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1. POLYNOMIAL ALGEBRAS

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 for any a,b,c € R and any constant oo € K

(a-b)-c=a-(b-¢), (a+b)-c=a-c+b-c,a-(b+c)=a-b+a-c,

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

In other words, the notion of algebra generalize both the notion 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(x) is not equal to zero.

(iii) The ring of polynomials K[z1,...,z,] in n (a fixed number) variables z1,...,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.

In the all part of the course we shall consider commutative algebras only.

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 - .- Si,, 0 € K.

Sometimes we shall denote this by S = K|[sq, s2,...]. Usually from the context will be clear
whether sq, s9,... are variables (i.e. S is a polynomial algebra in many (maybe infinitely
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many) variables, or s1, Sa, ... 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 U of R is called an ideal if for every v € U and
every a € R the products ua and au belong to U (we denote this property by RU C U and
UR C U). The ideal U is generated by the set of its elements {u,us, ...} if every element
u € U is of the form

u = Zaiuibi, ai,bi € R.

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

The notion of factor algebra R/U of the algebra R modulo the ideal U 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 = R/U are the classes
a=a+U={a+u|ueU} and the operations are defined by

(a+U)+b+U)=(a+b)+U,ala+U)=(xa)+ U, (a+U)b+U)=ab+ U.

The notions of homomorphism and isomorphism are also similar to the corresponding
notions for rings. In particular, the homomorphisms R — R are called endomorphisms
and the isomorphisms R — R are automorphisms.

Remark 1.4. It is a basic result of the undergraduate Algebra course, that every
ideal of the polynomial algebra in one variable is principal and its generator can be found
by the Euclidean algorithm. For the algebra of polynomials in more than one variable
this is 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.

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

Proposition 1.5. FEvery finitely generated commutative algebra is a homomorphic
mmage of some polynomial algebra.

Proof. Let the commutative algebra R be generated by the finite set {rq,...,r,}. We
define a mapping ¢ : K[z1,...,2,] — R by

d)(E akxlfl...a:fl”)zg akr’fl...rfﬁ,aiEK.

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

Definition 1.6. If the algebra R is isomorphic to K[xi,...,z,]|/U for some ideal
U generated by the set of polynomials {u;(x1,...,2,) | @ = 1,2,...}, then we say that
{ui(x1,...,2,) =01]i=1,2,...} is a set of defining relations of the algebra R and write
this as

R=Klzy,...,xn | ui(z1,...,2,) =0,9=1,2,...].
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The algebra is finitely presented if it is finitely generated and has a finite number of defining
relations.

Definition 1.7. The (commutative) algebra R is called noetherian if every ideal of
R is finitely generated.

Hilbert Basis Theorem 1.8. If R is a noetheiran algebra, then the algebra of
polynomials R[z] is also noetherian.

Proof. Let R be noetherian and let U be any ideal of R[x]. If U = (0), then it is
finitely generated and without loss of generality we may assume that U # 0. For each
n > 0 we define the set V,, of R consisting of all b € R such that there exists a polynomial
f(x) = bax™ + bya" ' + ...+ b,_12 + b, in U of degree n and with leading coefficient b
(or b = 0). It is easy to see that V,, is an ideal of R. (Proof. If b,c € V,,, then there
exist polynomials f(z),g(z) € U of degree n and with leading coefficients b, ¢, respectively.
Then f(x) + g(x) € U and its leading coeflicient is equal to b £ ¢ and, since the elements
of R are polynomials of zero degree, for each a € R the polynomial af(x) with leading
coefficient ab is also in U.) If b € V,, and f(z) € U is a polynomial with leading coefficient
b, then b is also the leading coefficient of x f(x) € U and we obtain that V,, C V,,;1. In this
way we obtain an ascending chain of ideals V, € V; C V5, C ... The union V' = U,,>¢V,, of
the elements of the chain is also an ideal of R (prove it!). Since R is noetherian, we derive
that the ideal V' is generated by some finite set of elements {c1,...,cs}. Let k be a positive
integer with the property that all ¢1,...,cs belong to V. Then V = V), = Vi1 = .. ..
For each m < k we consider a finite set of generators {by,1,...,bng,, } of the ideal V,,, and
choose in U polynomials fy,1(x),..., fimg,,(x) of degree m and with leading coeflicients
bnis- -, 0mg,,. We shall show by induction on the degree d of f(x) € U that the finite set

{frm1(@), ..., fmg, () |m=0,1,... k}

generates the ideal U. Let W be the ideal of R[z] generated by this set. The base of the
induction is d = 0. Then f(x) = b is a constant and, by the definition of V{, we obtain
that b € Vy. Hence, there exist ay,...,aq, € R such that b = agbo1 + ... + ag,boq,. Again,
since fo;(z) € U are polynomials of degree 0, we have that fo;(x) = by; and b = f(x) =
ao fo1(z)+. ..+ am, foq, (z) is in W. Now, let d < k. If b € V4, then b = apbg1 +. . . +aq,bdq,
for some ay,...,a,, € R. Then the leading coefficient of g(x) = ao fa1(x)+. . .+aq, faq, () is
also equal to b. Since g(z) € W and W C U, we obtain that the degree of h(x) = f(z)—g(z)
is less than d and, by induction, h(x) € W. Hence f(z) = g(z) + h(z) also belongs to
W. The considerations for d > n are similar: If f(z) = br® 4+ bzt + ... 4+ by € U,
since V; = Vi, we have that b = agbr1 + ... + ag, brg, for some ay,...,a,, € R. Hence
g(z) = (aox®™F) fr1(z) + ... + (ag, 2%F) frq,. () belongs to W. By inductive arguments,
h(z) = f(xz) —g(z) € W and f(z) € W.

Corollary 1.9. The algebra of polynomials K|z, ..., x,]| in n variables over any field
K is noetherian.

Proof. The only ideals of the field K are (0) and K (because every nonzero element
of K is invertible and generates K as an ideal). Hence K is a noetherian algebra. Then
we proceed by induction on the number of variables. If R,,_1 = K[x1,...,2z,_1] is already
noetheiran (where Ry = K), then by Hilbert Basis Theorem,

Ry 1[zn) = (K(x1,. .., 2p_1])|xn] = K[z, ..., 2]
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is also noetherian.

The following corollary follows immediately from Hilbert Basis Theorem and Propo-
sition 1.5.

Corollary 1.10. FEvery finitely generated commutative algebra is finitely presented.

Corollary 1.11. FEwvery finitely generated commutative algebra is noetherian.

Proof. Let R~ K|xq,...,x,]/U for some ideal U and let V' be any ideal of R. We take
any ideal W in K|[z1,...,x,] which maps onto V modulo U. By Hilbert Basis Theorem,
the ideal W is finitely generated. Hence its homomorphic image V' is also finitely generated
in the homomorphic image R of K|[z1,...,x,] modulo U.

Definition 1.12. (i) The vector space V is called graded if it is presented as a direct
sum of its subspaces Vg, d =0,1,2,..., i.e.

D
vzvo@vleavz@...:z V.
d>0

The subspace V;, is called the homogeneous component of degree d of V. The subspace
W of V is a graded (or homogeneous) subspace if W = 3" - (W N V). In this case, the
factor space V/W = 3., Va/(W N Vy) can also be naturally graded (and we say that
V/W inherits the grading of V).

(ii) If all homogeneous components V; of the graded vector space V are finite dimen-
sional, then the formal power series

H(V,t) = Hilb(V,£) = > (dim V)t*
d>0

is called the Hilbert (or Poincaré) series of V. For a function f(t), we shall write H(V,t) =
f(t) if H(V,t) converges in some neighbourhood of 0 and the functions H(V,t) and f(t)
are equal there.

Definition 1.13. The algebra R is graded, if it is graded as a vector space and its
homogeneous components R, satisfy RgR. C R4 for all d,e > 0.

Example 1.14. The polynomial algebra R = K|[x1,...,n,] in n variables is natu-
rally graded with homogeneous component R, of degree d consisting of all homogeneous
polynomials of degree d. Since a basis of Ry consists of all monomials x‘lll ... x% of total
degree d (i.e. di + ...+ d,, = d), we obtain for the Hilbert series of R:

1
H(Kzy,... 2], t) = Y th ..t = T
d; >0

because Y oot =1/(1 —t).
Remark 1.15. The Hilbert-Serre theorem states that the Hilbert series of any finitely
generated graded commutative algebra is rational (i.e. is equal to a rational function).



Exercises

1. (i) Show that the subalgebra K[z?, 23] of K[xz] generated by 22 and z3 consists of
all polynomials with coefficient of z! equal to 0.

(i) Show that K[z?2, 2®] is isomorphic to the factor algebra of Kly, z] modulo the
principal ideal generated by 33 — 22.

2. (i) Show that the algebra of Laurent polynomials in one variable generated as a

subalgebra of K (z) by  and x~', consists of all rational functions of the form > 37 a;a’,

a; € K. Very often this algebra is denoted by K|z, z1].

(ii) Show that every ideal of the algebra of Laurent polynomials is principal. (Hint.
Use that if U is an ideal of K[z,z7!] and 0 # f(z) € U, then we may write f(z) as
f(z) = 27™g(x), g(z) € U N K|z]. Take a nonzero element h(z) of minimal degree in
U N K[z] and show that U is generated by h(zx).)

(iii) Show that K[z, z~!] is isomorphic to the factor algebra K[z, y]/(zy—1) of K|z, y]
modulo the ideal generated by xy — 1.

3. Let V be a vector space with basis {v; | i =1,2,...}. Let us define a multiplication
between the basis elements by v; - v; =, afjvk, where for fixed 4, j only a finite number

of constants afj are different from 0. Show that the operation

(z@wi)- 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;) - vy = v; - (v; - v;) for
all basis elements v;,v;,v; and 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,].

4. If GG 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.

5. (i) 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 x™ — 1.

(ii) If G is an infinite cyclic group, show that its group algebra is isomorphic to the
algebra of Laurent polynomials in one variable.

6. Calculate the Hilbert series of:

(i) R = Klz,y]/(2* — y*);

(ii) R = K[z, y]/(2® —y?, 2% — y®). (Hint. Use that in the factor algebra x(z? —y?) =
2% —y3 = 0 and zy? — y> = 0. Hence every element of R has the form f(y) + z(a + by),
f(y) € K[y], a,b € K. Using that the ideal (2 — 3%, 2% — y3) in K[z, y] is homogeneous,
show that the elements 1,y,y?, 43, ..., z, 2y are linearly independent in R.)

7. Calculate the Hilbert series of the algebra of symmetric polynomials in n variables.
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8. Calculate the Hilbert series of the subalgebra R of K|[z,y, z] generated by
61(513,:9, Z) =r+Yy+z, GQ(x,y, Z) =2y +x2 + Yz, 63(3), Y, Z) = TYz,

f(@,y,2) = 2%y + y*2 + 2%y

and find a presentation of this algebra as a homomorphic image of K [uq,uga,us, uq|. (Hint.
Show that g(z,y,z) = f(z,y,2) + f(y,%,2) and f(z,y,2)(9(z,y,2) — f(2,y, 2)) are sym-
metric polynomials and derive that as a vector space R=S & f(z,y, z)S, where S is the
algebra of symmetric polynomials in three variables. Show that R is a homomorphic image
of Kluy,us,us,uys] (with u; — e;, i = 1,2,3, ug — f) modulo a principal ideal generated
by a polynomial of second degree with respect to uy4.)

9*. Show that every subalgebra of K|[x| is finitely generated. (Hint. Let R be a
nonzero subalgebra of K[x] 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.)

10. 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, xy?, ..., zy™. Show that zy"*! cannot be expressed as
a polynomial in x, zy, ..., zy™.)



2. INVARIANT THEORY OF FINITE GROUPS

In this section we assume that K is a fixed algebraically closed field of characteristic 0,
e.g. K = C. The assumption that K is algebraically closed is not essential for the results
(but simplifies the proofs). The requirement for the characteristic is essential. We fix an
n-dimensional vector space V' with basis {x1,...,z,} and assume that V is contained in
the polynomial algebra K[z, ...,x,]. In this way, we consider the elements of V' as linear
(and homogeneous) polynomials in n variables.

The group GL,(K) = GL(V) of all invertible linear operators on V' can be identified
(fixing some basis of V, e.g. {z1,...,2,}) with the group of all invertible n x n matrices
with entries from K. It acts on V and this action can be extended to an action on
Klzy,...,z,] by

(N1, zn)) = flg(x1), ..., 9(xn)),
gE€GL,K), f=f(x1,...,2p) € K[z1,...,2,].

Since every mapping z; — K[zi,...,x,], ¢ = 1,...,n, induces an endomorphism of
Klzy,...,zy)], and the elements of GL, (K) act invertible on V, we obtain that GL, (K)
acts as a group of automorphisms of K[xy,...,z,]. Pay attention, that this action is
homogeneous. Since g(x;), g € GL,(K), is a linear combination of x1,...,z,, if f is a
homogeneous polynomial of degree d, then g(f) is also homogeneous of the same degree d.

Definition 2.1. Let G be a subgroup of GL,,(K). The polynomials f = f(z1,...,z,)
in K[xy,...,x,] with the property that g(f) = f for all g € G are called invariants of G
(or G-invariants). The set of all G-invariants is called the algebra of invariants of G. We
shall denote it by K[z1,...,z,]°.

Exercise 2.2. Show that the algebra of invariants Klzq,...,z,]|” is a graded sub-
algebra of the polynomial algebra Klz1,...,z,] for any subgroup G of GL,(K). (Hint.
In order to prove that K|zy,...,7,]% is graded, write the invariant polynomials in the
form f = fo+ fi + ...+ fm, where f; is homogeneous of degree d. Then f = g(f) =
g(fo) +g(f1)+ ...+ g(fm) for g € G and ¢(fq) is homogeneous of degree d. Comparing
the homogeneous components of f and g(f) we obtain that g(fq) = fa.)

Till the end of the section we fix: R = K[z, ...,x,]. For every graded subspace W of
R we denote by W, its homogeneous component of degree d. V = R; is the subspace of R
with basis {z1,...,2,} G = {g1,...,9x} is a finite subgroup of GL, (K) with k elements
and S = RY is the algebra of G-invariants.

Examples 2.3. (i) The symmetric group S,, may be considered as a subgroup of
GL,(K) acting on R by o(f) = f(Zo(1),---,To(n)). The theory of symmetric polynomials
gives that the algebra of invariants S = R°» consists of the symmetric polynomials in n
variables. This algebra is generated by the elementary symmetric polynomials

G

€1 =21 +Tog+ ...+ Tp, €2 =212 +21T3+ ... +Tp_1Tn,...,6np = T1T2...Ty

and the elementary symmetric polynomials are algebraically independent, i.e. S is isomor-
phic to the polynomial algebra Kleq,es,...,ey].

(ii) Let R = K|[x,y, z] and let G be the cyclic group of order 3 generated by the linear
operator g defined by

9(x) =y, 9(y) = 2, g(2) = =,
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i.e. G is the subgroup of S3 generated by

(T oy =z
o=(5 1 3)

Then all symmetric functions are invariants of G but G has also other invariants, e.g.
f(z,y,2) = 2%y + y?z + 2%y. One can show (see the exercises in the end of the section)
that RC is generated by the elementary symmetric polynomials eq, 3, e3 and f.

(iii) The dihedral group Dg of order 8 of all symmetries of the square with vertices
A = (1,0), Ay = (0,1), A3 = (—1,0), A4(0,—1) is isomorphic to the subgroup of the
symmetric group Sy generated by o; = (1234) and 7 = (24) (where Sy acts on the
vertices A, Ay, Az, As). The corresponding matrices in GLo(K) are

()

The polynomial f(z,y) = 2% + y? is a Dg-invariant.

Lemma 2.4. Let ¢ be any linear operator of a vector space W of any (maybe infinite)
dimension and such that * = ¢. Then W is a direct sum of the image Im(¢) and the
kernel Ker(¢) and ¢ acts as the identity map on Im(¢).

Proof. Every element w € W can be written as w = ¢(w) + (w — ¢(w)). Obviously
#(w) is in Im(¢) and, since ¢? = ¢, we obtain that ¢((w — ¢(w)) = ¢(w) — ¢?(w) = 0 and
w—¢(w) € Ker(¢). Hence W = Im(¢)+Ker(¢) and we have to show that Im(¢)NKer(¢) =
0. If w; = ¢(w) € Im(¢), then ¢p(w;) = ¢*(w) = ¢(w) = w; and ¢ acts identically on
Im(¢). Hence, if w; € Ker(¢), then 0 = ¢(w;1) = wy. In this way, W is a direct sum of its
subspaces Im(¢) and Ker(¢) and ¢ acts as the identity map on Im(¢).

Now we define the Reynolds operator on R by

Z ), f € R.
gGG

Proposition 2.5. The Reynolds operator p satisfies:

(1) h(p(f)) = p(f) for any h € G and f € R.

(i) p* = p.

(iii) The polynomial f € R is a G-invariant if and only if p(f) = f. As a vector space,
the algebra of invariants is spanned by all polynomials of the form p <xd1 .. .xﬁll").

(iv) p(fh) = fp(h) for every G-invariant f and every polynomial h € R.
Proof. (i) For any h € G and f € R,

1
h(p(f)) = h @g;g(ﬁ @l g; hg)(f

Since the sets hG = {hg | g € G} and G coincide, we obtain that

|G| 2

geG
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(if) By (i)

- a7 2o = g Lok

geG geaqG

(iii) If f is a G-invariant, then g(f) = f for every g € G and

,G,Zg Zf f.

geG

If p(f) = f, then g(p(f)) = p(f) = f for every ¢ € G and f is G-invariant. Since
S = RY = Im(p) = p(R) and R is spanned by all polynomials p (xfl ...xd”>, we obtain

the statement for the generating set of S.
(iv) Since G acts as a group of automorphisms of R and g(fh) = g(f)g(h) for every

g€ Gand f,h € R, if f €S =R, then g(f) = f and

pfg) = |G| 2 rG| 2 f |G| 2, fo(h) i 2 (B).

geG

Now we shall prove the following theorem of Emmy Noether, which is one of the most
important theorems of invariant theory of finite groups.

Theorem 2.6. The algebra of invariants of any finite group is finitely generated.

Proof. Let G be a finite subgroup of GL,(K), R = K|[x1,...,2,] and let S = R® be
the algebra of invariants of G. The homogeneous components of the polynomials in S are
also invariants and we consider the ideal U of R generated by the homogeneous invariants
of positive degree. Clearly, U is a graded subspace of R. By Hilbert Basis Theorem the
ideal U is finitely generated and we may choose a finite set {f1,..., fi} of homogeneous
invariants which generate U. Let Sy be the subalgebra of S generated by the invariants
fi,--s fm- We shall show that Sy = S. Let us assume that S # Sy and let f € S
be a homogeneous invariant of minimal degree which is not in Sy. Then, since f € U,
there exist some polynomials hq,...,h, € R such that f = fih1 + foho + ...+ fihm
Since we work with homogeneous polynomials f, f1,..., f,n, we may choose hy,...,hy,
also homogeneous. All invariants f1,..., f,, are of positive degree and hence the degrees
of hy,..., hy, are lower than the degree of f. By Proposition 2.5,

f = p(f) = p(flhl + ... +fmhm) = flp(hl) +--~+fmp(hm)

and f is expressed by the generators f1,..., f,, of Sy and the invariants p(hq), ..., p(hm).
Since deg(p(h;)) = deg(h;) < deg(f), by the minimality of the degree of f, all p(h;) belong
to Sp. Hence f also belongs to Sy and we reach a contradiction with the assumption that
f & So.

The following statement is a consequence of the proof of Theorem 2.6.

Corollary 2.7. For any finite group G, let U be the ideal of R = Klx1,...,x,]
generated by the homogeneous G-invariants of positive degree. Then any set of generators
of U which is in S = RE generates S as a subalgebra of R.
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Remark 2.8. (i) The original proof of Theorem 2.8 given by Emmy Noether (see
[St]) contains also an upper bound for the degree of the generators of S = R“: The algebra
S is generated by elements of degree < |G|. Of course, these generators can be chosen as
in Proposition 2.5 (iii).

(ii) One of the most famous problems in Invariant Theory is the 14-th Hilbert Problem
from 1900, a partial case of which asks whether the algebra of invariants K[z1,...,2,]
is finitely generated for any subgroup G of GL,(K). The negative answer was given by
Nagata in the 1950’s (for the exposition of the result of Nagata see [DC]).

Proposition 2.9. For |G| < oo the algebra of invariants RS has the same transcen-
dence degree as R = K|x1,...,x,] and every element of R is a linear combination with
coefficients in S of the polynomials xfl xdn  where d; < |G|.

“ e n s

Proof. Let G ={g1,...,9x}, let f € R and let

hy(z) = H (z—g(f)) =2 —e12" 1 4 ez 2 — . 4 (=) ler_12 4+ (—1)%es,
e

where e; = e;(g1(f),...,gx(f)) are the elementary symmetric polynomials in g¢;(f),...,
gx(f). Since gG = G for any g € GG, we obtain that

g(ei) = ei((991)(f), -+ (9gr)(f)) = €i(gr(f)-- -, gr([))

and e; is G-invariant. Since some of the elements g; in G is equal to the identity element
of G, we obtain for it that g;(f) = f and hs(f) = 0. Hence every element of R is algebraic
on S and this implies that R and S have the same transcendence degree. Applying the
above considerations for the variables z;, we obtain that ¥ is a linear combination with
coefficients in S of 1, x;,... ,:1:2c ~1. From here one easily derives that all degrees of z; have
the same property and this completes the proof.

Remark 2.10. Since the algebra of invariants of a finite group G is finitely generated,
it is an image of a polynomial algebra in a finite number of variables. Usually a theorem
which gives a set of generators of R is called The First Fundamental Theorem of Invariant
Theory of G and a theorem giving the defining relations between these generators is called
The Second Fundamental Theorem of Invariant Theory of G.

Example 2.11. (See Example 2.3 (i)) The First Fundamental Theorem of Invariant
Theory of S,, states that the elementary symmetric polynomials generate the algebra of
invariants. The Second Fundamental Theorem gives that these generators are algebraically
independent, i.e. do not satisfy any nontrivial relation. Other examples will be considered
in the exercises.

Lemma 2.12. Ifg € GL,(K) satisfies g" = 1 for somer > 0, then g is diagonalizable,
i.e. the linear operator corresponding to the matriz g has a diagonal matrix with respect
to a properly chosen basis.

Proof. Since the field K is algebraically closed, every matrix is similar to it Jordan
normal form and we shall fix a Jordan basis for the operator of g. In other words, changing
the basis of the vector space, we may think that the matrix ¢ consists of blocks

J 0 - 0

0 J, --- 0
g=1 . -]

0 0 - J,

11



where each matrix J; is of the form

Ai 10 - 0 0
Al 1o 000
Ji=| o :
0 0 0 - A 1
0 0 0 - 0 XN

and )\; is an eigenvalue of g. Since the field is of characteristic 0, if some J; is a p X p
matrix with p > 1, then J™ # 1 for any m > 0. Hence g™ # 1 which is a contradiction.
In this way, all blocks J; are 1 x 1 matrices, i.e. the normal Jordan form of g is diagonal.

In the exercises we shall give a direct proof of the lemma, without using the Jordan
normal form.

Lemma 2.13. If ¢ is a linear operator acting on a finite dimensional vector space W
and ¢* = ¢, then dim(Im(¢)) = tr(¢), where tr(¢) is the trace of ¢.

Proof. By Lemma 2.4, the vector space W is a direct sum of the image and the kernel
of ¢ and ¢ acts on the image as the identity map. We choose a basis of W which is a union
of bases of the image and the kernel of ¢. Hence the dimension of the image of ¢ is equal
to the number of 1’s on the diagonal of ¢ with respect to the chosen basis, i.e. to the trace
of ¢.

Molien Formula 2.14. If G is a finite subgroup of GL,,(K), then the Hilbert series
of the algebra of invariants S = R® = K|xy,...,1,]% has the form

1 1
HER ) = = ———
( ) |G| QGZG det(1 — gt)

where det(1 — gt) is the determinant of the matriz 1 — gt.

Proof. Let R4 be the vector space of the homogeneous polynomials of degree d. Then
RY is a direct sum of the homogeneous components Sy = (R4)“ and the Hilbert series of S
is equal to >_ ;o (dim Sq)t?. Let pg be the restriction of the Reynolds operator on Ry. By
Proposition 2.5, p2 = pg and Sy = p(Rg). By Lemma 2.13 we obtain that dim S = tr(pq).
Clearly,

(o) = 157 3 tr(on)

geqG

where g4 is the restriction of g € G on R,4. Since the group G is finite, its elements are of
finite order. Let g be an element of G. The change of the basis of the vector space V' with
basis {z1,...,x,} corresponds to a linear change of the variables. It does not change the
algebra of invariants and the trace of the matrix g4 acting on R;. By Lemma 2.12 we may
choose new variables {y1, ..., y,} such that g(y;) = \;y; for some roots of unity A\; = \;(g),
1 =1,...,n. Hence g4 acts on the basis elements yfl co.ydnof Ry, dy +...+d, =d, by

d n) — \d nod "
gd(yf-uyff )—)\11...)\% yll...yfﬁ

12



and the trace of g4 is equal to the sum of all /\il1 . A with dy + ...+ d,, = d. In this

n

way,
H(Rdﬂf) = Z dlde Ztr pa)t
d>0 d>0
IGI 2, (o)t \G\ 22 A
9eG g€G d; >0
S USou | S et | = 23 1
|G| geG \d1>0 >0 | |g€G (T —=MAt) ... (1= Apt)

and in order to complete the proof it is sufficient to observe that
(1 —=MA1t) ... (1 = Apt) = det(1 — tg).

Remark 2.15. Since the algebra of invariants S = R of a finite group G has the
same transcendence degree as R = Klzq,...,x,], the Noether Normalization Theorem
in Commutative Algebra gives that there exist homogeneous invariants f1,..., f, which
are algebraically independent and a finite number of homogeneous invariants hy,...,hm,
such that every invariant f has the form f = p1h1 + ...+ pmhm, where each coefficient
Py, Pn 1S a polynomial of f1,..., fn. Then the Hilbert-Serre theorem has a more precise
form which gives that the Hilbert series of S is

B q(t)
H(S,t) = (1 —tdr). .. (1—tdn)’

where ¢(t) € Q[t] and d; is the degree of f;. In the special case, when

1

H(S,t) = (1—tdn) .. (1 —¢dn)

this means that S = R is generated by the algebraically independent invariants fi,. .., f,
and S is isomorphic to a polynomial algebra. The theorem of Chevalley-Shephard-Todd
gives that the algebra of invariants is isomorphic to a polynomial algebra if and only if
the finite group G is generated by pseudo-reflections. Recall that a pseudo-reflection is a
matrix of finite order which has only one eigenvalue (counting the multiplicity) different
from 1. In other words, the pseudo-reflections are similar to matrices in the form

0 1 0
g= : :
0 0 1

13



Exercises

1. Show directly, without using the Jordan normal form: If ¢ is a linear operator
acting on a finite dimensional vector space W and such that the minimal polynomial of ¢
has no multiple zeros, then the matrix of ¢ is diagonalizable.

Solution. Let the minimal polynomial of ¢ be f(2) = (z—A1) ... (2 — Ag), where all \;
are pairwise different. Consider the operator v» = ¢ — A\;. Clearly, the kernel of 1 consists
of all eigenvectors of ¢ corresponding to the eigenvalue Ay, i.e.

Ker(y) ={w € W | ¢(w) = \w}.

On the other hand, if 0 # w € Im(¢) N Ker(v)), then there exists some v € W such that
w = P(v) and ¢?(v) = P(w) = 0. Hence (¢ — A\1)?(v) = 0 and (¢ — A\;)(v) # 0. Since
(z—A1)? is relatively prime with (2 —X2) ... (2 — A ), there exist polynomials u(2), us(2) €
K|[z] such that

u(2)(z — A)? Fug(2)(z — A2) ... (2 — \p) = 1.

Applying this to v we obtain that
ur(9)(é — M)*(v) +u2()(d — A2) ... (6 — Ar)(v) = v,

u2(P)(¢ — A2) ... (¢ — M) (v) = v,
(& — A1) (u2(d) (¢ — A2) ... (¢ — Ax))(v) = ¥(v) = w # 0.

Hence w = u2(®)((0—A1)(¢—A2) ... (p—Ak)(v) = u2() f(¢)(v) which is equal to 0, because
f(2) is the minimal polynomial of ¢. This contradiction shows that Im(y) N Ker(y) =
0. Using the equality dim(Im(v)) + dim(Ker(¢))) = dim(WW) which holds for any linear
operator, we obtain that W is a direct sum of Im(¢) and Ker(¢). Both subspaces Im(v) and
Ker(1) are ¢-invariant, dim Im(¢)) > 0 (there is a nonzero eigenvector of ¢ corresponding
to A1) and the matrix of ¢ considered as an operator on Im(%)) is diagonal. We may apply
inductive arguments and conclude: Ker(¢)) has a basis such that the restriction of ¢ on
Ker(1)) has a diagonal matrix.

2. Show directly, without using the Jordan normal form and Execise 1: If ¢ is a linear
operator acting on any vector space W and such that ¢¥ = 1 for some k > 0, then W is a
direct sum of subspaces each consisting of eigenvectors of ¢. In particular, if dim(W) < oo,
then the matrix of ¢ is diagonalizable.

Solution. (Proposed to the lecturer by M.-K. Siu.) Let w be a fixed primitive root of
1. For any p =0,1,...,k — 1, we define a linear operator v, by

¢(z)  ¢*(2) ¢F (@)
" + % ...—|—m,x€W

Yp(z) =2 +

Using that w* = 1 and ¢* = 1, direct verification shows that ¢(v,(z)) = wPi,(z), i.e.
Yp(x) is an eigenvector of ¢ corresponding to w?. Note that z = +(¢o(x) + ¢1(z) + ... +
Yr—1(x)). Let W, = {¢p(x) | x € W}. Then W = Wy + W; + ...+ Wi_1. On the other
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hand, let ug, u1,...,up—1 be some elements such that u, € W, and uo+ui+...+up—1 = 0.
Applying ¢°, s =0,1,...,k — 1, to this sum, we obtain that

% (ug 4+ u1 + ... +up_1) = (W°)%up + (W) *up + ... + (wk_l)suk_l = 0.

Considering these equations as a homogeneous linear system with unknowns u, and deter-
minant equal to the Vandermonde determinant (which is nonzero), we conclude that the
only solution of the system is u, =0, p = 0,1,...,k — 1. This means that W is a direct
sum of the subspaces Wy, Wy, ..., Wj_1. Since all elements of W,, are eigenvectors of ¢,
we complete the solution.

3. Find the image of f(z1,...,z,) under the action of g € GL,(K) where:

(i) n =2, f(x,y) = 22+ 5y + 32% + 5xy? + y> and g(z) = x + 2y, g(y) = —2x + 3y or

in matrix form,
—_— 1 _2 .
g - 2 3 )

(i) n =3, f(x,y,2) = vz — >,

_q A A
g=1+ 1 + 51 + ...,
where the linear operator A is defined by A(z) = —2y, A(y) = 2z, A(z) = 0.
4. Find the generators of the algebra of invariants K[z, 3] of the group G generated
by g and h, where

9(x) = —z, g(y) =y, h(z) =z, h(y) = —y.

Answer. K[z, y]¢ = K[22,y?].
5. Find the invariants of degree < 3 of the cyclic group G of order 3 acting on

K|z,y, z] and generated by
(T oy =z
=(3 1 2)
Find the generators of K[z, y, 2]¢.
Hint. First method: Apply the Reynolds operator to the monomials of degree < 3.

Second method: Change the variables in such a way that with respect to the new variables
r1,Y1,21 the operator g acts by

g(x1) = 21, g(y1) = wyr, g(21) = w2,

where w® = 1, w # 1. Then the invariants are linear combinations of z1, 121 and y3, 3.
Derive from here (with or without using the bound of Emmy Noether) that the algebra
of invariants is generated by homogeneous polynomials of degree < |G| = 3. Answer.
K[z,y, 2]¢ is generated by = +y + z, xy + yz + 2z, xyz and 2%y + y%z + z%z. (Compare
with Exercise 8 from Section 1.)

6. Find generators of the algebra of invariants K|[x,y]“, where G is the cyclic group
generated by ¢ defined by g(x) =y, g(y) = —=.
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Hint. Use the Reynolds operator or change the basis in such a way that g(x1) = ixq,
g(y1) = —iy;. The invariants are generated by 2¢y%, a—b = 0 (mod 4). Then the generators
of the algebra of invariants with respect to the new basis are x1y1, 27, yi. Answer. K|z, y]G
is generated by fi = 2% + 2, fo = 2%y? and f3 = xy(z? — y?).

7. Calculate the Hilbert series of the algebra of invariants in Exercises 4, 5 and 6 and
find defining relations between the generators.

Hint. For Exercise 4 use that K[z,y] = K[2?,9?] is the polynomial algebra in two
variables of degree 2. Hence

1

H(Klz,y]%,t) = a—pe

For the other exercisess apply the Molien formula. For Example 5 use that with respect
to a specially chosen basis ¢ and g? are diagonal matrices with entries 1,w,w? and

det(1 —tg) = det(1 —tg®) = (1 — t)(1 — wt)(1 — w?t) =1 — 3.

Together with det(1 —t) = (1 — ¢)® we obtain

1 1 2 1—t+t2 1+t
H(Klz,y,2]% t) = 3 <(1_t)3 T 1_t3> T -2 -8) (1-HI-e)1-)

Hence K|z,y,2]% has the form (K + K(22y + y*2 + 2%2))K]e1, 2, €3], where e; are the
elementary symmetric polynomials. Compare with Exercise 8 of Section 1. The consider-
ations for Exercise 6 are similar.

8. Calculate the Hilbert series and find generating sets and defining relations of the
algebra of invariants of the following groups:

(i) The dihedral group Dg of order 8 generated by

~1 0 0 -1
o= (o 1) =00 0);

(ii) The quaternion group Qg of order 8 generated by

i 0 0 1
o= (o %)= (5 o)

Hint. Calculate the determinants of 1 — bt, b € G. The answer is

1

zﬂKMwP%ﬂz(p¢%u—ﬁ)

which confirms the fact that Dg is generated by pseudo-reflections and its algebra of
invariants has algebraically independent generators. The generators are 22 + y? and z2y?.
For the quaternion group

-2+t 1+1°

HE ™0 = ey = o
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Derive from here that the algebra of invariants has two generators of degree 4 and one of
degree 6. The generators are z2y% z* + y*, zy(2* — y*). The defining relation between
them is (zy(2* —y*))? = (2%y?)((a" +y*)? — 4(=%y?).

9. Let the symmetric group act on the vector subspace W of V' = span{zy,...,z,}
with basis {y; = z; —x;41 |1 = 1,...,n — 1}. Calculate the Hilbert series of the algebra
of invariants K[y1,...,Yn_1]"".

Hint. Use that V is a direct sum of W and the one-dimensional vector space spanned
by 1 + 22 + ... + x,, where S5,, acts identically. For every o € S,,, the determinant of
1—ot on V is a product of 1 —t and the determinant of 1 — ot on W. Hence in the Molien
formula

1
1—tk’

1 n
H(K[z1,...,2,]% 1) = T H Ky, syn—1]"t) =[]
k=1
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3. AUTOMORPHISMS AND DERIVATIONS
OF POLYNOMIAL ALGEBRAS

In this section we assume that K is a fixed algebraically closed field of characterisric
0, e.g. K = C. The assumption that K is algebraically closed is not essential for the
results (but simplifies the proofs). 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 3.1. 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 = (91,--.,0n) is another automorphism, where g; = ¢(z;), one has F'o G = F(G) =
(f1(G),..., fa(Q)), f;(G) = fi(g1,-..,9n) which corresponds to the composition 9 o ¢
(first applying ¢ and then ). We shall use the notation )¢ = 1 o ¢ instead of F(G).

Definition 3.2. The automorphisms of the form

n
o(xj) = Z%jﬂﬁi + 0B, 5,8 € K, 4,5 =1,...,n,
i=1

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

o(zj) = oy + fi(xjqn, ..., an), oy € K*, j=1,...,n,

where the polynomials f;(x;11,...,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 3.3. (i) Let ¢,¢ € EndK]|z, y] be defined by

o(x) =z +y° d(y) =,

v(z) =z —y*v(y) =v.
Then ¢ o Y(y) = ¢(¥(y)) = d(y) = v,

¢oP(z) = ¢(¥(2)) = ¢l — y*) = ¢(z) — ¢(y)* = (z +¢*) —y* = z.

Hence ¢ o 1) is the identity automorphism. Similarly v o ¢ is the identity. Hence ¢, are
automorphisms and 1 = ¢~ !. Clearly, ¢, are triangular automorphisms.
(ii) Let ¢,¢ € AutK|[z,y] be defined by

o(z) =z +y° d(y) =,
() =z,9(y) =y + 2,
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(v may be considered as a triangular automorphism with respect to the ordering of the
variables x1 = y,x9 = x). Then

o )=z —y% o7 (y) =y,

Y z) =2, (y) =y — ?,
po(r) = ¢(4(x)) = ¢(x) =z + 4% ¢ov(y) = d(¥(y)) = ¢(y +2°) =y + (z +y°)°,
vog(z)=p(x+y?) =x+ (y+2°)% Yody) = v(y) =y + 22,
(o) (z) =9~ (¢ () =9 (w—y*) =x — (y —2°)%,
(pod) Hy) =9 (o7 (y) =¢ y) =y —2°.

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 3.4. Is every automorphism of K[X] tame?

Lemma 3.5. 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={oecAutR[z,y]|o(z) =az+ By +7, 0(y) =&z +ny+( o, B,7,§n,¢ € R}
be the affine group of automorphisms, let
B ={r € AutRz,y] | 7(x) =7z + f(y), 7(y) = py + v, m,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

(bzo‘fOﬁ0020...oak07koaz+1,

where 6,6 = 0,1 (i.e. the expression of ¢ may start with 7 or finish with 1), 0; € A,
Ti € B, 09,...,0% (and o1 and o4 if they participate in the expression) do not belong to
B, 11,..., 7 do not belong to A.

Proof. Clearly, every tame automorphism is a product of affine and triangular auto-
morphisms, ¢ = py o...0 p,, where p; € AUB, i =1,...,n. If two consecutive p;, p;11
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;+1 € B and p;;1 does not belong to A; similarly if

pi € B. So, ¢ has the presentation ¢ = 02 o7y 0030...00, 070 Ofi1-

For a nonzero polynomial g(x,y) we denote by g(z,y) the homogeneous component
of maximal degree of g(x,y).

Proposition 3.6. In the notation of the previous lemma, if ¢ = 00T 0050...0040Ty,
where e = 0,1, 0; € A, (and o; does not belong to B fori = 2,...,k), 7, € B, 1i(x) =
mx + fi(y), 7i(y) = piy + w;, and the degree degf(y) of fi(y) is equal to d; > 1, then

deg(¢(x)) = dldg cen d]g, deg(gb(y)) = d1 Ce dkfl,
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and the homogeneous components ¢(x) and ¢(y) of maximal degree respectively of ¢(x)
and ¢(y) are of the form

¢(x) = A(w(pz +vy)™) %, ¢(y) = w(px +vy)™,
for some kK, A\, ;v € R and form =dy ...dp_1.

Proof. Let o;(x) = c,x + By + Vi, 0i(y) = &x + n;y + (. Since o; € B, we obtain
that & # 0 for i = 2,..., k. Let fi(y) = 0;y%, 0 # 6; € R. Direct calculations give that

ok 0 Ti(y) = ok(pry + wi) = pr(&x + ey + Ci) + wi,

o o Ti(y) = pr(&rx + M1Yy), pr € R*, pr&i # 0,
o o Tk(x) = mp(ape + Bry + ) + fr(§er + ey + ),

o1 0 Th(x) = Ok (e + niy) ™ = <9k/?;dk) (P (& + nry)) ™.

By induction, we assume that

09Ty ... opTr(T) = Aa(ka(pex + ng)")d’“, 09Ty ... 0pTK(Y) = Ka(uox + voy)",
n:dZ--'dkfla/*LQ 3&07 Ko € R7

and obtain

o111(x) = mi(arx + Sy +m) + filsiz +my + G), o1 (y) = p1(§ix +my + 1) + wi,

o111 (z) = fi(§ix +my) = 01(&ix + my)dl, o111(y) = p1(&1x +my), p1 € R*,
0171 (02 . Ti(2)) = Aa(K2 (k20171 () + vopaorTi(y)") ™ + ...
= X (ko (26" (€12 + my) D + .. ))& + ..

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

- d
o1 ... Te(x) = Ao (Kopb 07 (G122 + nly)dln) ",

o111 (02 ... Tk (y)) = Ka(p2o1m1(x) + voormi(y))" + ...,
o1 Te(y) = K2(p261)" (E12 + my) ™.
Denoting k1 = ka(u261)™, m = din, we obtain that
o1...7k(x) = Aa(k1 (&1 + 7}1y)m)d’“, o1...Te(y) = K1 (&z +my)™.

If 01 € B, then & # 0 and we may continue the inductive steps and prove the statement
for larger k.
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Theorem 3.7. Let R be a commutative domain and let ¢ € AutR[x,y] be a tame
automorphism. Let the homogeneous components of mazimal degree of ¢p(x) and ¢(y) be,
respectively f(x,y) and g(z,y), deg(f) = m, deg(g) = n. Then either n divides m and

f(a,y) = Aw(ua +vy)™), g(z,y) = K(pe +vy)", Xk, v € R, m = dn,
or m divides n and

or m =n and there ezists an affine automorphism o of Rlz,y] such that

deg(¢p oo™ (z)) = m > deg(d oo (y)).

Proof. Let ng:aisOTloago...oakOTkoazH, where 0; € A, 7, € B, as in Lemma

3.5. If e = 0, then ¢ is in the form of Proposition 3.6 and we obtain that ¢(z) = k(¢ (y))?,
where d is the degree of f;(y) in the definition of 7. Now, let ¢ = 1 and let

Ok+1 :0633‘1’59"’% U(y) :£x+ny+<—7 04»5»%5777;C€R7

and, by Proposition 3.6, for ¢ = 027105 ... 0pTk

(z) = M (k1 (pmz + V1y)n)d7 Y(y) = k1(pz +11y)".

<

Direct calculations give that

¢(x) =P ooryi(z) = ap(z) + B(y),

O(y) =Y oor1(y) = E(x) +n(y).
(i) If « #0, £ =0, then n € R* and

o(x) = ap(x) = e (k1 (paz + 11y)") = (edin™ ) (nr1(paz + 11y)™)?,

o(y) = n(y) = nr1(mz + v1y)"™.
(ii) If &« = 0, then £ # 0, § € R* and

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

o(y) = &P(x) = EM (k1 (ma + v1y)™)? = (ehin™ ) (k1 (e + v1y)™)".
(iii) If o # 0, £ # 0, then

¢(z) = ap(z), ¢y) = (),

21



degd(z) = degp(y) = nd and for o = o1 we obtain
¢poot(z) =P(x), poo (y) = b(y)

with degi(r) = degg(z) = nd, degy)(y) = n < degd(y).
Definition 3.8. The endomorphism v of K[x,y, z] defined by

v(z) =z —20y" +z2)y — (v° +22)%2, v(y) =y + (v° + 22)2, v(2) = 2
is called the Nagata automorphism (and its properties are described in [NJ).

Exercise 3.9. Show that the Nagata automorphism is an automorphism.
Hint. Show that v(y? + zx) = y* + zz which would help in the verification that the
endomorphism p defined by

pla) =z +2(y* + 22)y — (v° + 22)°z, ply) =y — (v° + 22)2, p(2) = 2

is the inverse of v. Later we shall see that the Nagata automorphism is an example of a
general class of naturally arising automorphisms.

Theorem 3.10. (Nagata [N]) The Nagata automorphism v is wild considered as an
automorphism of the K|z]-algebra (K|z])[z,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) = —zy, v(y) = 2.

By Theorem 3.7, there exists a “constant” A in R = K|[z] (i.e. A = A(z) is a polynomial of
z) and d such that

V(@) = A=) (v(y)".

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 3.11. The Nagata automorphism is tame considered as an automorphism
of (K(z))[x,y], the algebra of polynomials in two variables z,y over the field of rational
functions K (z). One can decompose it as v = Too o711, where 0,7 € Aut(K(2))[z,y] are

defined by
2

o(e) =w oly) =y + v, (@) =x+ T 7y = .

The following conjecture is one of the most famous conjectures on automorphisms of
polynomial algebras. For further discussions see e.g. the survey article [DY1].

Conjecture 3.12. (The Nagata Conjecture, [N]) The Nagata automorphism is wild
considered as an automorphism of the polynomial algebra K|z,y, z].
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Definition 3.13. Let ¢ be any endomorphism of K[x1,...,z,]. The n x n matrix

Op(x1)  Op(x2) 0¢(x)

8%1 81‘1 tre 8%1
06(r1) Ob(zz)  0o(wn)

J@)y=| %= 0 o
0¢(z1)  Op(a)  Op(zn)

0xy, Oxy, T 0xy,

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 3.14. (The Chain Rule) If ¢ and 1) are endomorphisms of K[x1, ..., xy,],
then

J(poy) = J(@)o(J(¥)),

where ¢(J (1)) means that we apply ¢ to the entries of the matriz J(1)).

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

¢($) = f(xvy)a d)(y) = g(x,y), ¢(1’) = u(:r;,y), w(l/) = U(l'vy)7
then ¢ o ¥(x) = ¢(u(z, y)) = u(¢(x), ¢(y)) = u(f, g), similarly ¢ o 9(y) = v(f,g) and
(po(x))s = (u(f,9)z = ua(f,g) fr + uy(f, 9)ge,

(¢Ow(y))$ (U<f7g))l Uﬁ(fag>f$+vy(f7g)gm,
(P op(m))y = (ulf,9))y = ua(f, 9) fy + uy(f, 9) gy,
(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
foo 92 (uae(fr9) ve(f, g)) _
(5 2 ) Cathy wihny) = s

Corollary 3.15. The Jacobian matriz of any automorphism of K[ X| = K[x1,...,zy)]
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

b
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constant terms) induces an automorphism of the algebra K[[X]]| of formal power series.
The famous Jacobian conjecture (Keller, 1939) is the following:

Jacobian Conjecture 3.16. Every endomorphism of K[ X| = K|z, ..., x,] with an
invertible Jacobian matriz is an automorphism (of K[X]).

Till the end of the section we shall show the importance of derivations in the study of
automorphisms of polynomial algebras.

Definition 3.17. Let R be any (not necessarily commutative) algebra. The linear
mapping ¢ : R — R is called a derivation of R if

d(uv) = §(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 6 of the polynomial algebra K[z, ..., x,] is called triangularif 6(z;) €
Klzjtr,...,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 §(1) = 0. By the linearity of 6 we have that §(a) = ad(1) = 0 for any « € K C R.
Examples 3.18. (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 §%*+1u /9"t = 0.
(ii) Let f;(X) € K[X],i=1,...,n. Then the mapping ¢ defined by

ou ou ou
Ou) = frgo- + fag t oot fug - u € K[X],

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

"L 9(uv - ou ov
S(uo) = f; éw ) => fi (ax.eruax_)
i=1 i=1 ’ v

%

= (g fl%) v+u (g fl%) = d(u)v + ud(v).

(iii) The derivation § = _2ya% + za% is a triangular derivation of K{z,y, z] because
sends x to —2y, y to z and z to 0.

Lemma 3.19. 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

d(r) = Zap (Z Tpy - 0(Tp;) - .rpm>

i=1

is expressed by §(71),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 § = > 1" | f,-a%i from

Example 3.18 (ii) satisfies 0(z;) = 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 (7;) 5% (u)6™* (v), u,v € R.

k=0
It has also the more general form:

m!
0" (ur .. oup) = Z W(Skl(ul)...ékp(up),ul,...,upeR.
k1++k‘p:m Loees p-

Lemma 3.20. (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,ra, ..., then §™i(r;) =0
for some m; dependning on the generator r; ).

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

Proof. (i) Tt 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,...,2s], we obtain that 6™(5(x;)) = 0 for some m and 6™ (z;) = 0,
continuing the inductive process.

Lemma 3.21. 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 3.19, A = wd is a derivation. If u € K[X], then §(wu) = §(w)u +
wé(u) = wd(u) (because d(w) = 0) and we obtain that A™(u) = w™d0™(u). Since ¢ is
locally nilpotent and 6" (u) = 0 for some m, we obtain that A is also locally nilpotent.

Example 3.22. The derivation § = —2y8% + Za% is triangular, and hence a locally

nilpotent derivation of K[z,y, z]. It sends = to —2y, y to z and z to 0. Hence §%(z) = 0,
62(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[z, y, 2] for any polynomial
h in two variables.

Lemma 3.23. Let fi,..., fn—1 € K[X] and let the linear operator § acting on K[X]
be defined as the determinant

ofr Ofn—1  du
8$1 e 81‘1 83:1
O(u) =1 : : |, ue K[X].
ofr Ofn-1  Bu
Oxy, T 0T, 0T,
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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) = 6(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 aé()q;?) = %U + ug—;’i, i=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 6%(f,) = 0. In this way J acts nilpotently on a set of generators of
K[X] and is locally nilpotent.

Remark 3.24. 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 kerenl of § such that

9¢(z)  Qu x) Ou ) Ou
5(u) — w(¢(x)) ox 8¢( )8_ . a¢( )a_) )

. 9z | — (o (
_a%;) g—Z‘ (¢(z)) Oox Oy oy Ox

If § # 0, then the kernel of 6 consists of all polynomials h(¢(x)).
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(z,y,2),9(x,y,2), w(z,y, 2)

such that A = wd, where w belongs to the kernel of 6 and ¢ is a locally nilpotent derivation
defined by

o(u) =13, oy oy
of 99 ou
0z 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. (Originally the problem was solved by Nagata in terms of invariant
theory, see Section 2. See also the book by Nowicki [No|] amd the paper [DF] 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 § is
a linear nilpotent operator acting on the vector space with basis X, and we denote by the
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same symbol & the induced derivation of K[X], then the kernel of the derivation § is a
finitely generated algebra.

Definition 3.25. Let § be a locally nilpotent derivation of an algebra R. Then the
mapping ¢ : R — R defined by

2 3
q/)(u):u—l—é(lq;)+62(!u)+53(!u>+...,u€R,

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 3.26. (i) If ¢ is a triangular derivation of K[X], then

0(x;) € K[xig1,...,Tn)

and 6 (z;) also belongs to K|[x;;1,...,2,] for all k > 1. Moreover § is locally nilpotent
and the corresponding automorphism exp(d) is a triangular automorphism.

(ii) Let A = (y? + zz)d, where § = —2y8% + za%, be the derivation in Example 3.22.
Since §2(z) = 0, 6%(y) = 0, 6(z) = 0, we obtain that

) 52
exp(A): 2z — x+ (2 + zx)% + (2 + zx)2$ =2 —2(y% + zx)y + (y* + 22)%2,

)
exp(8) 1y =y + (7 +20) W =y 4 (4 4 2

exp(A):z — z,

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

Let ¢ be an automorphism of K|z1,...,z,]. Then for every positive integer m we may
extend ¢ to (an automorphism!) ¢ of K[x1,...,%n1m] by ¢(Tnii) = Tpis, i =1,...,m.

Definition 3.27. If ¢ is an automorphism of K[z1,...,x,] and its extension ¢ by
&(Tpyi) = Tpis, i = 1,...,m, to an automorphism of K|xy,..., Ty .m] for some m is a
tame automorphism of K[x1,...,Z,1m], we say that ¢ is a stably tame automorphism of
K[z1,...,z,). (In other words, we do not know whether ¢ is tame, but it becomes tame
in some bigger polynomial algebra.)

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

Theorem 3.28. (Martha Smith [S]) Let § be a triangular derivation of K|x1,...,x,]
and let w € Ker(9). Then the automorphism exp(wd) is stably tame and becomes tame
extended to K[xy,...,2nt1] by exp(wd) : pi1 — Tyt

Proof. Let us extend the action of ¢ to K[z1,...,Znt1] by 6(2,41) = 0. Clearly, 0
is still triangular considered as a derivation of K|x1,...,Z,41]. Since z,41 € Ker(d), the
derivation Ay = x,416 is locally nilpotent and even triangular (because § is triangular,
A(x;) € 1 K[Tig1, .. xn), @ = 1,...,n, and Aq(x,41) = 0.) Consider the tame
automorphism o of K[zy,...,z,11] defined by o(z;) = x4, i =1,...,n, 0(Tpt1) = Tpt1 +
w(zy,...,x,) (which is triangular if we consider the inverse ordering of the variables).
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Clearly o acts as the identity mapping on K[x1,...,2,]. Let ¢ = 07t oexp(—Aj)ooo
exp(A1). (Obviously exp(—A1) = (exp(A;))~!.) Direct calculations show that

exp(£A1)(Tnt1) = Tnt1, exp(£A1)(w) = w
because x,,+1 and w are in the kernel of A; (equal to the kernel of 4),

H(@n+1) = 0 (exp(—A1)(o(exp(A1)(2n+41)))) = 0~ (exp(—A1)(0(2n41))) =

=0 (exp(—= A1) (Tni1 +w) = 07 (Tng1 + W) = Tngr
For u € K|x1,...,x,] we have
¢(u) = o~ (exp(—Ar)(o(exp(A1)(u)))) = 0~ (exp(—A1) (o (exp(zn116) (1)) =
= 0 (exp(—=A1)(exp(0(2n11)8) (1)) = 07! (exp((—2n+10) (exp(Tnt1 + w)d)(u)))
because o is the identity mapping on v € K|x1,...,x,],
¢(u) = o~ (exp(—ap+1 + (Tpr1 +w))8)(u))

because exp((w1 + w2)d) = exp(w19) o exp(w2d) if wy,ws € Ker(d) (see the exercises).

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[x1,...,x,4+1] and is stably
tame for K[xy,...,2,].

Corollary 3.29. The Nagata automorphism is stably tame.

Proof. We consider the presentation of the Nagata automorphism in Example 3.26
(i) as exp(A), where A = (y? + zx)J, and § = —2y8% + Za% is a triangular derivation.
Then the proof follows directly from the theorem.
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Exercises

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

Pr1(x) =2+ (V¥ + 2y +3), ¢1(y) = v;
$2(2) =2z + (y* + 2y +3), d2(y) = —y +2;
d3(x) =z + (> + 2y +32), ¢3(y) = —y + (22 — 3), P3(2) = 2 + 1;
¢a(z) = 22+ 3y, Pa(y) =z +y;
¢s5(x) =2x+3y+1, ¢s5(y) =x+y — 3.
P6(z) =3z + 5y + 1, d6(y) = 22 + 3y + 5.
dr(x) =22+ (3y> +yz + 2%), ¢7(y) = 3y + (224 3), ¢7(2) = —2 + 5.

Solution. For the triangular automorphisms calculate step by step the action of d)i_l
on the variables in inverse order, e.g. first on z, then on y and finally on x:
Obviously, ¢7*(y) = y. If o7 (x) = ax + g(y), then

=07 (¢1(2)) = ¢7 (x+ 9> + 2y +3) = (az + g(y)) +¥* + 2y + 3,

and g(y) = —(y? + 2y + 3). Hence ¢; ' (z) = = — (y? + 2y + 3).
Let ¢2_1(y) = ay + 3. Then

y =5 (92(y) = 95 ' (~y +2) = —(ay + §) +2,
a=—1,-B+2=0,ie B=2and ¢, (y) = —y +2. If ¢; () = yx + g(y), then
z = ¢y (¢2(x)) = b3 (22 + (y* + 2y +3)) = 2(yx + 9(y)) + (v° + 2y + 3),

2y =1,29(y) + (y> + 2y +3) = 0 and ¢, ' (z) = /2 — (y> + 2y + 3)/2.
Simﬂarl}’v (;53(2) =z ]-7 gb??l(y) =Y + 2z — 57 ¢§1($) =T+ f(yaz>7

=65 (¢s(z) = 63" (v + (v° + 2y + 32))
=24 f(y,2) + (—y+22 -5 +2(—y +22—5) +3(z — 1),
o3 (x) =2 — ((—y+22—=5)2+2(—y +22—5) +3(z — 1)).
For the linear automorphism ¢4 with matrix g = (g }) the inverse automorphism

has a matrix
-1 -1 1 -1 -1
o= (50 L) andeit@) = —a 43y, 0y ) = w20,

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

¢l (2) =2 +3y+a, ¢ (y) =z -2y + B
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Then
z=¢5(¢5 (2)) =d(—2+3y+a)=—2z+3y+1)+3(x+y—3)+a a=10,

y=05(d5 (y) = oz =2y +0) = Qe +3y +1) —2(x +y —3) + 6, f = 7.
2. Find the product ¢=! o1~! o7 o o, where

olx)=2x4+y+1,0(y)=z+y—1,

T(z) =z +2y%, 7(y) = v,
Y(x)=xz+2y+1,9Y(y) =2+ 3y + 2,
d(z)=x+1, ¢(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 = ¢s44 for any f,g € K[y].

4. Show that the the following derivations are locally nilpotent and the polynomials
w belong to the kernels of the derivations of K[X]:

0 0
61 = ya_.T +Za_y7 w1 :y2 _23727 X = {l’,y,Z};

(52 = QU(U’y — UZ)% — 2”()(’Uy — uz)gy + ('1)21' o u2y)%7

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, §2(y) = 0,
d1(w1) = 0. The calculations for J; are similar but more complicated. Then d2(u) =
52(0) = 0, 85(x) = 2u(vy — uz), 83(y) = 20(vy —uz), 62(2) = (v — uy), B3(x) = B3(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
on sets of linear operators: addition and multiplication with constants). Define [d1,d2] =
91 0 92 — d3 0 61 and show that D(R) satisfies the relations:

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

[[01, 02], 03] + [[02, 03], 61] + [[03, 01], 2] = O (Jacobi identity),

for all 6,01, d2,03 € 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.
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Hint. Use that Ker(0) is a subspace of R for any linear operator § on R. Then show
that if §(u) = §(v) = 0, then §(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(0))(uv) = (exp(d))(u)(exp(0))(v), u,v € R.

9. If 41, 2 are locally nilpotent derivations and d; o do = d5 0 61, show that d; + do is
also locally nilpotent and exp(d; + d2) = exp(d1) o exp(da).

Hint. Use, that if the linear operators d;, 62 commute and are locally nilpotent, then
91 + d5 is also locally nilpotent and exp(a + b) = exp(a)exp(b), provided that ab = ba and
a =b" = 0.

10. Find a system of generators of the kernel of the derivation d; of the polynomial
algebra K[X], where:

0 0 0 0
0 = U + Za—y, dp = —29% + Z(‘?—y’ X ={z,y,z};
0 0 0 0 0

O3 =Yg tig =yg tag tign X ={n .zt

Solution. Method 1. We shall consider o because is related with the Nagata auto-
morphism. The considerations for §; are similar. For d3 and ¢4 it is better to use the
second method. It is easy to see that y? 4+ zz and z are in the kernel of §,. Hence
Ky? + 2w, 2] C Ker(d2). Let f(x,y,2) € Ker(d2). We present it in the form

f(x,y,z) - fo(x,yQ,z)-l—yfl(x,yQ,z) = fO(xv (y2-|—zx) —ZIII,Z)-i—yfl(iE, (y2+zx) —ZQZ,Z) -

= go(, y? + za, z) + y91($7y2 + 2z, 2) =

m m
Zak(yz + 2z, 2)x* + yz br(y? + 2z, 2)2”, ag, by € K[y? + 22, 2].
k=0 k=0

Using that ay, by € Ker(d2), we obtain

0=205(f) =2y > kar(y® + 22, 2)a" !
k=0

—2y? Z kb (y? + 2z, 2)x™ ™ + 2 Z b(y? + 2z, 2)a”.
k=0 k=0

First we consider the summands with odd powers of y and obtain that ay(y?+zz, z) = 0 for
k=1,...,m. Then we consider the sum as a polynomial in the new variables z,y? + zz, 2
and compare the powers of = starting from the highest. We obtain consecutively that
be(y>+22) =0,k =m,m—1,...,1. Hence f = ag(y® + 2z, 2) + ybo(y? + 2, 2) and, since
82(f) = 2bo(y*>+ 2z, 2) = 0, we have that f = ag(y>+2x, 2). Hence Ker(d2) = K|[y?+zx, 2].
The result for d; is Ker(81) = K[y? — 2zz, 2].
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Method 2. Since J2(z) = 0, we may think that z is a constant and (for a moment
only) to consider J as a derivation of (K(z))[x,y]. Changing the variables as follows, we
obtain a better form of d5. Let

Then (K (z))[z,y] = (K(2))[u,v] and d2(u) = 0, 62(v) = 1. Hence 6, = 2 and Ker(d,) =
K(z)[u]. In other words, the kernel of dy in (K(z))[x,y| consists of all polynomials in
u = z + y*/2z with coefficients which are rational functions of z. Hence the kernel of d in
K|xz,y, z] consists of all polynomials in z,y, z in the form

an(z) () 1§ 2k
k=0 k=0
where a;, b;, ¢;, b are polynomials in z. From here one can easily deduce that b(z) = 1 and
to derive that f(z,v, 2) is a polynomial of y? + zz and =z.
The considerations for d3 are in the same spirit. Since d3(y) = d3(t) = 0, we consider
y and t as constants and assume that 03 as a derivation of (K (y,t))[x, z]. Then d3(x/y) =

d3(z/t) = 1 and the new variables

z z
U=———,0=—
t t

< |8

of K(y,t)[x, z] satisfy d3(u) = 0, d3(v) = 1. Hence Ker(d3) = (K(y,t))[u] and f(z,y, z,t) €
Ker(d3) is a polynomial of the form

m

B ag(y,t) [z =z k
sensn =3 5105 (5-3)

k=0 Y

From here we can easily derive that f(z,vy,z,t) € Ker(d3) N K[z, y, z,t] is a polynomial of
Yy, t, xt — zy.

For Ker(d4) and the kernels of other linear locally nilpotent derivations see the book
by Nowicki [No]. The idea is to use the results for §; and the second method. The answer
is that the kerenl of §, is generated by

8
t, 2% — 2yt, 23— 3tyz + 3t%x, y2z2 — 223 + 6tryz — §ty3 — 3t%23.
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4. TAME AUTOMORPHISMS OF POLYNOMIAL ALGEBRAS
IN TWO VARIABLES

In this section we assume that K is a fixed algebraically closed field of characteristic
0, e.g. K = C. The assumption that K is algebraically closed is not essential for the
results (but simplifies the proofs). We shall prove the theorem that every automorphism
of K|z,y] is tame. The first proof for K = C was given by Jung [J] in 1942. The general
case was established by van der Kulk [V] in 1953. Since this is one of the main results in
the theory of automorphisms of polynomial algebras with numerous applications also to
algebraic geometry, there are several different proofs of the theorem, see the book by van
den Essen [E2]. We shall present the proof of Makar-Limanov [ML] given in a preprint
form (and included also in [D]).

Definition 4.1. Let § be a locally nilpotent derivation of K|z,y]. We define a degree
function deg = degs by

degs(u) + min(n | 6"t (u) = 0), 0 # u € K[z, y).

If u =0, then we define degg(0) = —o0.

In the special case of § = aa_x the degree with respect to ¢ coincides with the usual
degree with respect to x. (One needs to apply 3 times a% to annihilate a polynomial
a(y)z® +b(y)z + c(y).)

Lemma 4.2. If § is a locally nilpotent derivation of K|z,yl|, then for every u,v €
Klz,y]

(i) degs(u+v) < max(deg;(u), degs(v)),

(i) degs (1 + v) = degy(u) + deogs(v).

(iii) If degs(uv) = 0, then degs(u) = deggs(v) = 0.

Proof. If deggs(u) = n, degg(v) = m, then 6" (u) = 6™ (v) =0, §"(u), 6™ (v) # 0.

(i) If n > m, then 6" (u +v) = 6" (u) + 6" (v) = 0 and degs(uv) <n

(ii) By the Leibniz formula

O (uv) = Z
ke

(Z) PR (1) (v).
0
If p=mn+m+ 1, then either p—k >n+1or k > m+1 and "™ (uv) = 0. If
p = n + m, then the only summand with p — k& < n, k < m is for k = m and §"""(uv) =
("F™)5" (w)é™ (v) # 0. Hence degs(uv) = n + m.

(iii) If degs(uv) = 0, then u,v # 0, and degz(u),degs(v) > 0. By (ii), 0 = deggs(uv) =
degs(u) + degs(v), i.e. degs(u) = degs(v) = 0.

Let f(x,y) € K[z, y] be a fixed polynomial. We define the derivation § of K{[z,y| by

9f  Ou
5(“):’% g_i‘:fmuy_fyuxaue}{[xay]a
oy Oy
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i.e. 5 9
0= fxa_y - fy%a

(see Section 3 for the properties of §).

If ¢ and 9 are automorphisms of K[z, y] such that ¢(x) = ¥ (z), then ¢~ ot)(z) = .
If p~Lov(y) = g(x,y), then, calculating the determinant of the Jacobian matrix of ¢~ o4
(which is a nonzero constant because ¢! o is an automorphism), we obtain that

| @ ew@). (67 o))
det JO™ o) = | (5-10 y(a)), (6o u(y)),

Ly Gz
Ty Gy

=g, =« € K*.
0 gy 9y

_’1 Ya

Hence g(x,y) = ay + h(z) and ¢~ o1 is a triangular automorphism. In this way, every
automorphism is “almost” determined by the image of x. It is difficult to describe the
polynomials ¢(x), where ¢ € AutK [z, y] but we are able to describe their highest homoge-
neous components. (Compare with the description of the tame automorphisms of Rz, y]
in Section 3.)

Let us fix two positive relatively prime integers p and ¢ and let us assume that the
degree of x is equal to p and the degree of y is equal to q. (We have seen such kind
of grading in invariant theory. For example, the algebra of symmetric polynomials in n
variables is generated by the elementary symmetric polynomials e, ..., e, and we assume
that deg(e;) = ¢.) For example, if p = 2, ¢ = 5, then

deg(2%y®) = 6.2 + 3.5 = deg(zy°) = 1.2 + 5.5 = deg(z''y) = 11.2 + 1.5 = 27,
deg(z*y?) = 4.2 + 2.5 = 18, deg(2'%y) = 10.2 + 1.5 = 25,
and the homogeneous component of maximal degree (equal to 27) of
u(z,y) = 5%y — xy® + 22y + 62%y% — 32'%

is u(z,y) = 5x%y> —xy® + 22y, Asin Section 3, we use u(z,y) to denote the homogeneous
component of maximal degree of u(x,y) with respect to our (p, q)-grading.
Lemma 4.3. (i) Let p, q be positive relatively prime integers and let u,v € K|z, y]. If

(W)z(V)y — (W)y (V) # 0, then
Uz Uy — UyUz = (U)z(V)y — (@)y(V)a-
(ii) If f(z,y) € K[z,y| is a fized polynomial and the derivation 6 defined by 6(u) =
faty — fyuz, u € Klz,y], is locally nilpotent, then the derivation 61 defined by

01(u) = (flaty = (fytia, v € Klz,y,

1s also locally nilpotent.
Proof. (i) For two monomials z%y” and x°y?, the determinant of the Jacobian matrix
is
a,b c,,d
Jac(x%®, 2°y?) = (@9 )e (29 ) = (ad — be)gdtetybtd=1
(z%y y°) (xayb)y (xcyd)y ( ) Y
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Since 1, vy — Uy, is a linear combination of Jacobian determinants of the monomials which
participate in the expressions of u and v, and

deg(p,q) (Jac(xayb7 xcyd)) = deg(p,q) (xa—FC—lyb-i—d—l) = deg(p,q) (xayb)+deg(p,q) (xcyd)_p_(b
we obtain that the (p, ¢)-degree of u,v, —uyv, is equal to deg, 4 (u)+deg, o (v) —p—q (if
(W) (V)y — (W)y(T)x # 0), or less otherwise, and the homogeneous component v, — t, v,
of maximal degree of u,v, — uyv, is ()4 (0)y — (W), (V). if this expression is not equal to
0.

(ii) If § is locally nilpotent, then 6™(u) = 0 for some n. It is sufficient to prove
that 07 (z) = 07" (y) = 0 for some n,m. If u,v are (p,q)-homogeneous polynomials, then
Uz Vy — Uy Uy 18 also (p, ¢)-homogeneous (of degree with p+ ¢ smaller than the degree of uv).
Hence 0% () is homogeneous for all k and 0¥ (x) = §%(x) if 6§ # 0. In this way, 07(z) =0
(because 6™ (x) = 0). Similarly 67"(y) = 0 and d; is locally nilpotent.

Lemma 4.4. Let p,q be positive relatively prime integers and let the nonzero polyno-
mial f(x,y) € K[z,y] be (p,q)-homogeneous. Then f has a decomposition of the form

k
f(xay) = axaybH(xq _6iyp)> (OAS K*aﬁz € Ka a7bvk 2 0.

i=1
Proof. We write f(z,y) in the form
fla,y) = axty(a® + ya®y™ + .+ pr®y® sy ®), v € K.
Since f is (p, ¢)-homogeneous, we have for all monomials
pco =pc1 +qdy = ... =pcs +qds = qdsy1.

Since p and ¢ are relatively prime, we obtain that p divides dy,...,ds,ds+1 and ¢ divides
€0, Cly---,Cs. If c; =qn;, 1 =0,1,...,s,and d; =pm;,i=1,...,s,s+ 1, then the degree
of the summands are respectively pgng = pg(n1 +m1) = ... = pg(ns + ms) = pgmsy1.
In other words, n; +m; = ng = Mmey1, i = 1,...,s, and f is a product of ax®y® and an
expression of the form (z9)" 4+ py (29" (y?) + ... 4+ pe_1(x)(YP)* 1 + pr(yP)*, p; € K.
Now, it is sufficient to use that the base field K is algebraically closed and to decompose
the polynomial t™ + p1t"~! + ... + pp_1t + pr as a product of linear factors.

Studying the tame automorphisms of R[x,y] in Section 3, we proved that for every
tame automorphism ¢ and up to the action of an affine automorphism, one of the homo-
geneous components of maximal degree ¢(x) and ¢(y) is a power of the other. In most of
the proofs of the theorem that all automorphisms of K|z,y| are tame, we have to prove
something similar for any automorphism of Kz, y].

Lemma 4.5. Let p,q be positive relatively prime integers and let ¢ be an automor-
phism of K[z,y]. Then the (p,q)-homogeneous component of maximal degree d(z) of ¢(z)
is of the form az®, ay® or a(x? — ByP)k.

Proof. Let f(x,y) = ¢(x). Then the derivation ¢ defined by 6(u) = fruy, — fyuq,

u € K[z, yl, is locally nilpotent (because ¢ is an automorphism, see Section 3). Hence, the
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derivation §; defined by 61(u) = (f)suy — (f)yusz, u € K[z,y], is also locally nilpotent, be

Lemma 4.3. Additionally, 6;(f) = 0. Let us decompose f as in Lemma 4.4. If

k
f(xvy) = axaybH(xq _ﬁiyp)7 (ORS K*vﬂz € K7 CL?bvk 2 07

=1

then, f is in the kernel of 6; and deg; ) (f) = 0. By Lemma 4.2, all factors also belong to
the kernel of §;. If f has two different factors, then we obtain that both of them belong
to the kernel. Let, for example, d1(z9 — B1yP) = 61(x? — BoyP) = 0 for B # (2. Then
91(z?) =0, 61(y?) = 0 and again by Lemma 4.2, §; (z) = d1(y) = 0. Hence §; = 0, which is
impossible (because f = ¢(x) is not a constant). In this way, f(x,y) has only one (maybe
multiple) factor.

Lemma 4.6. Let p,q be positive relatively prime integers and let ¢ be an automor-
phism of K[x,y]. If the (p,q)-homogeneous component of maximal degree ¢p(x) of ¢(x) is
of the form a(x? — ByP)k with B # 0, then p=1 or q = 1.

Proof. Let f(z,y) = ¢(x) = (z?—ByP)*. (The assumption o = 1 is not essential for the
considerations.) By Lemma 4.3, the derivation §; defined by d1(u) = ((z7 — ByP)*)u, —
(x4 — ByP)*)yus, u € Klx,y], is locally nilpotent. Let us define the derivation > by
da(u) = (27— ByP)zuy — (29— PyP)yus, u € K[z,y]. Then 27— SyP belongs to the kernel of
82 and 61 = k(2?— ByP)*~1d,. Then, as in Section 3, we see that 67 = (k(x?— ByP)F~1)n67.
Since §; is locally nilpotent, d5 is also locally nilpotent. We check directly, than d2(z) =
BpyP~t, 62(y) = qzP~ 1. Let deg = degs, be the degree function related (as in Definition
4.1) to the locally nilpotent derivation d. Let d = deg(x), e = deg(y). Hence 67! (x) = 0
and 6¢(z) # 0. Hence 6¢(62(z)) = 0, 6371 (52(2)) # 0 and deg(dz(z)) = d — 1. Similarly
deg(d2(e)) = e — 1. On the other hand, the degree of a product is equal to the sum of the
degrees of the factors. Hence the equalities d2(x) = Bpy?~! and d2(y) = gqzP~! imply that

d—1=deg(d2(z)) = (p—1)deg(y) = (p—1)e, e—1 = deg(d2(y)) = (¢—1)deg(z) = (¢—1)d.

Hence —2 = (¢ — 2)d + (p — 2)e. Since p, q are positive integers, this is possible only if
p=1orq=1.

Theorem 4.7. (Jung [J], van der Kulk [V] ) Every automorphism of K|x,y] is tame.

Proof. Let ¢ be an automorphism of K[z,y]. We apply induction on the product
deg,(¢(x)) - deg,(¢(x)), the degrees of ¢(x) with respect to z and y. If this product is
equal to 0, then ¢(x) depends only on x or only on y. In the first case ¢(x) = ax + 3, the
determinant of the Jacobian is an invertible element of K and is equal to

(0(2)e O(Y)a| _ | &(y))e
@)y 0(y))y 0 ¢(y))y

= a(6(y))y-

Hence (¢(y)), = v € K* and ¢(y) = yy+h(z). In this way, ¢ is a triangular automorphism.
The case when ¢(x) depends on y only is similar and ¢ is of the form ¢(z) = ay + 0,
d(y) = vx + h(y). Then ¢ = 6 o 1), where the triangular automorphism v and the linear
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automorphism 6 are defined by ¢ (z) = ax + 3, ¥(y) = vy + h(z) and 0(x) =y, 0(y) = =.
In both the cases ¢ is tame. Now we assume that ¢(z) essentially depends on both = and
y. Let deg,(é(r)) = a, deg,(¢(x)) = b. We choose positive relatively prime integers p
and ¢ such that pa = bg and introduce the (p, q)-grading of K[x,y]. Let the (p,q)-degree
of ¢(x) be equal to c¢. Clearly, ¢ > pa because ¢(z) contains a monomial az®y™ for
some m > 0. If ¢ = pa, then the (p,¢)-homogeneous component ¢(z) of ¢(z) contains a
summand az®. Similarly it contains a;y® and ¢(z) essentially depends on both x and y. If
¢ > pa = gb, then any monomial px™y"™ of maximal degree satisfies pn+¢m = ¢ > pa = qb
which (because n < a, m < b) is possible only for n,m > 1. Again, ¢(z) depends on
both # and y. By Lemma 4.5, ¢(z) is of the form ¢(z) = a(x? — By?)* (and hence
c=pa = qb = kpq). By Lemma 4.6 we obtain that p =1 or ¢ = 1 and ¢(x) = a(x — ByP)*
or ¢(z) = ay(y — frz?)k, for some «, 3, a1, 81 € K*. First, let ¢(x) = ay(y — B129)*. Let
us compose ¢ with the tame automorphism 1 defined by ¥ (x) = x, ¥(y) = y + f1x?. Pay
attention that the element ¥ (y) = y + B12? is (p, ¢)-homogeneous of degree ¢ (because
the degree of z is equal to p = 1 and the degree of y is equal to ¢) and this degree is
equal to the degree of y. Hence 1 sends a (p, ¢)-homogeneous polynomials to homogeneous
polynomials of the same degree. In this way, the homogeneous component of maximal
degree of Yo ¢(x) = ¥(p(x)) is equal to the image under ¢ of the homogeneous component

¢(x). Hence 1) o ¢(z) = ¢ ((b(x)) = Y(ai(y — B129)¥) = ayy”*. The (p, q)-degree of () is
kq=a=qb (p=1) and deg,(¢(z)) = a = kq, deg,(¢(x)) = b = k. Since the (p, q)-degree
of 1 o () is equal to the same a = kq, and the leading homogeneous component is oy,
we obtain that deg, (v o ¢(z)) < a, deg, (1) o ¢(x)) = b, and their product is smaller than
the corresponding product for ¢(z). By inductive arguments, the automorphism o ¢ is
tame and, since 1 is also tame, we conclude that ¢ is tame.

Remark 4.8. The proof of Theorem 4.7 gives an algorithm how to decompose any
automorphism of K[z,y| as a product of triangular and affine automorphisms (see the
exercises for an example).
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Exercises

1. Given the automorphisms ¢; of K|x,y|, where

$2(x) = =+ 2%, $2(y) = v,
¢3(z) = x + 2y, ¢3(y) = 2z + By,
$a(z) =z +9°, daly) = v,
¢5(z) =z +y, ¢5(y) = 22 + 3y,

find the composition ¢ = ¢5 o ¢4 0 3 0 P2 0 ¢1 and then decompose ¢ as a product of
triangular and affine automorphisms following the proof of the theorem of Jung-van der
Kulk.

Solution. By direct calculations one sees that
d(x) = (462 +65y) +4(12z + 17y)? +8(2x + 3y)® + 16(12z + 17y) (2x + 3y)* + 16(2x 4 3y)°,

B(y) = (292 + 41y) + 2(12x + 17y)? + 5(22 + 3y)® + 8(12z + 17y) (22 + 3y)* + 8(2x + 3y)°.

For the decomposition, we see that the homogeneous components of maximal degree of

¢(x) and ¢(y) satisfy ¢(z) = 2¢(y) and we consider p; = ¢ o 1)1, where

wl(x) =T - 2y7 zbl(y) =Y,

and obtain
p1(z) = (=122 — 17y) — 2(2z + 3y)°,

p1(y) = (297 + 41y) + 2(12z + 17y)? + 5(2x + 3y)* + 8(12z + 17y) (2z + 3y)° + 8(2z + 3y)°.

Again, p1(y) = 2(p1(x))? and for
bo(x) =, Yaly) =y — 227,
the composition py = p; o Yy satisfies
pa(x) = (—12x — 17y) — 2(2z + 3y)°,

p2(y) = (292 + 41y) + 5(22 + 3y)>.

Since p2(y) = (—5/2)p2(x), the next step is to calculate ps = py o 13, where ¥3(x) = z,
¥3(y) = y+ 5x/2. In order to work with integers only, we shall consider instead the above

V3
Y3(z) = z, ¥3(y) = 2y + bu,

and p3 = ps o 93, and obtain after calculations
p3(x) = (—12z — 17y) — 2(2x + 3y)°, p3(y) = —(2x + 3y).
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Finally, for v (z) = x + 293, ¥4(y) = y and ps = p3 0 1)y we obtain
pa(r) = —(122 + 17y), pa(y) = —(2z + 3y)
which is affine. Hence ¢ o 91 o 15 0 93 0 ¢4 = ps and

¢=paoypitovs oy oyt

Lo 700, where

2. The same problem as in Exercise 1 for the product ¢! o)~
ox)=2x4+y+1,0(y)=z+y—1,

() =2+ 2%, 7(y) = v,
Y(x)=x+2y+1,9v(y) =2+ 3y + 2,
B(z) =z +1, $(y) = y + 22
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5. ALGORITHMS FOR AUTOMORPHISMS
OF POLYNOMIAL ALGEBRAS

In this section we assume that K is a fixed field of characteristic 0 and we are able
to perform calculations in K. For example, we may assume that K = Q. The proof
of the theorem of Jung-van der Kulk presented in Section 4 gives an effective algorithm
which decomposes any automorphism of KJ[z,y] as a product of triangular and affine
automorphisms. It is also clear that if we apply the algorithm to any endomorphism of
K|z, y|, we either will obtain that the endomorphism is an automorphism and will obtain
its decomposition, or, we will be not able to perform some step of the algorithm and this
will mean that the endomorphism is not an automorphism.

We shall give two more algorithms. The first one works in a very general situation
(even for noncommutative algebras). It decides whether an endomorphism of the polyno-
mial algebra K[X] is an automorphism and, if this is the case, finds the inverse.

The second algorithm decides whether a polynomial p(x,y) in K[z, y] is an image of =
under some automorphism of K[z, y]. The careful study of the proof allows also to deduce
an algorithm which finds a concrete ¢ € AutK [z, y| such that p(z,y) = ¢(x).

The theoretical result involved in the first algorithm has several proofs, see van den
Essen [E1] and Shannon and Sweedler [SS] for fields, Abhyankar and Li [AL] for arbitrary
commutative rings R and Drensky, Gutierrez and Yu [DGY] in the general noncommutative
setup.

Lemma 5.1. Let X = {x1,...,z,}, Y ={y1,...,yn} and let ¢ : K[X] — KI[Y] be
a homomorphism such that ¢(z;) = fi(Y) = fily1,-.-,Yn), ¢t = 1,...,n. Extend ¢ to a
homomorphism ¢o : K[X,Y] — KI[Y] by ¢o(x;) = ¢(x;), do(yi) =yi, i = 1,...,n. Then
the kernel of ¢g is the ideal U of K[X,Y]

Ker(¢o) =U=(x; — fi(Y) | i=1,...,n)

generated by all x; — fi(Y) and Ker(¢o) N K[Y] = (0).

Proof. Obviously ¢o(z;— fi(Y)) = ¢(z;) = fi(Y) = fi(Y) = fi(Y) =0 and z; — fi(Y) €
Ker(¢o). Hence the ideal U generated by all z; — f;(Y) is contained in Ker(¢g). Consider
ti = z; — fi(Y), i =1,...,n, and define an endomorphism p : K[X,Y]| — K[X,Y] by
p(x;) =ti, p(y;) =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,
(b()(tz) = (bo(.fﬂz — fz (Y)) = O, ¢0(yz) = Y; and ¢0 is the hOHlOHlOI‘phiSHl K[T, Y] — K[Y]
which sends 7" to 0 and acts as the identity mapping on K[Y]. Hence the kernel of ¢q is
the ideal of K[T,Y] generated by T and

Ker(qﬁo):(tzhzl,,n):(xl—fl(YHz:l,,n)

and Ker(¢o) N K[Y] = (0).

Proposition 5.2. Let X = {z1,...,2,}, Y ={y1,...,yn} and let ¢ : K[X]| — K[Y],
Y K[Y]| — K[X] be homomorphisms such that

d(xi) = fi(Y) = filyr, - yn)s (i) = 9:(X) = gi(w1, ..., 20),
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i=1,...,n. Extend ¢, to homomorphisms ¢o : K[X,Y] — K[Y], ¥y : K[X,Y] — K[X]

by ¢o(xi) = ¢(xi) = fi(Y), do(vi) = Yi, Yo(xi) = mi, Yo(yi) = ¥(yi) = g:(X), i =1,...,n.
Let the ideals U and V' of K[X,Y] be defined as

U=(x;— fi(Y)]|i=1,....,n),V=(yi—gq(X)]|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) = ¢~1. Hence

yi = oY) = d(gi(@1, -, xn)) = gi(d(@1), ..., O(2n)) = gi(/1(Y), ..., fa(Y)),

i =1,...,n. Working modulo the ideal U of K[X,Y], we have x; = f;(Y). Therefore

yi = gi(f1(Y), ..., fu(Y)) = gi(21,.. ., 20) = gi(X) (mod U),

and y; —¢;(X) € U for all i = 1,...,n. Since the polynomials y; — g;(X) generate the ideal
V', we obtain that V' C U. Similarly, using that x; = ¥(¢(z;)), we derive that U C V and
Uu=V.

(ii) Let U = V. Then the factor algebras K[X,Y]/U and K|[X,Y]/V coincide and
x; = fi(Y), yi = ¢;(X) modulo the ideal U = V. Hence

Yi = gi(x1, -+ 20) = gi(f1(Y),. .., fu(Y)) = dot(yi) (mod U)

and ¢ o1 is the identity mapping on K[Y] modulo the ideal U. Similarly, 1) o ¢ is the
identity mapping on K[X]| modulo the ideal V' and for every p(X) € K[X] we have
Yo d(p(X)) =p(X) (mod V). The polynomial ¥ o ¢(x;) belongs to K[X] and is equal to
x; modulo the ideal V. Hence ¢ o ¢(z;) —z; € V N K[X] and this intersection is equal to 0
by Lemma 5.1. Hence x; = Y op(x;), i = 1,...,n. Similarly, we obtain that y; = ¢poy(y;),
1 =1,...,n, and the mappings ¢ and 1 are inverse to each other. Hence ¢ and 1 are
isomorphisms and ¢ = ¢~ 1.

Theorem 5.3. Let X = {x1,...,2,} and let 0§ : K[X] — K[X] be an endomorphism
of K[X] defined by 0(z;) = fi(X), i=1,...,n. Then 0 is an automorphism if and only if
there exist polynomials g;(X), i = 1,...,n, such that the ideals

U=(x;,— fi(Y)|i=1,....,n),V=(y—g(X)|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[X| — K|[Y] defined by ¢(z;) = f;(Y),i=1,...,n, is an isomorphism.
Then the proof of the theorem follows immediately from Proposition 5.2.

Remark 5.4. By Theorem 5.3, if 6 is an endomorphism of K[X], and ¢(x;) = fi(X),
the problem to decide whether # 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 x; — f;(Y),
i =1,...,n, has a system of generators of the form y; — g;(X), i = 1,...,n. In the case of
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polynomial algebras this problem can be solved effectively using Grobner bases. For details
we refer to some book on Grobner bases, e.g. by Adams and Loustaunau [ALo] or Becker
and Weispfenning [BW]. The idea is the following. First, let us consider the variables X
larger than Y in the lexicographic ordering of X UY. Then the leading monomial of the
polynomial z; — f;(Y) is equal to x; and the generators z; — f;(Y") of the ideal U form a
Grobner basis of U. Now, let us assume that the variables Y are higher than X in the
lexicographic ordering of X UY. Hence z; is not more the leading monomial of z; — f;(Y").
If we calculate the Grobner basis of U with respect to this new ordering, we shall obtain
some new system of generators of U where the monomials containing y’s are higher than
those containing only z’s. The monomial y; is the smallest monomial (in the lexicographic
ordering) which contains y;. Hence, if # is an automorphism, we shall obtain that some
polynomials y; — ¢g;(X) belong to the new Groébner basis. If 6 is not an automorphism,
then for some i there will be no polynomial of the form y; — ¢;(X) in U and, of course,
there will be no such polynomial in the Grobner basis.

The second algorithm in our course is due to Shpilrain and Yu [SY] for polynomial
algebras K[z, y|. It has a version which works for tame automorphisms of (K [z])[x,y], see
Drensky and Yu [DY2]. We follow the exposition of [DY2].

Lemma 5.5. Let d : K[x,y] — Z* be the degree function on Klz,y| induced by the
lexicographic ordering x >y, i.e. d(f(x,y)) = (a,b) if the leading term of f # 0 is ax®y®,
a € K*. Let ay,...,a, be matrices in GLo(K) which do not belong to the lower triangular
group and let

1 0 .
ci = (e11 + e22) + fiea1 = (f~ 1),@21,...,]{:,

where f1,..., fr are polynomials of positive degree. Then the column-matrices

(%) . 0 (7 o U;—1 .
(UO) - (1) () ~ (Ui_l) Q=L.k,
satisfy the equation

d(vi) = d(u;) 4 d(f;).

Proof. We apply induction on k. Let

_ (o B , (1 0
ai—<a; ﬂ;>aﬁlz7éoacz—(fi 1)

Concrete calculation shows that

()= (o) G 3 (D)= (aurtan)
U1 fi 1 a1 o1 1 Birfi+ B2 )

Since ﬁll 75 0, we obtain that d(ul) = d(ﬁl) = (0,0), d(’Ul) = d(fl), and d(Ul) = d(ul) +

d(f1). We calculate
(uk> ( 1 O) (Oélk /31]€) (uk_l)
Uk T 1 ok Pok Vk—1
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_ ( k-1 + f1rvk—1 )
fr(argug—1 + Brrvi—1) + (aorur—1 + Porvr—_1) )
By induction, d(vg_1) = d(ug—1) + d(frx—1) > d(ug—1) and, since (1 # 0,
d(u) = d(aigur—1 + Prrve—1) = d(vk—1),

d(v) = d(vg-1) + d(fr) = d(uk) + d(fx),
completing the inductive arguments.

Recall that the Euclidean algorithm for two polynomials u(t) and v(¢) calculates the
greatest common divisor of u(¢) 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(¢) = 0. If
r(t) = 0, then the greatest common divisor of u(t) and v(t) is equal to u(t). If r(¢) # 0,
then we replace v(t) with r(¢) and perform the same calculations with w(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

() () E)-C 06 )0 )

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(x, 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(z,y).

Theorem 5.6. (Shpilrain and Yu [SY]) Let p(x,y) € K[x,y]. The following state-
ments for p(x,y) are equivalent:

(i) The polynomial p(x,y) is a coordinate (i.e. an image of x under some automor-
phism of K|z, y]);

(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 ).

Proof. We shall prove only the part which states that if the Euclidean algorithm
applied to the partial derivatives p, and p,, gives a nonzero constant, then p(z,y) is a
coordinate. The proof of the other part uses: (i) the chain rule for the Jacobian matrices
of a product of automorphisms; (ii) the theorem that every automorphism of Klz,y]| is
tame and there is an algorithm which in each step composes the automorphism with an
affine or with a triangular automorphism of the form 7(x) = x + h(y), 7(y) = y and the
degrees of the images of x and y decrease; (iii) the fact that the Jacobian matrix of an affine
automorphism is in GL2(K) and of a triangular automorphism of the form 7(z) = z+h(y),
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7(y) = y is a triangular matrix of the form ¢ = (e11 + e22) + h'(y)e21. Now, let us assume
that the application of the Euclidean algorithm to p, and p, gives a nonzero constant. In
a matrix form this means that

0 T
Dy

where the matrices b; are linear, d; = d;(z,y) = (e11 + e22) + fi(z,y)ear, d,e = 0,1. As
in the description of the tame automorphisms in Section 3, we may assume that b; does
not belong to the lower triangular group and degf; > 1 for i = 1,..., k. (The case when

the column of the matrix is <(1)> is similar.) We denote g(z,y) = bJdibadsy . .. brdy, and

(%) = st (52 5) (2),

In this equation we replace x := a1x + asy, y := (1 + 2y and obtain

0\ ar B Pz + aoy, frz + [ay)
<1> = gla1z + sy, frz + Bay) (Q; 52) (py(ai.%—FOéz%ﬁix"i_ﬁzy)) ’

assume that e =1, i.e.

where g1 (z,y) = g(oux + azy, Bix + Boy) is a product of b;d; (o x + azy, Bix + Pay), i.e.
of the same form as g(z,y). Let q(x,y) = p(aax + azy, 12 + B2y). Then

Gz = a1pz (o1 + aoy, bix + Bay) + aopy(arz + azy, Bix + Bay),

qy = B1pa(a1x + oy, Brx + Boy) + fopy (12 + oy, brx + Bay),

and in a matrix form

(Qm) _ (Oél A ) (px(alﬂﬂ + gy, iz + 52?4))
y ay 2 ) \pylorw + agy, iz + Bay) )

Hence

and we may assume that g(z,y) = b{di(z,y)bads(z,y) . .. bpdr(x,y) and

(7) =sten ().

where the last factor of g(z,y) is di(z,y) (and not bgy1). In this way,

() -ron() -
— (B dy (2, y)bada (2, ) . . by (2, y)) " (?) — cpa ... cra8 ((1’) ,
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where a; = b;l, c; = d;l. By Lemma 5.5, we obtain that the degrees of p,, p, and fi(x,y)
satisfy d(py) = d(pz) + d(fx). First, let fi(x,y) depend on z. Hence d(fi) = (a,b) and
a > 1. Let d(p;) = (¢,d). Then d(p,) = (a+c, b+d) and p, contains as a leading monomial
az® eyt Hence the leading monomial of p,, = (py )z is a(a+c)z®Te1ybT4 (here we use
that @ > 1) and d(py,) = (a + ¢ —1,b+ d). On the other hand, let the leading monomial
of py be Bxcy?. If it depends on vy, then the leading monomial of Pry = (Da)y 18 Bdxtyd1
and d(pgy) = (¢,d — 1). Since pzy = pys, we obtain that (a +c¢—1,b+d) = (¢,d — 1) and
for the second coordinate this is impossible, because all a, b, ¢, d are nonnegative integers.
If the leading monomial of p, does not depend on y, then the monomials of p, containing
y are below than [z¢ in the lexicographic ordering, i.e. the leading monomial of (p,), is
vz¢y" for some e < c—1 and d(pgy) < (c—1,7). We obtain that (a+c—1,b+d) < (c—1,r)
and for the first coordinate this is impossible, because a > 1. The conclusion is that the
polynomial fj does not depend on z and fx = fi(y). We have obtained that

di(@,y) = (f}iy) (1)> ’

((1)) — Wdibods . .. by <fzjy) (1)) (Z’)

In this equation we replace x by = + g(y) where ¢'(y) = fr(y) (i.e. g(y) is an integral of
fr(y)). Tt is easy to see, that

( 1 0) (px(x +g(y),y)) _ ((p(x +g(y),y))x) _ (qm)

frly) 1) \py(x+9(y),y) (P(z 4 9(y), ¥))y @y )’

where q(z,y) = p(x + ¢g(y),y) and we obtain some shorter expression. The first change of
the coordinates

T = ax + oy, y = Gz + B2y

corresponds to a linear automorphism. The second one

r=x+gy),y:=y

to a triangular automorphisms. Hence we have replaced the generators x,y of K[z, y] with
another system of generators. The shorter expression above means a smaller number of
steps of application of the Euclidean algorithm. By inductive arguments, we obtain that g,
and ¢, are the derivatives of the image ¢(z,y) of  under the action of some automorphism
of K|xz,y].

Remark 5.7. The above theorem gives an algorithm to recognize the coordinate
polynomials in K[z,y]. The same algorithm allows to find whether p(z,y) is an image of
x under a tame automorphism of R[x,y] for some commutative algebras R (see [DY2] for
the case R = K|[z]). In this form the algorithm does not allow to decide whether f(z,y) €
R[z,y] is an image of x under the action of a nontame automorphism. Nevertheless, if
the algebra R is good enough (see again [DY2] for R = K|[z]) one can solve this problem
in the following way. The polynomial p(x,y) € (K|z])[z,y] is an image of x under some
automorphism of (K|[z])[z,y] if it is a coordinate polynomial for (K (z))[z,y] and the partial
derivatives py, p, generate Klx,y, z| as an ideal.
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Exercises

1. Using the method of Theorem 5.3, find the inverse (i) of the Nagata automorphism
of K[z,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) = (292 + 41y) + 2(122 + 17y)* + 5(2x + 3y)* + 8(12x + 17y) (2z + 3y)> + 8(2x + 3y)°.

Solution. (i) We assume that 1 =z, 29 =y, 3 = 2z, y1 = t, y2 = u, y3 = v and form
the ideal U of K|[x,y, z,t, u, v] generated by

pr =2 — (t —2(u® + tw)u — (v + tv)*), po =y — (u + (u* +to)v), ps = 2 — v.
We assume that the variables are ordered ¢t > u > v > x > y > z and try to minimize the
leading monomials of p1, p2, p3, replacing one system of generators of U with another and
maybe adding new generators. We mimique the algorithm for calculating of the Grobner
basis of an ideal.

Step 0. We replace p3 := —p3 and obtain p3 = v — z.

Step 1. In p1 and ps we replace v with v +ps = z — (v — z) = 2. In this way, the new
p1, P2, p3 still generate U:

pri=x —t+ 2w +t2)u+ (u? +t2) 2, po =y —u— (v +t2)z, p3 = v — 2.
Step 2. We replace p; := p1+(uz+t2)ps in order to annihilate the summand (u?+t2)%2:
pri=x—t+ W Ft2)y+ (WP +t2)u, pp=y—u— (v +t2)z, ps=v — 2.

Step 3. We add a new relation py := p1z + pou because (following the theory of
Grobner bases) the leading summands tuz of p; and —t22 of py have a common factor tz:

pri=x—t+ (W +t2)y + (u? +t2)u, po =y —u— (u? +t2)z, p3 = v — 2,

Pa = P12z 4 pou = 22 + yu — (u? + t2) + (u® + t2)yz.

Step 4. We replace py := p4 + poy in order to minimize the leading monomial of py:
pa = (22 +y°) — (u® + t2).
Step 5. We minimize the leading monomials of p1, ps:
p1i=p1+pau =z —t+ (W +t2)y + (y° + 22)u,

pri=pr+py =x—t+ (¥ +z2)y + (y* + x2)u,
p2i=po—paz =y —u— (Y +x2)z.
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The result is
pr=x—t+2(y° +z2)y + (v* + 22)u, po =y —u— (y* + 22)z,

p3=U—Z,P4:($Z+y2)—(u2+t7«')-

Pay attention that —ps and p3 are already in the desired form y; — g;(X), as prescribed
by Theorem 5.3.

Step 6. p1 :=p1 +p2(y? +22) =2+ 2(y? + 22)y — (y*> + x2)?2 — t and —p; is also of
the form we need.

Step 7. p1 = —p1, p2 := —pa:

pr=t—(z+2y* +z2)y — (¥* + z2)u), p2 = u — (y — (y* + 22)2),

ps=v—z ps=(vz+y°) — (v +1t2).

Step 8. We try to annihilate ps and replace it by ps := ps + p3 + p1z. After some
calculations we obtain that

pa=2(y — (¥* + 22)2)(—u+ (y — (v + 22)2)) = —2(y — (y* + 22)2)po.

Since p4 is a multiple of ps, we may remove it from the system. The ideal U is generated
by

pr=t—(x+2(y* +z2)y — (v +a2)u), pp=u—(y — (y° +22)2), p3 = v — 2,
which means that the inverse of the Nagata automorphism is defined by

T+ 2y + a2y — (O +a2)u, y —y— (P +az)z, 2 — 2

2. Prove that the following polynomial of K[x,y] is an image of x under some auto-
morphism:

p(x,y) = (462 +65y) +4(122+17y)* +8(22+3y)* +16(12z+ 17y) (22 +3y)> + 16(22 + 3y)°.
Solution. We calculate p, and p, and obtain
pe = 46 + 96(12z + 17y) + 48(2z + 3y)* + 192(2x + 3y)*

+96(12z + 17y)(2z + 3y)? + 192(2z + 3y)°,
py = 65+ 136(122 + 17y) + 72(22 + 3y)* + 272(22 + 3y)*
+144(12z + 17y) (2z + 3y)? + 288(2z + 3y)°.
Applying the Euclidean algorithm, we obtain (the factor 2 is for convenience)

r=2(3p./2 —py,) = 8(1 + 2(12x + 17y) + 4(2z + 3y)?),
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and, replacing r with r/8, we obtain r = 1 + 2(12x + 17y) + 4(2z + 3y)3. The next steps
are
s = py — 48(2z + 3y)*r = 46 + 96(12x + 17y) + 192(2z + 3y)3,

t=5—48r = 2.

Hence we obtained that p, and p, are relatively prime by the Euclidean algorithm. Hence
p(z,y) is the image of  under some automorphism of K|z, y].

3. Show that pi(x,y) = v — 2(y* + 22)y — (y* + 27)?z and pa(z,y) =y + (y* + 27)2
are not images of x under a tame automorphism of (K|z])[x, y].
Solution. Let p = p;. Then

Pe =1—2zy — 2(y° + 22)z, py = —2(y° + 2x) — 4* — 42y(y* + 2x),

px:—222y2+...,py:—4zy3+...

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

P :z2,py =14+ 2yz

and again we cannot apply the Euclidean algorithm.

On the other hand, the ideal of (K|[z])[z,y] generated by p, = 2% and p, = 1 + 2yz
contains pyz — 2yp, = 2, py — 2yz = 1 and coincides with (K[z])[z,y]. Working over K(z),
we obtain that p, = 22 is invertible in K(z) and generates the whole (K (z))[x,y] as an
ideal. By the theorem mentioned in Remark 5.7, we obtain that p is an image of some
(wild) automorphism of (K|[z])[z,y]. This gives one more proof of the theorem of Nagata,
that his automorphism is wild for (K[z])[z, y].
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TOPICS IN ALGEBRA
FINAL EXAMINATION

(K is a field of characteristic 0):
I. Theoretical Question: Choose one of the following:
(i) 1. Prove the Hilbert Basis Theorem: If R is a noetheiran (commutative)

algebra, then the algebra of polynomials R|x] is also noetherian.
(ii) 1. Prove the Molien Formula: If G is a finite subgroup of GL,(K), then the
Hilbert series of the algebra of invariants S = RY = K[z1,...,2,]% has the form

1 1
H(RY t) = — _—
( ) |G| QGZG det(1 — gt)

where det(1 — gt) is the determinant of the matriz 1 — gt.

(iii) 1. Prove the Theorem of Martha Smith: Let § be a triangular derivation
of K[x1,...,x,] and let w € Ker(6). Then the automorphism exp(wd) is stably tame and
becomes tame extended to K|x1,...,Tny1] by exp(wd) : py1 — Tpyt-

IT. Problems: Choose one or two of the following;:

1. Calculate the Hilbert series of R = K|z, y]/(z? — y?);

2. Find the generators of the algebra of invariants K|z, ] of the group G generated
by g and h, where

g(x) = —x, g(y) =y, h(x) =z, h(y) = —y.

3. Find the generators of the algebra of invariants K|xz,y, 2]¢ of the cyclic group G
of order 3 acting on K|[z,y, z] and generated by

[z oy =z
(1 2)
4. Show that the the following derivation of K|u, v, z,y, z] is locally nilpotent and the

polynomials w1, ws belong to its kernel:

0

22 wy = xy—zz, Wy = v2x+u2y—2uvz.

d = 2u(vy—u2)§x —2v(vy—uz)§y + (v2z —u?y)

5. Find the product ¢~ oy~! o700, where ¢,4,0,7 € AutK|[z,y] are defined by
o(x)=2r+y+1,0(y)=v+y—1,
T(x) =2+ 257, 7(y) = v,
Y(x) =z +2y+1,%(y) =r+ 3y +2,

plx)=z+1, ¢(y) =y + 27,

and, by definition, a o B(u) = a(f(u)), for any mappings «, (3.
Suggested combinations: I (i) and II 2, 4; I (ii) and II 1, 5; T (iiii) and II 3.
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