation of K[X]. Every derivation of K[X] is of the form § =3 ., fia%i for suitable
fi GK[X], 1=1,...,n.
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Proof. If ¢ is a derivation of some algebra R, and R is generated by the elements
r1,T2,..., then 0 is completely defined by its values on rqi,7rs,... because the elements
r € R have the form r =) apry, - 71p,., ap € K, and

(r) = Zap (erl 2 0(rp,) - "rpm>

is expressed by §(r1),d(r2), . . . In the case of the polynomial algebra, let f1,..., f,, be some
polynomials in K[X]. Then it is direct to see that the derivation § = >_" | fia%i from
Example 2.11 (ii) satisfies 6(x;) = fi, i = 1,...,n. Since, if the derivation of K[X] which
extends the mapping x; — f; exists, then it is unique, we obtain the proof of the lemma.

The following equality for derivations of any algebra R is the Leibniz formula:

5™ (uv) = i (’Z) 5 (u)6™F (v), u,v € R.

m!
O (uy ) =Y kfcskl(ul)---(sk”(up), Ui, ..., up € R.
ki+-tkp=m )

Lemma 2.13. (i) A derivation § of the algebra R is locally nilpotent if and only if it
acts nilpotently on the generators of R (i.e. if R is generated by ry,rs, ..., then §™i(r;) =0
for some m; depending on the generator r;).

(ii) The triangular derivations of K[X]| are locally nilpotent.

Proof. (i) It is sufficient to show that any given product of generators is annihilated
by some high power of §. This follows from the Leibniz formula. The proof of (ii) can
be obtained by induction on the number of variables: If § is a triangular derivation,
then §(x,) € K and §%(z,) = 0. If § acts locally nilpotently on K[z;i1,...,,], since
§(x;) € K[ziy1,-..,Ty), we obtain that 6™(5(x;)) = 0 for some m and 6™+ (z;) = 0,
continuing the inductive process.

Lemma 2.14. If § is a locally nilpotent derivation of the polynomial algebra K[X]
and w € Ker(d), then A = wd is also a locally nilpotent derivation.

Proof. By Lemma 2.12, A = wd is a derivation. If v € K[X], then §(wu) = §(w)u +
wd(u) = wi(u) (because §(w) = 0) and we obtain that A™(u) = w™§™(u). Since 4 is
locally nilpotent and 6™ (u) = 0 for some m, we obtain that A is also locally nilpotent.

Example 2.15. The derivation § = _an% + za% is triangular, and hence a locally

nilpotent derivation of K[z,y,z]. It sends z to —2y, y to z and z to 0. Hence §%(z) = 0,
5%(y) =0, §(z) = 0. The polynomials z and w = y? + zz are in the kernel of § (check it!).
Hence A = h(z,y? + zx)d is a locally nilpotent derivation of K|xz,y, 2] for any polynomial
h in two variables.
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Exercise 2.16. Let f1,..., fn—1 € K[X] and let the linear operator 6 acting on K|[X]|
be defined as the determinant

ofr Ofn-1  Ou
8%1 e 81‘1 81‘1
6(u) =1 : .|, we K[X].
of1 Ofn1  Ou
axn e 8mn awn

Then 6 is a derivation. If f; = ¢(x;), i =1,...,n—1, for some automorphism ¢ of K[X],
then 0 is locally nilpotent.

Proof. Since the first n — 1 columns of the determinant are fixed, it is a linear function
on its last column, i.e. § is a linear operator on K [X]. The condition §(uv) = é(u)v+ud(v),
u,v € K[X], also follows from the properties of determinants and the fact that the entries
of the last column of the determinant for §(uv) are %(L;;) = g—;v + u%, 1=1,...,n. If
¢ € AwtK[X] and f; = ¢(x;), i = 1,...,n, then fi,..., f, generate K[X]| and §(f;) =0
fori = 1,...,n — 1, because two columns of the determinant are equal. Finally, 6(f,) is
equal to the determinant of the Jacobian matrix of ¢ and is a constant because ¢ is an
automorphism. Hence §2(f,,) = 0. In this way & acts nilpotently on a set of generators of
K[X] and is locally nilpotent.

Remark 2.17. By a theorem of Rentschler [R] every locally nilpotent derivation of
the algebra of polynomials in two variables is of the above form: If § is a locally nilpotent
derivation of K[z,y|, then there exists an automorphism ¢ of K[z,y] and a polynomial w
from the kernel of 6 such that

25 %‘:w@as(x)a_u_ aqb(a:)a_u).

ox
8‘(@—?) g—Z or 0Oy oy Oz

o(u) =w

If § # 0, then the kernel of 6 consists of all polynomials of the form w = h(¢p(z)).

For the algebra of polynomials in three variables a theorem of Miyanishi [M] states:
If A is a locally nilpotent derivation of K|[x,y,z|, then there exist polynomials f(x,y, z),
g9(z,y,2), w(x,y, z) such that A = wd, where w belongs to the kernel of § and § is a locally
nilpotent derivation defined by

o(u) =13, ay oy
of 89 ou
Oz Oz Oz

The kernel of A consists of all elements of K|[f, g].

For polynomial algebras in more than three variables this is not more true. There are
examples of locally nilpotent derivations of K|x,y, z,t|] with any number of generators of
the kernel of the derivation. For polynomial algebras with more than four generators there
are locally nilpotent derivations with kernels which are not finitely generated. The most
recent example is given by Daigle and Freudenburg [DF] for the algebra with five variables.
In this way they have given a counterexample in minimal known number of variables to
the 14-th Hilbert Problem.
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In 1900, Hilbert outlined 23 mathematical problems to the International Congress
of Mathematicians in Paris. His famous address influenced, and still today influence,
mathematical research all over the world. An important partial case of the 14-th Hilbert
Problem is: If G is a group of automorphisms of K[X], is it true that the subalgebra
K[X]% of all polynomials which are invariant under the action of G is finitely generated?
Especially interesting is the case, when the group G consists of linear automorphisms only,
i.e. in the case of invariant theory. The negative answer was given by Nagata in the 1950’s
in terms of invariant theory. For the exposition of the result of Nagata see [DC]. See also
the book by Nowicki [No] and the survey paper by Freudenburg [F] for more comments on
the 14-th Hilbert Problem and the contributions of other mathematicians to the problem.

On the other hand, a theorem of Weizenbock from 1932 (see [No]) gives that if 0 is
a linear nilpotent operator acting on the vector space with basis X, and we denote by the
same symbol & the induced derivation of K[X], then the kernel of the derivation § is a
finitely generated algebra.

Definition 2.18. Let § be a locally nilpotent derivation of an algebra R. Then the
mapping ¢ : R — R defined by

2 3
¢(U)ZU+5(11!L)+52(!u)+5?f!u)+m,ueR,

is well defined because ¢ is locally nilpotent and for any u € R there exists an m with
0™ (u) = 0 and the sum is finite. It turns out that ¢ is an automorphism of R (see the
exercises), which we call an exponential automorphism and denote by exp(d).

Example 2.19. (i) If ¢ is a triangular derivation of K[X], then d(x;) belongs to
Klxii1,...,2,) and 6% (x;) also belongs to K[x;41,...,x,] for all k > 1. Moreover ¢ is lo-
cally nilpotent and the corresponding automorphism exp(d) is a triangular automorphism.

(i) Let A = (y* + z2)d, where § = —2y2 + 28%, be the derivation in Example 2.11
(iii). Since 6%(z) =0, §%(y) = 0, 6(z) = 0, we obtain that

2
exp(A):x — x+ (v + zx)@ + (y* + z:z:)z(5 2(‘@ =2 —2(y® + zx)y — (v° + 22)%2,
J
exp(A) 1y = y+ (7 + 22 =y 4 (4 4 )

exp(A):z — 2,

and we obtain that exp(A) is the Nagata automorphism.

Automorphisms and Grobner Bases

We shall present an algorithm which decides whether an endomorphism of the poly-
nomial algebra K[X] is an automorphism and, if this is the case, finds the inverse. The
algorithm works in a very general situation (even for noncommutative algebras). The theo-
retical result has several proofs, see van den Essen [E1] and Shannon and Sweedler [SS] for
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fields, Abhyankar and Li [AbL] for arbitrary commutative rings R and Drensky, Gutierrez
and Yu [DGY] in the general noncommutative setup.

Lemma 2.20. Let X = {z1,...,2n}, Y ={y1,...,yn} and let 6 : K[X] — K[Y] be
a homomorphism such that 0(x;) = hy(Y) = hi(y1,...,yn), i = 1,...,n. Extend 6 to a
homomorphism 0y : K[X,Y] — K[Y] by 0o(x;) = 0(x;), 00(y;) = yi, i = 1,...,n. Then
the kernel of 0y is the ideal U of K[X,Y]

Ker(Qo) =U = (l‘z—hz(Y) |Z: 1,...,’/1)

generated by all z; — h;(Y) and Ker(6p) N K[Y] = (0).

Proof. (For another proof see [AL|, Theorem 2.4.2.) Obviously y(z; — h;y(Y)) =
O(x;)) —hi(Y)=hi(Y)—hi(Y) =0and z; — h;(Y) € Ker(y). Hence the ideal U generated
by all x; — h;(Y) is contained in Ker(fy). Consider t; = z; — hy(Y), i = 1,...,n, and
define an endomorphism p : K[X,Y] — K[X,Y] by p(z:) = ti, p(yi) = vi, i = 1,...,n.
Obviously, p is a triangular automorphism of K[X, Y], hence we may replace the algebra
K[X,Y] with K[T,Y], where T' = {t1,...,t,}. Clearly, 0o(t;) = Oo(x; — hi(Y)) = 0,
0o(y;) = y; and O is the homomorphism KT, Y] — K[Y] which sends T to 0 and acts as
the identity mapping on K[Y]|. Hence the kernel of 6y is the ideal of K [T, Y] generated by
T and

Ker(6p)=(ti|i=1,....,n)=(z; — hi(Y) |i=1,...,n),

and Ker(6p) N K[Y] = (0).

Proposition 2.21. Let X = {z1,...,2,}, Y = {y1,...,yn} and let ¢ : K[Y] —
K[X], ¥ : K[ X] — K[Y] be homomorphisms such that

¢<yz) = fZ(X) = fi(xh o 7'1:71)7 ¢(xz) = gz(y) = gi(ylu o 7yn)a
i=1,...,n. Eztend ¢,v to homomorphisms ¢o : K[ X, Y| — K[X], ¢ : K[X,Y] — K[Y]
by ¢o(zi) = wi, do(yi) = ¢(yi) = fi(X), Yo(z:) = V(xi) = 6:i(Y), Yo(yi) =yi, i =1,...,n.
Let the ideals U and V of K[X,Y] be defined as

U= —fi(X)|i=1,...,n), V=(xi-gl)|i=1...,n).

Then ¢ and 1) are isomorphisms and ) = ¢~ if and only if the ideals U and V coincide.
Proof. (i) Let ¢, be isomorphisms and ¢ = ¢~1. Hence

zi = P((xi)) = d(gi(y1, - -, yn)) = 9i(@(W1), - - -, d(yn)) = g (f1(X), ..., fu(X)),
i=1,...,n. Working modulo the ideal U of K[X,Y], we have y; = f;(X). Therefore
zi = gi([1(X), ..., fu(X)) = gi(y1, ... yn) =i (Y)  (mod U),
and z; —¢;(Y) € U for all i = 1, ... ,n. Since the polynomials z; — ¢;(Y’) generate the ideal
V', we obtain that V' C U. Similarly, using that y; = ¢(¢(y;)), we derive that U C V' and
U=V.
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(ii) Let U = V. Then the factor algebras K[X,Y]/U and K[X,Y]/V coincide and
yi = fi(X), z; = ¢;(Y) modulo the ideal U = V. Hence

i = 91,5 Yn) = 9i(f1(X), .., fu(X)) = dop(x;)  (mod U)

and ¢ o 1 is the identity mapping on K[X] modulo the ideal U. Similarly, ¢ o ¢ is
the identity mapping on K[Y]| modulo the ideal V' and for every p(Y) € K[Y] we have
Yod(p(Y)) =p(Y) (mod V). The polynomial 1) o ¢(y;) belongs to K[Y] and is equal to y;
modulo the ideal V. Hence ¢ o ¢(y;) —y; € V N K[X] and this intersection is equal to 0 by
Lemma 2.20. Hence y; = ¥ o ¢(y;), i = 1,...,n. Similarly, we obtain that x; = ¢ o ¥(x;),
1 =1,...,n, and the mappings ¢ and 1) are inverse to each other. Hence ¢ and 1) are
isomorphisms and 1) = ¢~ 1.

Theorem 2.22. Let X = {z1,...,z,} and let 0 : K[X] — K[X] be an endomorphism
of K[X] defined by 6(x;) = fi(X), i=1,...,n. Then 6 is an automorphism if and only if
there exist polynomials g;(X), i =1,...,n, such that the ideals

U= —fi(X)]i=1,....n),V=(x;—q(Y)|i=1,...,n)

of K[X,Y] coincide. Then the inverse automorphism p = 0~ is defined by p(z;) = g;(X),
1=1,...,n.

Proof. The condition that 6 is an automorphism is equivalent to the fact that the ho-
momorphism ¢ : K[Y] — K|[X] defined by ¢(y;) = fi(X),i=1,...,n, is an isomorphism.
Then the proof of the theorem follows immediately from Proposition 2.21.

By Theorem 2.22, if # is an endomorphism of K[X], and 6(x;) = f;(X), the problem
to decide whether 6 is an automorphism and, if “yes”, to find its inverse, is reduced to the
problem to decide whether the ideal U of K[X,Y] generated by y; — fi(X), i =1,...,n,
has a system of generators of the form z; —g;(Y'), ¢ = 1,...,n. This problem can be solved
effectively using Grobner bases.

Definition 2.23. Let X,Y be two sets of variables with admissible orders <x and
<y, respectively. We define the elimination order on [X,Y] with the variables X larger
than the variables Y, by

U1 (X)Ul (Y) =< UQ<X)U2(Y),

if up(X) <x u2(X) or, if u1(X) = u2(X), then v1(Y) <y v2(Y).

The idea of the algorithm which recognizes whether an endomorphism of K[X] is an
automorphism is the following. We introduce a new set of variables Y, with the same
cardinality as X. Then we define arbitrary admissible orders on [X] and [Y] and extend
them to an elimination order with the variables X larger than the variables Y. Then
the leading monomials of the polynomials y; — f;(X) depend on X. If we calculate the
Grobner basis of U with respect to this elimination order, we shall obtain some new system
of generators of U where the monomials containing z’s are higher than those containing
only y’s. The monomial x; is the smallest monomial which contains x;. Hence, if 6 is
an automorphism, we shall obtain that some polynomials z; — ¢;(Y") belong to the new
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Grobner basis. If 0 is not an automorphism, then for some ¢ there will be no polynomial of
the form z; — ¢;(Y) in U and, of course, there will be no such polynomial in the Grobner
basis.

One can use computer packages for computing with Grobner bases to decide whether
an endomorphism is an automorphism and to find the inverse.

Example 2.24. A typical session of Maple (using netbackl.hku.hk and working in
Unix regime) is (“netbackl%” and “>” are beginnings of command lines and the other
lines are for the results):

netback1% maple
>with(grobner);
[finduni, finite, gbasis, ...]
>gbasis([x-2%(y " 2+x*2)*y-(y " 2+x*2) " 2*z-u,y+(y " 2+x*2) *z-v,z-w], [X,y,2,u,v,w], plex);

2

[z 4+ wu? + 2wuv? — 20wu — u 4+ viw — 20,y — v + wiu + we?, 2 — w)

>quit;
netback1% logout

The meaning of the command “gbasis([f,g,h],[x,y,z,u,v,w],plex);” is that we find the
Grobner basis of the ideal of the algebra Q[z,y, z, u, v, w| generated by the polynomials
f, g, h with respect to the lexicographic order defined by x >~ y >~ z > u = v = w. For
degree lexicographic order one needs “tdeg” instead of “plex”.

In the example, we start with the Nagata automorphism

v=(r— 2(y2 +x2)y — (y2 + ;Uz)zz,y + (y2 +x2)z, 2)

and consider the ideal of the algebra of polynomials in six variables generated by the
polynomials

(x— 2% +22)y — (v* +22)%2) —u, (y+ (° +22)2) —v, z—w.
The result is a triple of polynomials
(x — plu,v,w),y — q(u,v,w), z — r(u,v,w)),
which means that v is an automorphism with inverse
vl = (p(e,y, 2), 4(2, y, 2), (2, 9, 2))

= (= (2222 4 22%2y% — 2yzx — o + ytz — 20%), —(—y + 222 + 21%), 2)
= (z+2(y° + 22)y — (v* + 22)%2,y — (v + 22)2,2).
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For general reading on automorphisms of polynomial algebras (and the Jacobian con-
jecture) see the books by van den Essen [E2] and Mikhalev, Shpilrain and Yu [MSY]. For

derivations of polynomial algebras see [E2] and the book by Nowicki [No] available also
online in postscript format.

Exercises

1. Find (calculations by hand only!) the inverse of the automorphism ¢; (of the
corresponding polynomial algebra) defined by:

$1(x) =z + (¥* +2y+3), d1(y) = y;
¢a(x) =22+ (y* + 2y +3), d2(y) = —y + 2;
¢3(x) =z + (y* +2y +32), ¢3(y) = —y + (22 = 3), d3(2) = 2 + 15
¢a(x) =22 + 3y, da(y) =z +y;
ds(x) =20 +3y+1, ¢s(y) = +y — 3.
¢6(x) = 3z + 5y + 1, ds(y) = 22 + 3y + 5.

¢7(x) = 20+ (3y° +yz + 2°), ¢r(y) = 3y + (22 + 3), ¢r(2) = —z +5.
Solution. For the triangular automorphisms calculate step by step the action of qﬁi_l
on the variables in inverse order, e.g. first on z, then on y and finally on x:
Obviously, ¢7*(y) = y. If 7' (x) = ax + g(y), then
z =07 (¢1(2)) = 67 (x+y* + 2y +3) = (az + g(y)) +v° + 2y + 3,

and g(y) = —(y? + 2y + 3). Hence ¢ '(2) = 2 — (y* + 2y + 3).
Let ¢ *(y) = ay + 3. Then

y=05"(d2y) = ¢35 (—y+2) = —(ay + B) + 2,
a=-1,-B+2=0,ie B=2and ¢, (y) = —y + 2. If ¢5 ' (x) = vz + g(y), then
z= ¢ ($2(2) = 63 2z + (¥ + 2y + 3)) = 2(v2 + g(y)) + (y* + 2y + 3),

2y =1, 29(y) + (y*> +2y + 3) = 0 and <b2_1(:r;) =x/2— (y*>+2y+3)/2.
Similarly, ¢3(2) = 2z — 1, ¢35 (y) = —y + 22 — 5, ¢35 ' (z) = = + f(y, 2),

x=¢3 (¢3(2)) = o3 ' (x + (¥ + 2y + 32))

=x+ f(y,2) +(—y+22-5)* +2(—y +22—5) +3(z — 1),
p3t(r) =2 — ((—y +22—5)* +2(—y +22—5) + 3(z — 1)).
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. . . . 2 1 . .
For the linear automorphism ¢4 with matrix g = <3 1) the inverse automorphism

has a matrix

_ -1 1 _ _
g 1=<3 _2),and¢41(93)=—x+3y,¢41(y)=w—2y-

The inverse of the affine automorphism ¢5 has a linear component which is inverse to
the linear component of ¢5 and

¢l () =~ +3y+a, o3 (y) =z — 2y + 6.

Then
r = ¢5(d5 () =p(—x + 3y +a) = —2x+3y + 1) +3(x +y—3) +a, a = 10,

y=05(d5 (y) = oz =2y +6) = e +3y +1) —2(x +y —3) + 6, f = —T.
2. Find the product ¢! o1~! o7 o o, where

olx)=2c+y+1,0(y)=c+y—1,

(@) =z +2y°, 7(y) =,
Y(x)=x+2y+1,9v(y) =2+ 3y + 2,
¢(z) =z +1, d(y) =y + 2.

3. Prove that the triangular automorphisms ¢ ¢ of K[z, y| of the form ¢ (x) = z+ f(y),
¢¢(y) = y form an abelian group isomorphic to the additive group of Kly].

Hint. Show that ¢ o ¢y = @544 for any f,g € K[y].

4. Show that the following derivations d; and d5 are locally nilpotent and the poly-
nomials wy and wh, wY belong to the kernels of §; and s, respectively:

0 0
01 :y% +za—y, wy =y — 2z, X = {z,y,2};

9o = 2u(ve — uz)% —2v(uy — Uz)% + (V%2 — uzy)%,

2

why = zy — 2°, wy = v’z + v’y — 2uvz, X = {u,v,7,y,2}.

Hint. Use that d1(z) =y, §1(y) = 2, §1(2) = 0 and check that 65 (x) = 0, §7(y) = 0,
d1(w1) = 0. The calculations for Jo are similar but more complicated. Then d2(u) =
52(0) = 0, 85(z) = 2u(vy — uz), 83(y) = 20(vy —uz), 62(2) = (v — u?y), B3(x) = 63(y) =
53(z) = 0.

5*. Let R be a (not necessarily commutative) algebra and let D(R) be the set of all
derivations of R. Show that D(R) is a vector space (with respect to the usual operations
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on sets of linear operators: addition and multiplication with constants). Define [d1,d2] =
91 0 99 — d3 0 61 and show that D(R) satisfies the relations:

[0, 8] = 0 (anticommutative low),

[[01, 02], 03] + [[02, 03], 61] + [[03, I1], 02] = O (Jacobi identity),

for all 6,01, 92,03 € D(R). (This means that D(R) is a Lie algebra.)

6. Prove the Leibniz formula for 6" (uv), where ¢ is a derivation of the algebra R and
u,v € R.

7. Let R be any algebra and let § be a derivation of R. Show that Ker(d) is a
subalgebra of R.

Hint. Use that Ker(0) is a subspace of R for any linear operator § on R. Then show
that if 6(u) = 6(v) = 0, then é(uv) = 0.

8. Show that the exponent exp(d) of a locally nilpotent derivation § of the algebra R
is an automorphism.

Hint. Show that exp(d) is a linear operator on R and, using the Leibniz formula, that
(exp(9))(uv) = (exp(d))(u)(exp(0))(v), u,v € R.

9. If 41, 02 are locally nilpotent derivations and d; o do = d5 o 41, show that d; + d5 is
also locally nilpotent and exp(d; + d2) = exp(d1) o exp(da).

Hint. Use, that if the linear operators d1,d> commute and are locally nilpotent, then
91 + 05 is also locally nilpotent and exp(a + b) = exp(a)exp(b), provided that ab = ba and
a =b" = 0.

10. Find the inverse of the automorphisms from Exercise 1, using computers.

11. Using computers, determine whether the following endomorphisms of K[X] are
automorphisms and find the inverse of the automorphisms:

(i) ¢ € EndK|[z,y], where

¢(x) = (—8z — 11y) + (62° + 12zy + 6y°) + 11,
o(y) = (1792 + 246y) + (—198z> — 44day — 255¢°)
+(9623 + 3242y + 360zy* + 132y°) + (=362 — 14423y — 2162°%y? — 144xy> — 36y*) — 126;
(ii) ¢ € EndK|z,y|, where
¢ = (x+ay,y+ x> + 2y).

Answers. (i) Yes, because the Grobner basis of the ideal of K[z, y,u,v] generated by
¢(x) —u and ¢(y) — v consists of the polynomials

z + 12u + 37v + 39u? + 12uv + 180v% + 120> + 36u?v + 18u? + 21,

y — 13u — 40v — 42u? — 12uv — 1802 — 12u® — 36u?v — 18u* — 25,

and the inverse of ¢ is
¢ Hz) = —((122 + 37y) + (3927 + 122y + 18y°) + (122° + 3627y) + 182* + 21),
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¢ 1 (y) = (132 + 40y) + (4222 + 122y + 18y?) + (122 + 362%y) + 18z + 25.

(ii) No, because the Groébner basis of the ideal of K[z, y, u,v] generated by x + zy —u
and y + 22 +xy — v is

{z+zy —u,zy +y + zy* — v — 2ury + u*}.

12. Using Grobner bases, but without computer, find the inverse (i) of the Nagata
automorphism of K[x,y, z] and (ii) of the automorphism 6 of K|z, y] defined by

0(x) = (462 +65y) +4(12z + 17y)? 4+ 8(2x + 3y)> +16(12x + 17y) (22 + 3y)* + 16(2x + 3y)°,

0(y) = (297 + 41y) + 2(12x + 17y)? + 5(2z + 3y)* + 8(12z + 17y) (27 + 3y)* + 8(2z + 3y)°.
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3. TAME AND WILD AUTOMORPHISMS

Polynomials in Two Variables

We assume that K is a field of characteristic 0, e.g. K = Q, R, C. The requirement for

the characteristic sometimes is essential. We fix a finite set of variables X = {z1,...,2z,}
and consider the polynomial algebra K[X| = K|[z1,...,z,]. Sometimes we shall denote the
automorphisms as ¢ = (f1,..., fn), where f; = p(x;), ¢ = 1,...,n, but the composition

will be as for operators, from right to left, e.g. @ o : u — @((u)).
Recall that an automorphism ¢ of K[X] is called affine if it is of the form

n
p(z;) = Zaz‘jmi‘i“ﬁj, o,B8 € K, i,j=1,...,n,

=1

where the n x n matrix («;;) is invertible. The automorphism ¢ is triangular, if
o(xj) = oz + fi(zjp1,...,20), a0 € K*, j=1,...,n,

and the polynomials f;(xj4+1,...,%,) do not depend on z1,...,x;. Sometimes, especially
when X = {z,y}, we shall call the automorphisms ¢ satisfying

p(x) =ax, ¢y)=Py+ f(z), apBeK,
also triangular, or upper triangular because their Jacobian matrix is an upper triangular

matrix of the form p p
J(p) = (8‘ f(xﬁ)/ x)

The automorphisms which belong to the group generated by the affine and the triangular
automorphisms are called tame. The automorphisms which are not tame are called wild.

One of the main open problems in the theory of automorphisms of the polynomial
algebras, which will be also in the centre of our course, is the following:

Problem 3.1. Is every automorphism of K[X] tame?

For the case of polynomials in two variables the answer is affirmative and this is the
famous theorem of Jung—van der Kulk [J, K].

Theorem 3.2. Every automorphism of the polynomial algebra Kl[z,y] over an arbi-
trary field K of any characteristic is tame.

The theorem was proved by Jung [J] in 1942 for K = C. In 1953 van der Kulk [K]
proved it over any field. Now there are many different proofs of this theorem. One of the
simplest is due to Makar-Limanov [ML]. It is based on locally nilpotent derivations and
can be found in the book [D].

In 1970 Nagata [N] constructed his automorphism of K|z,y, z], conjectured that it is
wild, and gave some supporting evidences, see Theorem 3.7 and Conjecture 3.9 below. Only
recently, his conjecture has been solved by Shestakov and Umirbaev, see the comments
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following Conjecture 3.9. The problem for existing wild automorphisms for K[X] when
n = |X| > 3 is still open.

We may consider polynomial algebras with coefficients from any commutative K-
algebra R. We shall accept the same definition for the tame automorphisms of R[X]
(compositions of affine and triangular automorphisms), although we may have some prob-
lems with the tameness of the affine automorphisms, see the example of Nagata-Anick
which we shall present later. Now we start the study of the case of R[x,y| and K|z, y].

Lemma 3.3. For any commutative domain R let AutR[x,y] be the group of R-
automorphisms of R[x,y] (i.e. automorphisms fixing the elements of R) and let

A={o e AwtR[z,y]|o(z) =az+ Py +7,0(y) =& +ny+( o, B,7,§n,( € R}
be the affine group of automorphisms, let
B ={r € AuwtR[z,y] | 7(z) = 7z + f(y), T(y) = py +w, ™, p € R",w € R, f(y) € R[y]}

be the triangular group and let C = AN B. Then every tame automorphism ¢ of R[x,y]
can be presented in the form

p=0lomomo- 00T 00,

where §,e = 0,1 (i.e. the expression of ¢ may start with T or finish with 1), o; € A,
T € B, 09,...,0 (and o1 and ok if they participate in the expression) do not belong to
B, m,...,m do not belong to A.

Proof. Clearly, every tame automorphism is a product of affine and triangular auto-
morphisms, ¢ = p; o---o0 p,, where p; € AUB, i =1,...,n. If two consecutive p;, pi+1
belong to the same group A or B, then we may replace them with their product. Hence,
we may assume that if p; € A, then p;11 € B and p;11 does not belong to A; similarly if
pi € B. So, ¢ has the presentation ¢ = af 0T1 0020 +-00KOTLOTL, -

For a nonzero polynomial g(x,y) we denote by g(z,y) the homogeneous component
of maximal degree of g(z,y). Since we shall not use Grobner bases, this will not lead to
misunderstandings.

Proposition 3.4. In the notation of the previous lemma, if ¢ = 0 o1 0090+ - -0010Ty,

where e = 0,1, 0; € A, (and o; does not belong to B fori = 2,...,k), 1, € B, 7;(x) =
mx + fi(y), 7i(y) = piy + w;, and the degree degf(y) of fi(y) is equal to d; > 1, then

deg(¢(z)) = didz - - - d, deg(¢(y)) = dy - - - di—1,

and the homogeneous components ¢(x) and ¢(y) of maximal degree respectively of ¢(x)
and ¢(y) are of the form

¢(x) = Mr(pz +vy)™) %, ¢(y) = r(uz +vy)™,
for some kK, A\, u,v € R and form =dy ---dp_1.
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Proof. Let o;(x) = a;x + Biy + i, O'Z( ) &x + ny + (. Since 0; € B, we obtain
that & # 0 for i =2,... k. Let f;(y) = 0,y*, 0 # 0; € R. Direct calculations give that

0k 0 Ti(y) = ok (pry + wi) = pr (& + My + Ci) + Wi,

o 0 Ti(y) = pr(&rx + m1y), pr € R*, pr&i # 0,
o o Tk(x) = mp(ape + Bry + ) + fr(§er + ey + ),

ok 0 (@) = O (&ew + ney) ™ = <9kﬂﬁdk> (P (& + niy)) ™

By induction, we assume that

09Ty - - opTR(T) = Ao (Ko (pox + voy)™) %

oo - OTi(Y) = Ko(por +10y)", n=da - di_1, 12 # 0, k2 € R,

and obtain

o1711(x) = Ti(arr + By + 1) + [z +my + ), o1m1(y) = p1(§ix +my + C1) +wi,

o111 (z) = fi(lix +my) = 01(Gz +my)™, o1 (y) = pr(&iz +my), p1 € R,
o111 (02 T (2)) = Ao (Ko (peo1mi(T) + VQ/LQO‘lTl(y))n)dk I
= Ao (K2 (p2b1)" (E12 + my)™ + )" % + -

where we have denoted with - -- summands of lower degree. Hence

_ d
o1 () (Fézuz (&1 + Uly)dln) "

o17m1(02 Tk(y)) = K2(p2o1mi(2) + veo1mi(y)" + -+ -,
o1 T(y) = K2(p261)" (E12 + my) ™.
Denoting k1 = ka(u261)™, m = din, we obtain that

o1 (@) = de(m (G +my)™) ™, o1 7(y) = w1 &z +my)™

If 01 ¢ B, then & # 0 and we may continue the inductive steps and prove the statement
for larger k.

Theorem 3.5. Let R be a commutative domain and let ¢ € AutR[z,y| be a tame
automorphism. Let the homogeneous components of mazximal degree of ¢(x) and ¢(y) be
respectively f(x,y) and g(z,y), deg(f) = m, deg(g) = n. Then either n divides m and

flxy) = Me(pz +vy)")?, g(z,y) = k(px + vy)”, A\, K, 1, v € R, m = dn,
or m diwides n and
flzy) = k(pz +vy)™, g(z,y) = Nr(uz + vy)™)?%, X\, &, p,v € R, n = dm,
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or m =n and there exists an affine automorphism o of R[x,y] such that

deg(¢ oo™ (x)) =m > deg(¢p oo™ (y)).

Proof. Let ¢ = 0‘15 ©T1 0020+ 00} 0T OO0}, Where o; € A, 17; € B, as in Lemma
3.3. If ¢ = 0, then ¢ is in the form of Proposition 3.4 and we obtain that ¢(z) = x(¢(y))?,
where d is the degree of fi(y) in the definition of 7. Now, let ¢ = 1 and let

Ok+1 :aaz+ﬂy—|—’y, O'(y) :fx—{_ny—'_Ca a7ﬁ777§7naC€Rv

and, by Proposition 3.4, for ¢ = 027109 - - - o7k

(#) = A (k1 (paz +1m)™)?, Y(y) = k1 (paz + v1y)"™.

<

Direct calculations give that

¢(z) = Y ook (x) = ap(z) + HY(y),

O(y) =Y oors1(y) = &(x) +n(y).
(i) If « # 0, £ =0, then n € R* and

o(x) = arp(z) = adi (k1 (pz + 11y)™)? = (adn™ D (mrL (e + v1y)™),

P(y) = np(y) = nr1(px + v1y)".
(ii) If &« = 0, then £ # 0, § € R* and

o(x) = pY(y) = Bri(pz + 11y)"

M = 5@ = {M (ke (1 + Vly)n)d = (04)\177_d)(77/€1(/1137 + Vly)n)d-
(ifi) If @ # 0, € # 0, then

¢(z) = av(x), o(y) = EY(x),
degp(z) = degp(y) = nd and for o = o1 we obtain
poo(z) =1(x), oo (y) = ¥(y)

with degy(x) = dego(z) = nd, degyp(y) = n < dego(y).

Theorem 3.5 and Proposition 3.4 give an algorithm which allows to decompose the
tame automorphisms of R[z,y] as products of affine and triangular automorphisms.

Example 3.6. (Compare with Exercise 11, Part 2 of the lecture notes). Decompose
the following automorphism of K[z, y] as a product of affine and triangular automorphisms:

¢(x) = f(x,y) = (=8z — 11y) + (62% + 12zy + 6y°) + 11,
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o(y) = g(x,y) = (1792 + 246y) + (—19822 — 444xy — 2551°)
+(962° + 32422y + 3602y” + 13293) + (=362 — 14423y — 21622y — 144zy> — 36y*) — 126;

Solution. The homogeneous components of maximal degree of f(z,y) and g(z,y) are

fx,y) = 62% + 122y 4 6y = 6(z + y)?,

g(x,y) = —362* — 14423y — 2162%y* — 144xy® — 36y = —36(x +y)*.
Hence g = —(f)?. We define the automorphism
T = (z,y +2°)
and consider the composition
¢ =¢omn = (fi(z,y), 91(z,y)).
Clearly, fi(x,y) = f(x,y). Direct calculations give that
g1(z,y) =g+ f* = Bz +4y) + (—22* — 4oy — 2y%) — 5 = 3z + 4y) — 2(x +y)? — 5.
Again, f; = —3g7 and we define
2= (v +3y,y), ¢2=d10m = (f2(2,y),92(2,9)).
We have g2(x,y) = g1(x,y) and
fa(z,y) = fi +3g1 = (z +y) — 4.
Since g5 = —2(/f2)?, the next step is to define
7= (1,y+22%), ¢3=d20om = (f3(z,9),93(,9)),
where
fs(@,y) = falw,y) = (@ +y) =4, gs(z,y) = g2z, y) + 2f2(2,y) = —(132 + 12y) 4 27.
Hence we obtain the affine automorphism
p=((+y)—4,—-(13z+12y) +27) = 2073 = (¢p1072)0T3 = poT1 0T2 073,
p=poryiomyoT

where

Ts 1 — (m,y—2x2), 7'2_1 = (z — 3y,y), 71_1 = (m,y—xQ).
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Theorem 3.7. (Nagata [N]) The Nagata automorphism of K|x,y, z]
v=(z—20y" +z2)y — (y° +22)°2,y + (y° + 22)2,2)

is wild considered as an automorphism of the K|[z]|-algebra (K [z])[x,y].

Proof. Since v fixes z, we may consider it as a K|[z]-automorphism of (K|[z])[z,y]|. Let
v be tame. Clearly, the homogeneous components of maximal degree of v(x) and v(y) are
(remember that z is considered to be a “constant”)

v(z) = —2y*, v(y) = 2y°.

By Theorem 3.5, there exists a “constant” A in R = K|[z] (i.e. A = A(z) is a polynomial of
z) and d such that

Hence —zy* = A(2)(zy?)?, i.e. d = 2 and A(z) = —1/z which is not a polynomial.
Therefore, v is not a tame automorphism.

Remark 3.8. The Nagata automorphism is tame considered as an automorphism
of (K(2))[x,y], the algebra of polynomials in two variables xz,y over the field of rational
functions K (z). One can decompose it as v = Too o7~ !, where o, 7 € Aut(K (2))[x,y] are

defined by
2

o(x) =z, o(y) = y+ 2, 7(@) =2 + =, 7(y) = .

The following conjecture was one of the most famous conjectures on automorphisms
of polynomial algebras.

Conjecture 3.9. (The Nagata Conjecture, [N]) The Nagata automorphism is wild
considered as an automorphism of the polynomial algebra K|z,y, z].

Nagata made its conjecture in 1970. It was solved, into affirmative, only in 2003 by
Shestakov and Umirbaev [SU1, SU2, SU3]. They developed a special technique, based on
noncomutative (and even nonassociative) ring theory. The first paper [SU1] contains the
explonation of the main ideas and the sketch of the proof and the other two papers contain
the complete details. Some idea about the main steps of the proof is given also in the
paper by van den Essen [E3]. The proof of Shestakov and Umirbaev gives also an effective
algorithm to decide whether an automorphism of K|z, y, z| is tame or not. In particular,
they proved the following theorem.

Theorem 3.10. (i) Let ¢ be an automorphism of K|[x,y, z] which fizes z. Then ¢ is
tame if and only if it is tame as an automorphism of the polynomial algebra (K|[z])[z,y]
in two variables x,y with coefficients depending on z.

(ii) The Nagata automorphism of K|x,y, z] is wild.

Hence, Theorem 3.5 gives an algorithm recognizing the automorphisms of (K |[z])[z, y]
which are wild considered also as automorphisms of K|z,y,z|. In order to produce more
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wild automorphisms of K|[x,y, z] we need some methods to construct “Nagata like” au-

tomorphisms, which fix z. Such a method was given in [DY2], see also the survey article
[DY1].

Example 3.11. Nagata and Anick suggested the following example, see the book by
Cohn [C2], p. 343:

o= (z+ (xt —yz)z,y + (zt —y2)t,2,t) € EndK|[x,y, 2, t].
It is easy to see that ¢ fixes (xt — yz) and is an automorphism of K|x,y, z, t] with inverse

¢ = (:B - (.I‘t - yZ)Z, Yy — (:Bt - yZ)t, Z7t)‘

Clearly, ¢ fixes z,t and we may consider it as an automorphism of (K|z,t])[z,y], the
polynomial algebra in two variables z,y with coefficients which are polynomials in z,t.
Since all monomials of ¢(x),¢(y) are linear in x,y, this automorphism is linear, and by
our definition of tameness, is tame, as a K|z, t]-automorphism of (K|[z,t])[z,y]. On the
other hand, it is not clear whether ¢ is a tame automorphism of K|z, vy, z,t]. This shows
that our definition for tameness over a commutative domain R is not very good. Where is
the problem? If we consider invertible matrices over the field K or over a principal ideal
domain R, every such matrix is a product of elementary matrices of the form

a 0 0 ... 0
0 1.0 ... 0
o0 1 ... 01, E+aFE;;, i# 7,
0O 0 0 ... 1

where « is an invertible and a is any element of K (or of R), E' is the identity matrix and
the E;; are the usual matrix units. This well known fact is not more true for 2 x 2 matrices
over a polynomial algebra in more than one variable. For example, see the paper by Cohn

[C1], the matrix
1+2t 2
-2 1—zt

is invertible over K[z, t] but cannot be presented as a product of elementary matrices with
entries from K|[z,t]. And it is easy to see that this is the matrix which corresponds to the
above defined linear automorphism of (K|z,t])[x,y] (this is its Jacobian matrix).

For the case of matrices of bigger size, the famous theorem of Suslin [Su] states that
forn > 3 any invertible matrix with entries from K[X] is a product of elementary matrices.
(A constructive proof of the theorem of Suslin is given by Park and Woodburn [PW].)

Hence, to avoid the problems with the definition of tame and wild automorphisms
for polynomial algebras over arbitrary rings of coefficients (the problems appear for poly-
nomials in two variables only), the “correct” definition should be that the group of tame
automorphisms of R[X] is generated by the elementary automorphisms of the form

¢rxi — oxi+ f(xr,. . Tis1, Ty, -, Tn), G T — Ty, JF
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with all a; € R*. In the case of two variables, these are the upper and lower triangular
automorphisms, respectively

¢ = (az, By + f(x)), ¥ = (ax+ f(y),By).

Stably Tame Automorphisms

Let X = {z1,...,2,}, Y = {y1,...,Ym}, and let ¢ be an automorphism of K[X].
Then we can extend ¢ to (an automorphism!) ¢ of K[X,Y]| by ¥(y;) =vy,, j=1,...,m.

Definition 3.12. If ¢ is an automorphism of K[X] and, for some Y, its extension 1)
by ¥(y;) = y;, i = 1,...,m, to an automorphism of K[X,Y] is a tame automorphism of
K[X,Y], we say that ¢ is a stably tame automorphism of K[X]. (In other words, we do
not know whether ¢ is tame, but it becomes tame in some bigger polynomial algebra.)

Recall that the linear mapping é : R — R of the algebra R is called a derivation if
§(uv) = §(u)v + ud(v) for all u,v € R, and Kerd = R? is the kernel of § (considered as a
linear operator of the vector space R). The derivation § of R is called locally nilpotent, if for
every u € R there exists a d such that 6%(u) = 0. The derivation ¢ of the polynomial algebra
K[X] is triangular if §(z;) € K[zjt1,...,25], 7 = 1,...,n. For any locally nilpotent
derivation ¢ of the algebra R, the mapping

S(u)  6%(u) 63 (u)

A T I A

is well defined and is an automorphism of R, which we call an exponential automorphism
and denote by exp(d).

The following theorem of Martha Smith shows that a class of exponential automor-
phisms, including the Nagata automorphism, is stably tame.

Theorem 3.13. (Martha Smith [S]) Let § be a triangular derivation of K[X] and let
w € Ker(d). Then the automorphism exp(wd) is stably tame and becomes tame extended
to K[X,y] by exp(wd) : y — y.

Proof. Let us extend the action of § to K[X,y] by d(y) = 0. Clearly, J is still
triangular considered as a derivation of K[X,y]. Since y € Ker(d), the derivation A; = yo
is locally nilpotent and even triangular (Aq(z;) € yK[zir1,...,25], i = 1,...,n, because
J is triangular and A;(y) = 0). Hence exp(A;) is a triangular automorphism. Consider
the tame automorphism o of K[X,y| defined by

olx;))=x; i=1,...,n, o(y)=y+w(X)
(which is triangular if we consider the inverse ordering of the variables). Clearly o acts
as the identity mapping on K[X]. Let ¢ = 07! o exp(—A;) o 0 o exp(A;). (Obviously
exp(—A1) = (exp(A;))~1.) Direct calculations show that

exp(£A1)(y) =y, exp(EAq)(w) =w
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because y and w are in the kernel of A; (equal to the kernel of §),
$y) = o~ (exp(—Ar)(o(exp(A1)(y)))) = o~ (exp(=A1)(0(y))) =

=0 (exp(—A1)(y +w(X))) =0y + w(X)) =y.
For u € K[X] we have

$(u) = o~ (exp(=A1)(o(exp(A1)(u))) = o~ (exp(—Ar)(o(exp(yd)(u)))) =

= o (exp(—Ay)(exp(a(y)d)(w))) = o (exp((—yd) (exp(y + w(X))d)(w)))

because o is the identity mapping on u € K[X],

¢(u) = o~ (exp(—y + (y + w(X)))é) (u))

because exp((wy + w2)d) = exp(w19) o exp(w2d) if wy,ws € Ker(6),

d(u) = o~ Hexp(wd)(u)) = exp(wd)(u).

In this way exp(wd) = ¢ is a composition of the tame automorphisms ¢ and exp(A;) and
their inverses. Hence exp(wd) is a tame automorphism of K[X,y] and is stably tame for
K[X].

Corollary 3.14. The Nagata automorphism is stably tame.

Proof. We consider the presentation of the Nagata automorphism in Example 2.19
(i) as exp(A), where A = (y? + zz)d, and § = —2y2 + Za% is a triangular derivation.
Then the proof follows directly from the theorem.

Example 3.15. Consider the derivation § of K|z,y, z,t] defined by
Sa) == ) =1, 8(=) = 6(t) = 0.

It is triangular and w = 2t — yz is in the kernel of §. Since §%(z) = §?(y) = 0, we obtain
that ¢ = exp(wd) acts on x,y, z,t by the rule

p(x) =zt wi(z) =v+wz, ¢y)=y+wily)=y+wt, ¢z)=z2 o) =t
Hence ¢ is the automorphism of Nagata-Anick from Example 3.11. By the theorem of
Martha Smith, ¢ is stably tame.

Coordinates in Polynomial Algebras

Very often one considers the n-tuples of variables (z1,...,z,) as coordinates of the n-
dimensional vector space K™ and the polynomial algebra K[X] as the algebra of polynomial
functions on K. In such setup, the automorphisms of K[X] correspond to changes of the
coordinate systems in K.
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Definition 3.16. The polynomial p(X) is a coordinate if it is an image of z7 under
some automorphism of K[X].

In the second part of these lecture notes we gave an algorithm which decides whether
an endomorphism is an automorphism. In the case of arbitrary number of variables, no
algorithm is known which decides whether a polynomial is a coordinate. Now we shall
discuss this problem for the case of two variables.

Recall that the Euclidean algorithm for two polynomials u(t) and v(t) calculates the
greatest common divisor of u(t) and v(t) and works as follows: Let, for example deg(u) <
deg(v). We divide v(t) = u(t)q(t) + r(t), where either deg(r) < deg(u) or r(¢t) = 0. If
r(t) = 0, then the greatest common divisor of u(t) and v(t) is equal to w(t). If r(t) # 0,
then we replace v(t) with r(¢) and perform the same calculations with u(t) and r(t). We
can write this in a matrix form as

The case deg(u) > deg(v) is similar. If u(t) = v(t)q(t) + r(t), we write this in matrix form

()= G ) C) = (o) G ) (o) ()

In the case of polynomials in one variable over a field the Euclidean algorithm always gives
the greatest common divisor. In the case of more variables it does not always work. We say
that the greatest common divisor of two polynomials u(x,y) and v(z,y) can be obtained by
the Euclidean algorithm, if the leading monomial of one of the polynomials is divisible by
the leading monomial of the other, we can perform the first step of the Euclidean algorithm
and we can perform the further calculations until we obtain the greatest common divisor
of u(x,y) and v(x,y), using in each step the Euclidean algorithm only.

The theorem of Jung-van der Kulk and Theorem 3.5 give an effective algorithm which
decomposes any automorphism of K|z,y| as a product of triangular and affine automor-
phisms. It is also clear that if we apply the algorithm to any endomorphism of K|z, y],
we either shall obtain that the endomorphism is an automorphism and shall find its de-
composition, or, we shall be not able to perform some step of the algorithm and this will
mean that the endomorphism is not an automorphism. Studying the proof of Theorem
3.5 more precisely, we observe that the algorithm is based on comparing the homogeneous
components of highest degree of the images of x and y.

Now we present an algorithm which decides whether a polynomial p(z,y) € K|z, y] is
a coordinate and, if the answer is affirmative, finds another polynomial ¢(x,y) such that
the pair (p,q) defines an automorphism. The proof is based on the idea of the proof of a
theorem of Wright on the Jacobian conjecture [W].

Theorem 3.17. (Shpilrain and Yu [SY]) Let p(z,y) € K|[z,y|. The following state-
ments for p(z,y) are equivalent:

(i) The polynomial p(x,y) is a coordinate in K[x,yl;

(ii) Applying the Euclidean algorithm to the partial derivatives p, and p,, the result
is equal to 1 (or to a nonzero constant in K ).
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Instead of presenting the formal algorithm, we shall give an example.

Example 3.18. Consider the polynomial of K|z, y]:
p(x,y) = (462 +65y) +4(122+17y)* +8(22+3y)* +16(12x + 17y) (22 +3y)* + 16(22 + 3y) .
We calculate p, and p, and obtain
Pe = 46 + 96(122 + 17y) + 48(2x + 3y)?

+192(2z + 3y)® + 96(12z + 17y)(2z + 3y)? + 192(2z + 3y)°,
py = 65+ 136(12z + 17y) + 72(2z + 3y)?
+272(22 + 3y)® + 144(12x + 17y) (2x + 3y)? + 288(2z + 3y)°.
Applying the Euclidean algorithm, we obtain

3
Py = Spetr, 7= —A4(1+2(120 4 17y) +4(20 + 3y)*),

and, replacing r = —4s, we obtain s = 1 + 2(12z + 17y) + 4(2z + 3y)3. The next steps are
pe = 48(22 + 3y)?s +t, t =46+ 96(12z + 17y) + 192(2z + 3y)?,

t=48s4+u, u=-—2.

We have obtained that p, and p, are relatively prime by the Euclidean algorithm. Hence
p(x,y) is a coordinate.

Now we shall find an automorphism of K{[z,y] which sends = to p(z,y). First, we
rewrite the above equalities in matrix form:

()= (o D)) (7) = ) (%),
(7)=G =) (0 (=6 )0,
(2= (ovatze s 1t s o)
()= G )G )

L1 482z + 3y)2\ (1 48 —2
0 1 0 1 1+2(122 + 17y) + 4(2z + 3y)® )

The theorem gives that there exists a polynomial ¢ = ¢(z,y) such that ¢ = (p,q) is an
automorphism of K[x,y]. We shall use the above matrix equality, to find a similar equality

[en}

In this way we obtain
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for the Jacobian matrix of ¢. Namely, we want to find polynomials v = v(z,y), w = w(z,y)

such that
(pz @) (1 O 1 0 1 48(2x + 3y)?
J(¢)_<py qy)_(3/2 1) (0 —4) (0 1 )x

« 1 48 -2 v
0 1 1+2(122 +17y) + 42z + 3y)* w )’
The chain rule gives that, if ¢ = p; o1, then J(¢) = J(p1)p1(J(¢)). The matrix

(42 1)

is the Jacobian matrix of the linear automorphism

pPL=1\T Zyay )

and we are looking for an automorphism ; such that

) ((1) _04) ((1) 48(2x1+3y)2) x

o 1 48 -2 v
0 1 1+2(122 +17y) + 42z + 3y)* w )’

Applying the inverse of py, which is p;* = (z — (3/2)y,), to the above matrix equation,
we obtain (because p; ' (2 + 3y) = 2z and p; (122 + 17y) = 12z — y)

J(1) = (é _04) ((1) 19?:62) ((1) 418) <1+2(12m__2y) + 3223 5;&)

We continue in the same way, assuming that 1)1 = p2 0 19, where

J(P2):((1) _04)7 p2 = (z,—4y).

Applying py ' = (x, —y/4), we obtain

() = 1 19222\ (1 48 —2 o (D)
7\ \0 1 0 1 1424z +y/2+ 3223 pytprt(w) )

In the next step we assume that ¥, = ps o 13 and choose

1 19222
o=y ) st
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Then, after applying p3 ! the calculations give that

1 48 —2 p3 oy o (V)
J = 3,72, :
(¥s) (0 1 ) (1+24:c+y/2 p3 oy tort(w)
Fixing 13 = p4 0 14, we obtain

1 48
J(IO4) = (O 1 > ’ P4 = (.’L’,y+48$>,

-2 pilestpyter () )
J = 4,73 P2 71 )
(t4) (1+y/2 Py s ey oy (w)

Now we are able to find an automorphism 4 with the above Jacobian matrix. It is
sufficient to choose in a proper way the second column of the matrix. For example, we

may fix
-2 0

vy = (=22 +y°,y).

which gives that

Hence ¢ = p1 0 pa 0 p3 0 psos.

Example 3.19. Applied to a polynomial p(z,y) € (K|z])[z,y], the above algorithm
recognizes the tame coordinates only. For example, let

pi(e,y) == = 2(y° + zx)y — (v + 22)%2, pa(z,y) =y + (y* + 22)z.

These polynomials are the first and the second coordinate of the Nagata automorphism.
First, let p = p;. Then

Pe=1—22y —2(y° + 22)2%, p, = =2(y° + 2x) — 4y° — 42y (y° + 2u),

pm:—222y2+...7 py:_4zy3+...

and we cannot apply the Euclidean algorithm considering these polynomials as polynomials
in x and y with coefficients which are polynomials in z. For the second polynomial p = po,
we have

e = 22, py =1+ 2yz
and again we cannot apply the Euclidean algorithm. Hence, there exists no tame auto-
morphism of (K [z])[x,y] which sends z to p1(x,y) or to pa(z,y).

Nevertheless, there is an algorithm, which recognizes coordinates in (K|[z])[z,y]. (See
[DY?2], for generalizations see the survey article [DY1].)

Theorem 3.20. (Drensky and Yu [DY2]) The polynomial p(z,y) € (K|z])[z,y] is an
image of x under some automorphism of (K|[z])[x,y| if it is a coordinate polynomial for
(K (2))[z,y] and the partial derivatives p;,p, generate K[x,y,z] as an ideal.
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Example 3.21. Let, as in Example 3.19,

p(z,y) =pi(z,y) =z —2(y° + zz)y — (y* + 22)°z,

pe=1—22y —2(y° + 22)2°, py = —2(y° + zz) — 4y® — 4dzy(y® + 22).

If we work over K (z), allowing division by polynomials in z, we obtain that

2
py=upe+2(02+22)+2), po=-2(02+z2)+2L)2+1,
z z z

and this gives that p(x,y) is a coordinate in (K (z))[z,y]. On the other hand, the ideal of
K|z,y, z] generated by p, and p, contains

u=2yp, —pyz = 2(2(y> + 2x) +y), p.+2u=1,

and coincides with K[z,y,z]. This gives that p;(z,y) is a coordinate of a wild auto-
morphism of (K[z])[z,y]. (Pay attention: In practice, we have applied the Buchberger
algorithm for computing the Grobner basis of the ideal generated by p, and p,.) The case
pa(z,y) =y + (y? + zx)2 is similar.

Remark 3.22. Let R be any commutative domain and let p(z,y) € Rlz,y] be
a coordinate. Let ¢ and 1 be two automorphisms of R[z,y| such that v is wild, ¢ is
tame, and ¢(z) = ¥(z) = p(z,y). Then ¢! o is also wild and ¢~ ! o e)(z) = z. But
this is impossible because the only automorphisms of R[z,y| which fix x are of the form
(x,y+ f(x)) (prove it!) and are tame. Hence, if a coordinate p(x,y) in R[z,y| is the image
of x under a wild automorphism, then all automorphisms sending = to p(z,y) are also wild.
The situation is different for the case of three variables. For example, z is a coordinate
of the wild Nagata automorphism as well as a coordinate of the identical automorphism
which is tame. This motivates the following problem suggested by Yu in 2002.

Problem 3.21. For |X| =n > 2, do there exist coordinates p(X) of K[X]| such that
all automorphisms sending x1 to p(X) are wild? We call such coordinates wild.

The affirmative answer for | X| = n = 3 was obtained by Umirbaev and Yu [UY], using
techniques from [SU1-SU3|:

Theorem 3.22. If ¢ = (p,q,r) is a wild automorphism of K[x,y, z], then at least
two of the coordinates p,q,r are wild.

For general reading on the topics of this lecture see the books by van den Essen [E2]
and Mikhalev, Shpilrain and Yu [MSY], and the survey article by Drensky and Yu [DY1].

Exercises

1. Decompose the automorphism of K[z,y| from Exercise 11, Part 2 of the lecture
notes, as a product of affine and triangular automorphisms.

2. Using theory of locally nilpotent derivations, Theorem 3.5, and the theorem of
Shestakov and Umirbaev, show that the following automorphism of K|z, vy, z| is wild:

¢ = (v —2f(w, 2)y — f2(w, 2)2,y + f(w, 2)z,2),
where f(w, z) is a polynomial in w = y? + xz which essentially depends on w, i.e. f(w,z)
cannot be expressed as a polynomial in z only.
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Topics in Algebra

Class Test on April 28, 2005

1. (40 points) Let X = {z,y, z}. Prove that every ideal of
[X] = {z%y®2° | a,b,c > 0}
is finitely generated.

2. (30 points) Let K be a field of characteristic zero. Find the Grobner basis with respect
to the degree lexicographical order (assuming that x > y) of the ideal of K[x,y] generated
by

g =y +a%, go=ay+3y°, gs=2y" +a°.

3.(30 points) Let K be a field of characteristic zero. Decompose the automorphism
p = (5x—3y+72% —8xy+4y* +82%(x —y) + 42, 20 —y+ 32% — day +2y° + 422 (x —y) +22)
of K[x,y] into a product of affine and triangular automorphisms.

Answers and Solutions:

1. This is a partial case of the theorem that the ideals of {z]*---z%" | a; > 0} are finitely
generated. This theorem is the main step in one of the standard proofs for Hilbert Basis
Theorem, see Lecture Notes.

2. The reduced Grobner basis consists of
g =y, ga=mzy+3y*, g3=2>

Possible intermediate calculations:

Reduction:

g3 := g3 — 2yq1 = x° — 22°y.
Composition:

94 = zg1 — Y292 = —3y* + 2°.
Reductions:

g4 == ga + 3yg1 = 2° + 32y,
94 = g1 — g3 = 5%y, ga:= (1/5)gs = 2y,
g4 = g4 — xg2 = —3y°,
94 = ga + 3yg2 = 9y°,
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g4 = ga — 991 = 9y°,
ga:=gs— 991 = —92%, g4 :=(1/9)gs = 27,
g3 = g3 — xga = =22y, g3 := g3+ 2ygs = 0.
We obtain the polynomials

g1 = ?JS ‘|‘~’L“2, g2 = a?y+3y2, g4 = x>,

No more reductions and compositions between the leading monomials of g1, g2, g4 are pos-
sible, so the polynomials g1, g2, g4 consitute a minimal Grébner basis. After the additional
reduction g; := g1 — g3, we obtain the reduced Grébner basis.

3. One decomposition of p is

-1_-1_-1_-1
pP=T5Ty T3 To T|

where

T5:($—y,$), 741:(33+y2,y>, T31:(xay+x)v

72_1 = (x,y—|—2x2), 7'1_1 = (z+2y,y).

Possible intermediate calculations:
Let p = (f(z,y),9(x,y)). Then f(z,y) = 2¢g(x,y) and we define 71 = (z — 2y, y). Then

pri = (f —29,9) = (fi1) = (& —y + 2% 20—y + 3% — day + 2y° + 42°(x — y) + 22%),
g1 = 2%2, we define 75 = (x,y — 22?). Then
prime = (f1,01 — 2/1) = (f2,92) = (& —y + 2*, 20 — y + 2°),
f2 =0, we fix 73 = (z,y — ),
pr1TaTs = (f2, 92 — f2) = (f3,93) = (x — y + 2°, z),
f3=33% m= (-9 ),
75 = pimeTsTs = (f3 — 93,93) = (fa,94) = (z — y, ),
and 75 is linear. Hence, we obtain

_ _ -1_—-1_-1_-1
PT1T27T3T4 = T5, p—T5T4 Tg To Tq
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Topics in Algebra

Questions for Final Examination on May 24, 2005

1. Let X = {x,y,2}. Define [X] := {2%y’2¢ | a,b,c > 0}. A nonempty subset I of [X] is
called an ideal of [X] if for every u € [X] and every v € I, we have uv € I.

(1) (15 points) Prove that every ideal of [X] is finitely generated.

(ii) (10 points) For a fixed admissible order on [X], let f be the leading monomial of the
nonzero polynomial f(X) € K[X]. Let J be a nonzero ideal of K[X] and suppose that for
some fi,..., fr € J, the monomials fi,..., fr generate the ideal J (which consists of the
leading monomials of all polynomials in J) of [X]. Prove that the polynomials fi,..., fx
generate the ideal J.

2. Let K be a field of characteristic zero. Define the automorphisms of K|z, y, z, t]
p=(x—2ty —t?z,y+tz,2,t), o= (x,y z2t+ y*+2z2)).

(i) (5 points) Calculate p(y? + xz);

(ii) (8 points) Find p~! and o~ };

(iii) (12 points) Find the composition 7 =071 o p~t o g 0 p (first apply p, then o, etc.) in

the form 7 = (7(x),7(y),7(2),7(t)). Besed on this, prove that the Nagata automorphism
of K|x,y, 2] is stably tame.
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Sketch of solutions

1. Basically it is the special case (n = 3) of the proof for the Hilbert Basis Theorem.

2. (i) p(y? + x2) = y? + 2.
(ii) pt = (x + 2ty — ?2,y + 12, 2,t), 07! = (z,y,2,t — (y* + x2)).

(iii) Since p(y® +2) = y* + w2 = p~ (y* + 22), p(2) = 2 = p~'(2), p(t) =t = p~ (1), we
obtain

plx) =z =2ty —tz, o(p(x)) =z —2(t+ (y° +z2))y — (t+ (v° + 22))°z,
pHo(p(x) = p~Hx) =20t + (¥ + 22))p~ ' (y) — (t+ (v° + 22))2
= (x4 2ty — t22) = 2(t + (> + x2))(y — t2) — (t + (v* + 22))%2.
Using that t = oo (t) = o7 (t + (y% + 22)), we have
o Hp Ho(p(x)) = z+2(t— (¥ +a2))y— (t— (¥ +22))°2 —2t(y — (t — (y° +22))2) —t°2

=2 —2(y® + x2)y — (v* + 22)*2 = 7(2).

Similarly, we can obtain 7(y) = y + (y? + x2)z; 7(2) = 2; 7(t) = t. Therefore 7 =
(x —2(y* + 22)y — (y% + 22)%2,y + (y* + 22)2, 2, t). Note that the first three components
of 7 is just the Nagata automorphism, hence the Nagata automorphism is stably tame as
both p and o are obviously elementary automorphisms.
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