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Preface

The aim of this book is to present the Galois theory of homogeneous lin-
ear differential equations. This theory goes back to the work of Picard and
Vessiot at the end of the 19th century and bears their names. It paral-
lels the Galois theory of algebraic equations. The notions of splitting field,
Galois group, and solvability by radicals have their counterparts in the no-
tions of Picard-Vessiot extension, differential Galois group, and solvability
by quadratures. The differential Galois group of a homogeneous linear dif-
ferential equation has a structure of linear algebraic group; hence it is en-
dowed, in particular, with the Zariski topology. The fundamental theorem of
Picard-Vessiot theory establishes a bijective correspondence between inter-
mediate differential fields of a Picard-Vessiot extension and closed subgroups
of its differential Galois group. Solvability by quadratures is characterized
by means of the differential Galois group. Picard-Vessiot theory was clari-
fied and generalized in the work of Kolchin in the mid-20th century. Kolchin
used the differential algebra developed by Ritt and also built the foundations
of the theory of linear algebraic groups. Kaplansky’s book “Introduction to
Differential Algebra” made the theory more accessible, although it omits an
important point, namely the construction of the Picard-Vessiot extension.
The more recent books by Magid and van der Put and Singer assume that
the reader is familiar with algebraic varieties and linear algebraic groups,
although the latter book compiles the most important topics in an appen-
dix. We point out that not all results on algebraic varieties and algebraic
groups needed to develop differential Galois theory appear in the standard
books on these topics. For our book we have decided to develop the theory
of algebraic varieties and linear algebraic groups in the same way that books
on classical Galois theory include some chapters on group, ring, and field

X1



xii Preface

theories. Our text includes complete proofs, both of the results on algebraic
geometry and algebraic groups which are needed in Picard-Vessiot theory
and of the results on Picard-Vessiot theory itself.

We have given several courses on Differential Galois Theory in Barcelona
and Krakéw. As a result, we published our previous book “Introduction to
Differential Galois Theory” [C-H1|. Although published by a university
publishing house, it has made some impact and has been useful to graduate
students as well as to theoretical physicists working on dynamical systems.
Our present book is also aimed at graduate students in mathematics or
physics and at researchers in these fields looking for an introduction to
the subject. We think it is suitable for a graduate course of one or two
semesters, depending on students’ backgrounds in algebraic geometry and
algebraic groups. Interested students can work out the exercises, some of
which give an insight into topics beyond the ones treated in this book.
The prerequisites for this book are undergraduate courses in commutative
algebra and complex analysis.

We would like to thank our colleagues José Maria Giral, Andrzej No-
wicki, and Henryk Zo}@dek who carefully read parts of this book and made
valuable comments, as well as Jakub Byszewski and Stawomir Cynk for
interesting discussions on its content. We are also grateful to the anonymous
referees for their corrections and suggestions which led to improvements in
the text. Our thanks also go to Dr. Ina Mette for persuading us to expand
our previous book to create the present one and for her interest in this
project.

Finally our book owes much to Jerry Kovacic. We will always be thankful
to him for many interesting discussions and will remember him as a brilliant
mathematician and an open and friendly person.

Both authors acknowledge support by Spanish Grants MTM2006-04895
and MTM2009-07024, Polish Grant N20103831/3261 and European Network
MRTN-CT-2006-035495.

Barcelona and Krakéw, October 2010

Teresa Crespo and Zbigniew Hajto



Introduction

This book has been conceived as a self-contained introduction to differential
Galois theory. The self-teaching reader or the teacher wanting to give a
course on this subject will find complete proofs of all results included. We
have chosen to make a classical presentation of the theory. We refer to the
Picard-Vessiot extension as a field rather than introducing the notion of
Picard-Vessiot ring so as to keep the analogy with the splitting field in the
polynomial Galois theory. We also refer to differential equations rather than
differential systems, although the differential systems setting is given in the
exercises.

The chapters on algebraic geometry and algebraic groups include all
questions which are necessary to develop differential Galois theory. The
differential Galois group of a linear differential equation is a linear algebraic
group, hence affine. However, the construction of the quotient of an algebraic
group by a subgroup needs the notion of abstract affine variety. Once we
introduce the notion of geometric space, the concept of algebraic variety
comes naturally. We also consider it interesting to include the notion of
projective variety, which is a model for algebraic varieties, and present a
classical example of an algebraic group which is not affine, namely the elliptic
curve.

The chapter on Lie algebras aims to prove the equivalence between the
solvability of a connected linear algebraic group and the solvability of its Lie
algebra. This fact is used in particular to determine the algebraic subgroups
of SL(2,C). We present the characterization of differential equations solv-
able by quadratures. In the last chapter we consider differential equations
defined over the field of rational functions over the complex field and present

xiii



xiv Introduction

classical notions such as the monodromy group, Fuchsian equations and hy-
pergeometric equations. The last section is devoted to Kovacic’s powerful
algorithm to compute Liouvillian solutions to linear differential equations of
order 2. Each chapter ends with a selection of exercise statements ranging
in difficulty from the direct application of the theory to dealing with some
topics that go beyond it. The reader will also find several illuminating ex-
amples. We have included a chapter with a list of further reading outlining
the different directions in which differential Galois theory and related topics
are being developed.

As guidance for teachers interested in using this book for a postgraduate
course, we propose three possible courses, depending on the background and
interests of their students.

(1) For students with limited or no knowledge of algebraic geometry
who wish to understand Galois theory of linear differential equa-
tions in all its depth, a two—semester course can be given using the
whole book.

(2) For students with good knowledge of algebraic geometry and alge-
braic groups, a one—semester course can be given based on Part 3
of the book using the first two parts as reference as needed.

(3) For students without a good knowledge of algebraic geometry and
eager to learn differential Galois theory more quickly, a one-semester
course can be given by developing the topics included in the fol-
lowing sections: 1.1, 3.1, 3.2, 3.3, 4.4 (skipping the references to
Lie algebra), 4.6, and Part 3 (except the proof of Proposition 6.3.5,
i.e. that the intermediate field of a Picard-Vessiot extension fixed
by a normal closed subgroup of the differential Galois group is a
Picard-Vessiot extension of the base field). This means introducing
the concept of affine variety, defining the algebraic group and its
properties considering only affine ones, determining the subgroups
of SL(2,C) assuming as a fact that a connected linear group of
dimension less than or equal to 2 is solvable, and developing differ-
ential Galois theory (skipping the proof of Proposition 6.3.5).



Part 1

Algebraic Geometry



In Part 1, we introduce algebraic varieties and develop the related topics
using an elementary approach. In the first chapter we define affine varieties
as subsets of an affine space given by a finite set of polynomial equations.
We see that affine varieties have a natural topology called Zariski topology.
We introduce the concept of abstract affine variety to illustrate that giving
an affine variety is equivalent to giving the ring of regular functions on each
open set. We then study projective varieties and see how functions defined
on a projective variety can be recovered by means of the open covering of
the projective space by affine spaces.

In the second chapter we study algebraic varieties, which include affine
and projective ones. We define morphism of algebraic varieties, the dimen-
sion of an algebraic variety, and the tangent space at a point. We analyze
the dimension of the tangent space and define simple and singular points
of a variety. We establish Chevalley’s theorem and Zariski’s main theorem
which will be used in the construction of the quotient of an algebraic group
by a closed subgroup.

For more details on algebraic geometry see [Hu], [Kle], and [Sp]. For
the results of commutative algebra see [A-M], [L], and [Ma)].

Unless otherwise specified, C' will denote an algebraically closed field of
characteristic 0.



Chapter 1

Affine and Projective
Varieties

In this chapter we define an affine variety as the set of points of the affine
space A" over the field C' which are common zeros of a finite set of poly-
nomials in C[X3,...,X,]. An important result is Hilbert’s Nullstellensatz
which establishes a bijective correspondence between affine varieties of A™
and radical ideals of the polynomial ring C[Xy,...,X,]. We define analo-
gously projective varieties of the projective space P" as the set of common
zeros of a finite set of homogeneous polynomials, and we state a projective
Nullstellensatz.

1.1. Affine varieties

Let C[X1, X2, . .., Xn] denote the ring of polynomials in the variables X7, Xo,
..., Xnpover C. The set C" =C x .- x C will be called affine n-space and
denoted by A7 or just A". We define an affine variety as the set of common
zeros in A% of a finite collection of polynomials in C[X1,..., Xy]. To each
ideal I of C[X1,...,Xp] we associate the set V(I) of its common zeros in
A%. By Hilbert’s basis theorem, the C-algebra C[X1, ..., Xy] is Noetherian;
hence each ideal of C[X1,...,X,] has a finite set of generators. Therefore
the set V(I) is an affine variety. To each subset S C A% we associate the
collection Z(.S) of all polynomials vanishing on S. It is clear that Z(S) is an
ideal and that we have inclusions S C V(Z(S)), I € Z(V(I)), which are not
equalities in general.

Example 1.1.1. If f € C[X;,X2,...,X,) \ C, the affine variety V(f) is
called a hypersurface of A%.

3



4 1. Affine and Projective Varieties

If P=(x1,...,2,) € A%, {P} = V(X1 — 21,...,Xn — xp) is an affine
variety.

The following two propositions are easy to prove.
Proposition 1.1.2. Let S, S1,S2 denote subsets of A, I1, I denote ideals
of C[X1,...,Xy,]. We have
a) S1 C Se = I(S1) D Z(S?),
b) I C I = V(I1) D V(I2),
¢) I(S) = C[X1, X2, ..., Xn] © S =0.
Proposition 1.1.3. The correspondence V satisfies the following equalities:
a) AL =V(0),0 =V(C[Xy,...,X5]),
b) If I and J are two ideals of C[X1,...,X,], VI)UV(J)=V(INJ),

¢) If {I,} is an arbitrary collection of ideals of C[X1,...,Xz], NaV(la) =
V(3 oo la)-

We then have that affine varieties in A7, satisfy the axioms of closed
sets in a topology. This topology is called Zariski topology. Hilbert’s basis
theorem implies the descending chain condition on closed sets and therefore
the ascending chain condition on open sets. Hence A is a Noetherian topo-
logical space. This implies that it is quasicompact. However, the Hausdorff
condition fails.

Example 1.1.4. For a point P = (z1,%2,...,2,) € A}, the ideal Z(P) =
(X1—z1, Xo—x2, ..., Xn—xy) is maximal, as it is the kernel of the evaluation
morphism

vp - C[Xl,Xz,...Xn] — o
f = f(P).

We recall that for an ideal I of a commutative ring A the radical VT of
I is defined by

VI:={a€A:d" €I for somer > 1}.

It is an ideal of A containing I. A radical ideal is an ideal which is equal
to its radical. An ideal I of the ring A is radical if and only if the quotient
ring A/I has no nonzero nilpotent elements. As examples of radical ideals,
we have that a prime ideal is radical and ideals of the form Z(S) for S C A%
are radical ideals of C[X1,..., X,].

Example 1.1.5. The ideal (X; X32) is a radical ideal of C[X71, ..., X,;] which
is not prime. The ideal (X2—1) is a radical ideal of C[X] which is not prime.
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For an ideal I of C[X1,..., Xy, we can easily see the inclusion v/T C
Z(V(I)). When the field C is algebraically closed, equality is given by the
next theorem.

Theorem 1.1.6. (Hilbert’s Nullstellensatz) Let C' be an algebraically
closed field and let A = C[X1,...,X,]. Then the following hold:

a) Every mazimal ideal M of A is of the form

M= (X1 —xl,Xg —.’EQ,...,Xn —:L‘n) ZI(P),
for some point P = (x1,%2,...,%n) in AB.
b) If I is a proper ideal of A, then V(I) # 0.
¢) If I is any ideal in A, then

VI = Z(V(I)).

Remark 1.1.7. Point b) justifies the name of the theorem, namely “theorem
on the zeros”. To see the necessity of the condition C algebraically closed,
we can consider the ideal (X2 + 1) in R[X].

For the proof of Hilbert’s Nullstellensatz we shall use the following result,
which is valuable on its own.

Proposition 1.1.8 (Noether’s normalization lemma). Let C be an arbitrary
field, R = C|x1,...,2Zy] a finitely generated C-algebra. Then there exist
elements y1,...,yr € R, with r < n, algebraically independent over C' such
that R is integral over Clyi, ..., Yr].

Proof. Let ¢ : C[X1,...,X,] = C|z1,...,z,] be the C-algebra morphism
given by ¢(X;) = z;,1 < i < n. Clearly, ¢ is an epimorphism. If it
is an isomorphism, we just take y; = x;,1 < ¢ < n. If not, let f =
> ail_,,ianl ... X be a nonzero polynomial in Ker . We introduce an or-
der relation in the set of monomials by defining a;,. ;, X fl .. .X}';'
< aizlﬂ_i;lXill...X,i" if and only if (1,...,%,) < (¢},...,4,), with respect
to the lexicographical order, i.e. for some k € {1,...,n}, we have ¢ = 1] if
Il <kand i < zfc Let aj,..j, X f‘ ...X,J;" be the largest nonzero monomial
in f. We can assume a;,. j, = 1. Let now d be an integer greater than all
the exponents of the n variables appearing in the nonzero monomials of f.
We consider the polynomial

h(X1, .., Xn) = f(X1+ X5 Xo + X7 X1 + X2 X)),

The monomial a;;. ;, X fl e X}'{' in f becomes under the change of variables

i dn—1 .dn_2 i _1di . .
sy, X @ R d i terms of lower degree in X,; hence h is
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monic with respect to X, and its leading term is X¢ with ¢ = j;d"~! +
j2d™ % + ... + ju_1d + jn. The monic polynomial

-1 —2
9(X) :== h(z1 —:z:fll" , T2 —:cfln yee ey L1 —mi,X)

then satisfies g(z,) = f(z1,...,2,) = 0, which gives that the ring

dan—1 dn—2 d
Clz1,z2,...,2p] =Clz1 — 28 22— 28 ..., Tn-1— T, Ty
is integral over the ring
dn—1 dn—2 d
Ry :=Clzy — 2% ,z0—25% ~,...,Tp-1— 25

If the ring R; is isomorphic to the ring of polynomials C[X}, ..., X,—1], then
the proof is finished. Otherwise, by repeating the process we obtain a ring
Ry generated over C' by n — 2 elements over which R; is integral and, by
transitivity of integral dependence, R as well . Since R is finitely generated
over C, in a finite number of steps we obtain the result. The case in which
r =0, i.e. R is integral over C, is not excluded. d

Remark 1.1.9. Let us consider the ring R in Proposition 1.1.8 and let us
assume that it is an integral domain. If we denote by K the fraction field
of R, we have that the elements y;,...,y, form a transcendence basis of K
over C; hence the transcendence degree of K over C is equal to 7.

Corollary 1.1.10. Let S C R be two finitely generated domains over C.
Then there exist elements f € S and z1,...,z, € R, algebraically indepen-
dent over Sy such that Ry is integral over S¢(zy,. .., 2y

Proof. Let K C L be the fields of fractions of S and R. Denote by R’ the
localization of R with respect to the multiplicative system S* of the nonzero
elements of S. We apply Proposition 1.1.8 to the finitely generated K-
algebra R'. There exist elements z1,...,z, in R’ algebraically independent
over K such that R is integral over K[zy,...,z,]. It is clear that the
elements z; can be chosen in R as the denominators appearing are invertible
in K. Now R is finitely generated over S and each generator satisfies an

integral dependence relation over K[zi,...,z,]. By choosing a common
denominator f for the coefficients of all these relations, we obtain that Ry
is integral over S¢(z1,...,zy). a

For the proof of the Hilbert’s Nullstellensatz, we use the following propo-
sition, sometimes called “weak Nullstellensatz”.
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Proposition 1.1.11. Let C be an arbitrary field, R = Clz1,...,z,] a
finitely generated C-algebra. If R is a field, then it is algebraic over C.

Proof. By Noether’s normalization Lemma 1.1.8, there exist elements v, .. .,
yr € R, with r < n, algebraically independent over C such that R is inte-
gral over A := Clyi,...,yq], hence a finite A-algebra. This implies that
A is a field. Indeed, a nonzero element o in A has an inverse ™! in
R. Writing down an integral dependence relation for a~! over A4, o™ +
ara” ™+ ... +a, 107+ a, =0, and multiplying it by a” "1, we obtain
al=—(a1+ +ap_10"%2+a,a" 1) € A But A can only be a field for
d =0, so R is a finite extension of C, hence algebraic over C. O

Proof of Hilbert’s Nullstellensatz.

a) Let 9 be a maximal ideal in A. Then we have that K := A/ is
a field, which is generated over C by the residue classes X; mod 9t. By
Proposition 1.1.11, K is algebraic over C and, as C' is algebraically closed,
the natural morphism of C-algebras

¢:C = C[X1,Xz,... Xn] & C[X1,X2,..., Xn]/ M=K

is an isomorphism between C' and K. Let z; := ¢ }(X; modOM), 1 <
i < n. Then X; — z; € Kerm = 9 and so, (X1 — z1, X2 — z2,...,Xpn —
Zn) C M. As (X1 —21,X2—x2,..., X, —z,) is a maximal ideal, we have
equality.

b) Let I & A. There exists a maximal ideal 9 of A such that I C 9t. From
a) we have 9t = Z(P) for some point P € A%, so {P} C V(Z(P)) Cc V(I);
hence V(I) is not empty.

c) For an ideal I of A we want to prove that if f is an element in Z(V(I)),
then f" belongs to I for some integer r. We shall use Rabinowitsch’s
trick, which consists of adding a variable T" and considering the natural
inclusion C[Xy, Xa,...,X,] C C[X1,X2,...,Xn,T] and the ideal J =
(I, Tf —1) of C[ X1, Xa,...,X,,T]. We clearly have

V(J) = {(z1,22,.,2n,y) = (P,y) € AF : P € V(I) and yf(P) = 1}.

Projection onto the first n coordinates maps V(J) to the subset of V(I)
of points P with f(P) # 0. But f belongs to Z(V(I)), so V(J) = 0. By
b), we then have J = C[X1, X2,..., Xy, T]. In particular, 1 € J, so we
can write
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m
(1.1) 1= gifi+go(Tf - 1),
i=1
for some g; € C[X1,X2,...,Xn,T), fi € I. Let T" be the highest power
of T' appearing in the polynomials g;, for 0 < 7 < m. Multiplying (1.1)
by f" gives

fr=> Gifi+Go(Tf - 1),
=1

where the G; = f"g; are polynomials in X, ..., X,,Tf. Considering this
last equality modulo T'f — 1, we obtain the relationship

m
fr=> hifi mod(Tf —1),
i=1
where h;(X1,...,X,) = Gi(X1,...,Xn,1),1 <i < m. Now the natural
morphism

C[X1,Xa,..., X < C[X1,Xa, ..., Xn,T) - C[X1, X, ..., Xn, T)/(Tf-1)

is injective. So we have the equality

m
fr=Y hif;
=1
in C[Xy,...,X,). Thus fm €. ]

Remark 1.1.12. In the proof of Hilbert’s Nullstellensatz, the hypothesis C
algebraically closed was only used to prove a). Then b) was proved assuming
a) and c) was proved assuming b). For any field C' it can be proved that the
three statements are equivalent. Indeed assuming c), if 91 is a maximal ideal
of C[X1,Xa,. .., Xn], we have Z(V(IM)) = VIt = M ¢ C[X1, X2, ..., Xn);
hence V(IM) # 0. If P € V(M), then M C Z(P), and as M is maximal,
M =Z(P).

As a consequence of Hilbert’s Nullstellensatz, we have that V and Z
set a bijective correspondence between the collection of all radical ideals of
C[Xi,...,Xp,] and the collection of all affine varieties of A% which inverts
inclusion.

Recall that a nonempty topological space X is said to be reducible if it
can be written as a union of two closed proper subsets. It is irreducible if
it is not reducible, or equivalently, if all nonempty open subsets of X are
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dense. A subset of a topological space is reducible (resp. irreducible) if it
is so as a topological space with the induced topology. Recall as well that
a Noetherian topological space can be written as a union of its irreducible
components, i.e. its finitely many maximal irreducible subsets. If a subset
is irreducible, its closure is also; so irreducible components are closed.

For closed subsets in A7 irreducibility is characterized in terms of the
corresponding ideal by the following proposition.

Proposition 1.1.13. A closed set V' in A% is irreducible if and only if its
ideal Z(V') is prime. In particular, A% itself is irreducible.

Proof. Write I = Z(V). Suppose that V is irreducible and let fi, fa €
C[X1,...,Xn] such that fifo € I. Then each P € V is a zero of f; or fo;
hence V' C V(I1) U V(I2), for I; the ideal generated by f;,7 = 1,2. Since V
is irreducible, it must be contained within one of these two sets, i.e. f; € I
or fo € I, and I is prime.

Reciprocally, assume that [ is prime but V = V; U V3, with Vi, Vo closed
in V. If none of the V;’s covers V, we can find f; € Z(V;) but f; ¢ I,i=1,2.
But f; fo vanish on V|, so fif2 € I, contradicting that I is prime. O

Example 1.1.14. As C[X;, X2,...,Xy] is a unique factorization domain,
for f € C[X1,...,X5]\ C, the irreducible components of the hypersurface
V(f) in A™ are just the hypersurfaces defined as the zero sets of the irre-
ducible factors of f.

Example 1.1.15. For the closed set V(X3 X2) C A", V(X1 X2) = V(X1)U
V(X32) is the decomposition as the union of its irreducible components which
are coordinate hyperplanes. For the closet set V(X2 —1) C A%, V(X?2-1) =
V(X —1)UV(X + 1) is the descomposition as the union of its irreducible
components which are points.

From Hilbert’s Nullstellensatz and Proposition 1.1.13, we obtain that V
and Z set the following bijective correspondences.

{radical ideals of C[X1, X2,...,Xn]} < {closed sets in A%},
{prime ideals of C[X1, X3, ..., X,]} <> {irreducible closed sets in A%},

{maximal ideals of C[X1, X3,...,Xn]} <> {pointsin AZ}.

A principal open set of A% is the set of non-zeros of a single polynomial.
We note that principal open sets are a basis of the Zariski topology. The
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closure in the Zariski topology of a principal open set is the whole affine
space. Hence, as A% is irreducible, we obtain that principal open sets are
irreducible.

If V is closed in A%, each polynomial f(X) € C[Xy,...,X,] defines a
C-valued function on V. But different polynomials may define the same
function. It is clear that we have a 1-1 correspondence between the distinct
polynomial functions on V and the residue class ring C[Xy, ..., X,|/Z(V).
We denote this ring by C[V] and call it the coordinate ring of V. It is
a finitely generated algebra over C and is reduced (i.e. without nonzero
nilpotent elements) because Z(V) is a radical ideal.

Remark 1.1.16. If V is an affine variety in A%, we can consider in V the
Zariski topology induced by the topology in A%. The closed sets in this
topology can be defined as V(I) := {P € V : f(P) =0, Vf € I} for an ideal
I of C[V].

If V is irreducible, equivalently if Z(V) is a prime ideal, C[V] is an
integral domain. We can then consider its field of fractions C(V'), which is
called function field of V. Elements f € C(V) are called rational functions
on V. Any rational function can be written f = g/h, with g,h € C[V]. In
general, this representation is not unique. We can only give f a well-defined
value at a point P if there is a representation f = g/h, with h(P) # 0. In
this case we say that the rational function f is regular at P. The domain of
definition of f is defined to be the set

dom(f) ={P eV :f isregular at P}.

Example 1.1.17. We consider V := V(Y?-X3+X) C AZ and P = (0,0) €
V. The function X/Y is regular at P as it can be written as Y/(X2 — 1) in
C(V).

Proposition 1.1.18. Let V be an irreducible variety. For a rational func-

tion f € C(V), the following statements hold

a) dom(f) is open and dense in V.

b) dom(f) =V & feC[V].

c) If he C[V] and V}, := {P € V : h(P) # 0}, thendom(f) DV, & f €
C[V][1/h].

Proof. a) For f € C(V), we consider the ideal of denominators

J;={h e C[V]:hf € C[V]} c C[VI.
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Then dom(f) = {P € V : h(P) # 0 for some h € J¢}; hence its comple-
ment V' \ dom(f) = V(Jy) is closed. As dom(f) is an open subset of the
irreducible closed subset V, it is dense in V.

b) dom(f) =V & V(J;) = 0. By Hilbert’s Nullstellensatz 1.1.6, this last
equality implies 1 € Jy and so f € C[V].

c) We have dom(f) D Vj if and only if A vanishes on V(J¢). By Hilbert’s

Nullstellensatz, this is equivalent to A" € J; for some 7 > 1. This means
that f = g/h" € C[V][1/h]. a

Part b) of Proposition 1.1.18 says that the polynomial functions are
precisely the rational functions that are “everywhere regular”.

If U is an open subset of an irreducible variety V, a rational function f
in C(V) is regular on U if it is regular at each point of U. The set of rational
functions of C(V') which are regular on U is a subring of C(V'). We denote
it by O(U).

The local ring of V' at a point P € V is the ring

Op:={feC(V): f isregular at P}.
It is isomorphic to the ring C[V]on, obtained by localizing the ring C[V] at

the maximal ideal Mp = {f € C[V] : f(P) = 0}. This is indeed a local
ring, i.e. it has a unique maximal ideal, namely 9pC[V]on,.

Remark 1.1.19. If V is an irreducible affine variety, then

Clvl= () Or.
PeV

Indeed, as C[V] is an integral domain, we can apply [Ma| Lemma 2, p.8.

If V is an arbitrary affine variety, U an open subset of V', a function
f: U — C is regular at a point z in V if there exists g,h € C[V] and an
open subset Uy of U containing z such that for all y € Up, h(y) # 0 and
f(y) = g9(y)/h(y). A function f: U — C is regular in an open subset U’ of
U if it is regular at each point of U’.

Let us observe that a principal open set can be seen as an affine variety.
If Vi = {z € A} : f(z) # 0}, for some f € C[Xy,...,Xy], the points
of V; are in 1-1 correspondence with the points of the closed set of A’C’.H
{(z1,...,Zn,Znt1) ¢ f(z1,...,2n) ZTnt1 — 1 = 0}. Hence V; has an affine
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variety structure and its coordinate ring is C[Vy] = C[X1,..., Xna,1/f], ie.
the ring C[X1,. .., X,] localized in the multiplicative system of the powers
of f.

More generally, for V' an affine variety, f € C[V], the algebra of regular
functions on the principal open set Vy := {z € V : f(z) # 0} is the algebra
C[V]y, i.e. the algebra C[V] localized in the multiplicative system of the
powers of f. We note that arbitrary open sets of an affine variety cannot be
given the structure of an affine variety. (See Exercise 11.)

Now let V' C A%, W C A7 be arbitrary affine varieties. Amapo: V —
W is a morphism of affine varieties if for x = (z1,...,2,) € V, o(21,...,2,) =
(p1(2), ..., pm(z)), for some ¢; € C[V]. A morphism ¢ : V — W is con-
tinuous for the Zariski topologies involved. Indeed if Z C W is the set of
zeros of polynomial functions f; on W, then ¢~!(Z) is the set of zeros of the
polynomial functions f;op on V. With a morphism ¢ : V. — W, a C-algebra
morphism ¢* : C[W] — C[V] is associated, defined by ¢*(f) = f o ¢. Note
that if y1,...,ym are the coordinate functions on W, we have ¢; = ¢*(y;);
hence ¢ is recovered from ¢*. If X is a third affine variety and ¢ : W — X
a morphism, we clearly have (¢ o p)* = ¢* o 9*.

Proposition 1.1.20. If ¢ : V — W is a morphism of affine varieties for
which (V) is dense in W, then ¢* is injective.

Proof. Let f,g € C[W] such that ¢*(f) = ¢*(g). We consider the subset
{y e W: f(y) = g(y)} of W. It is clearly closed. On the other hand it
contains p({z € V : f(p(z)) = g(p(x))}) = ¢(V); hence it is dense in W.
So it is equal to W. O

The morphism ¢ : V — W is an isomorphism if there exists a morphism
Y : W — V such that ¥ o ¢ = Idy and ¢ o 9 = Idw, or equivalently
¢* : C[W] — C[V] is an isomorphism of C-algebras (with its inverse being
1¥*). We say that the varieties V, W defined over the same field C are
isomorphic if there exists an isomorphism ¢ : V — W.

We will often need to consider maps on an irreducible affine variety V'
which are not everywhere defined, so we introduce the following concept.

Definition 1.1.21. a) If V is an irreducible affine variety, a rational map
@ : V. — A% is an n-tuple (¢1,...,pn) of rational functions ¢i,...,¢, €
C(V). The map ¢ is called regular at a point P of V if all ¢; are regular
at P. The domain of definition dom(yp) is the set of all regular points of ¢,
i.e. dom(yp) =N, dom(ep;).
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b) For an affine variety W C A%, a rational map ¢ : V — W is an n-tuple
(¢1,...,¢n) of rational functions ¢1,...,¢, € C(V) such that o(P) :=
(p1(P),...,pn(P)) € W for all P € dom(y).

A rational map ¢ : V' — W induces a C-algebra morphism ¢* : C[W] —
C(V) given by g — g o ¢. To determine when it is possible to extend this
morphism to C(W), in the case when W is also irreducible, we make the
following definition.

Definition 1.1.22. A rational map ¢ : V — W is called dominant if
¢(dom(y)) is a Zariski dense subset of W.

Proposition 1.1.23. For irreducible affine varieties V and W, the following
hold.

a) Every dominant rational map ¢ : V- — W induces a C-linear morphism
*: C(W) = C(V).

b) If f : C(W) — C(V) is a field homomorphism which is C-linear, then
there exists a unique dominant rational map ¢ : V — W with f = p*.

c) Ifo: V> W andy : W — X are dominant, then oy : V — X is also
dominant and (Y o )* = @* o P*.

Proof. a) If ¢ is defined by 1, . .., @n, with ¢; € C(V), then for g € C[W],
9(®1,...,n) € C(V). Hence ¢ induces a C-algebra morphism ¢* : C[W] —
C (V). Now if ¢*(g) = 0, then g vanishes on ¢(dom(y)), which is dense in
W, so g = 0, hence ¢* is injective, so it extends to C(W).

b) If W C A™, then the restrictions z1, 22, . . ., z, of the coordinate functions
to W, generate C(W). Let ¢; := f(x;) € C(V) and ¢ := (¢1,...,¢n). Then
o defines a rational map from V to W and f = ¢* by construction. Now
90|*C[W] = ficiw) is injective, so ¢ is dominant, as otherwise there will be
nonzero elements in C[W] vanishing at ¢(dom(¢p)), hence in Ker ¢*.

c) As p(dom(p)) Ndom ) # B, the composition makes sense and both state-
ments are clear. O

Definition 1.1.24. Let V, W be irreducible affine varieties. A rational map
¢ : V. — W is called birational (or a birational equivalence) if there is a
rational map ¢ : W — V with p 09 = Idgom(y) and 9 o ¢ = Idgom(y)-

Definition 1.1.25. Two irreducible varieties V and W are said to be bira-
tionally equivalent if there is a birational equivalence ¢ : V — W.

Proposition 1.1.26. Let V, W be irreducible affine varieties. For a rational
map ¢ : V — W, the following statements are equivalent.

a) ¢ 1is birational.
b) ¢ is dominant and ¢* : C(W) — C(V) is an isomorphism.
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¢) There are nonempty open sets Vo C V and Wy C W such that the re-
striction @)y, : Vo — Wy is an isomorphism.

Proof. a) = b) The rational map ¢ : W — V such that p o9 = Idw and
1 o = Idy is regular in a dense open set of W; hence ¢ is dominant. As
(V) is dense in W, ¢* is injective. Analogously, ¥* is injective.

b) = a) We define ¢ : W — V by taking 9 = (¢*(z;)); for z; the
restriction to V of the coordinate functions. By construction we have po =
Idw and 9o p = Idy.

a) = c) Let ¢ = (p1,...,¢n) and @; = f;/F for f;, F € C[V]. Then
@i € C[VF], for VF the principal open set defined by the nonvanishing of
F. Analogously, if ¥ = (¢1,...,%s) and ¢; = g;/G for ¢;, G € C[W], then
;i € C[Wg]. By taking Vo = Vr N¢p(domep) and Wy = W N p(dom ), we
obtain the result.

c) = b) ¢ is dominant as Wy C ¢(dom ) and ¢* is an isomorphism from
C(W) = C(Wp) onto C(V) = C(W). O

We now prove that every irreducible affine variety is birationally equiv-
alent to a hypersurface in some affine space. This fact will be used to
determine the dimension of the tangent spaces of a variety.

Proposition 1.1.27. Every irreducible affine variety V is birationally equiv-
alent to a hypersurface in some affine space A™.

Proof. The field C(V) is finitely generated over C. Then by Proposition
1.1.8, there exist elements z1, . . ., z4 in C(V), algebraically independent over
C, such that C(V) is algebraic over C(z1,...,24). Since we are assuming
char C = 0, we can apply the primitive element theorem and obtain C(V) =
C(z1,...,24)(z4+1) for some element x4, algebraic over C(z1,...,zq). We
then have an algebraic dependence relation f(z1,...,z4,z4+1) = 0, with f €
C[X1,...,X4+1]- Let W be the hypersurface in A", with n = d + 1, defined
by the vanishing of the polynomial f. Then by construction C(W) ~ C(V),
so V and W are birationally equivalent by Proposition 1.1.26. O

We shall now introduce the notion of dimension of an affine variety. If
X is a noetherian topological space, we define the dimension of X to be the
supremum of all integers n such that there exists a chain Zg C Z; C --- C
Z, of distinct irreducible closed subsets of X. We define the dimension
of an affine variety to be its dimension as a topological space. Clearly
the dimension of an affine variety is the maximum of the dimensions of its
irreducible components. For a ring A, we define the Krull dimension dim A
of A to be the supremum of all integers n such that there exists a chain Py C
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P, C - C Py, of distinct prime ideals of A. If V' C A% is an affine variety, by
Proposition 1.1.13, irreducible closed subsets of V' correspond to prime ideals
of C[Xy,...,X,] containing Z(V) and these in turn correspond to prime
ideals of C[V]. Hence the dimension of V is equal to the Krull dimension
of its coordinate ring C[V]. We now recall that dim C[X;, X3,...,X,] =n
(Ma] § 14, Theorem 22) which, by the preceding, implies dim A% = n.
We recall as well that if a noetherian ring R is integral over a noetherian
subring S, then dimS = dim R ([Ma] § 13, Theorem 20). Now in the
situation of Noether’s normalization lemma (Proposition 1.1.8) and with
the same notations there, we have dim R = r. Hence the dimension of a
finitely generated integral domain R over C is equal to the transcendence
degree of its fraction field over C. (See Remark 1.1.9.) We then obtain that
if V' is irreducible, the dimension of V is equal to the Krull dimension of
C[V] and equal to the transcendence degree trdeg[C(V') : C] of the function
field C(V) of V over C.

We now give a geometric interpretation of Noether’s normalization lemma.
Let V C A™ be an affine irreducible variety. We consider the ring C[V]
= C[X1,...,Xn]/Z(V) and denote by z; the image of X; in C[V],1 < i < n.
Then C[V] = C[z1,...,%y] is a finitely generated integral domain over C.
By Proposition 1.1.8, there exist elements y1, ...,y € C[V], with r < n, al-
gebraically independent over C such that C[V] is integral over C[y1,...,Yr)
The elements y; lift to elements g; € C[X7, ..., X,], which define a morphism
Y = (91,...,9) : A" — A". The restriction ¢ of ¢ to V is independent of
the choice of the 7; as g; mod Z(V) = y;. We will now show that the fibers
of ¢ are finite and nonempty.

Proposition 1.1.28. Let p : V — A" be defined as above. For each P € A",
the fiber o~1(P) is finite and nonempty.

Proof. We first prove that ¢~1(P) is finite. As C[V]is integral over the ring
Cly1, -, yr], there exist an integer N and polynomials f}, 0 < j < N — 1,
1 <4 < n such that

x'fv_l_f]zV—l(ylaayr)w?],V_l-i_+fit(y1aayr)xz+f6(y1>)yr) :0a
1<i1<n.

So, we have

X'Ljv+f}V—l(glaagT)XzN_1++fit(g1a’§7‘)X'L+f(7)'(§1”y‘r)
=: g’i(X17~--)Xn) EI(V)



16 1. Affine and Projective Varieties

IfQ=1(q,...,q,) € V, we have g;(q1,...,¢,) = 0 and so g; is a solution of
the equation f;(g;) = 0, where

FiX) = XN by ye) XV fi ) X R )

Now, as V is irreducible, we can consider its function field C(V') and see
fi(X) as a polynomial in C(V)[X]. Then each f; has a finite number of
roots. Thus for any point P = (y1,...,yr) € A" we have only finitely many
points @ € V with ¢(Q) = P.

To show that ¢~ !(P) is always nonempty, it is enough to show that for
every point P = (p1,...,pr) € A", we have

(1.2) Ip :=IZ(V)+ (y1 = p1,-- - yr — pr) # C[X1,..., Xa]

as, by Hilbert’s Nullstellensatz, this will imply ¢~!(P) = V(Ip) # 0. As-
sertion (1.2) is equivalent to (y1 — p1,...,¥r — pr) # C[z1,...,2Zn). Since
(y1—p1,- .-, Yr—pr) is a maximal ideal in C[yy, . . ., y,], in particular a proper
ideal, we can apply Nakayama’s lemma (see [Ma] p. 11) to the C[y1, ..., yr]-
finite algebra C[V] and obtain (y; — p1,...,yr —pr) # Clz1,. .., Z4]. O

The preceding proposition gives that an affine irreducible variety V' of
dimension r can be seen as a finite covering of the affine space A".

We now consider extension of scalars for affine varieties. Let V' C A% be
an affine variety and L an algebraically closed field containing C'. We shall
denote by Vi the affine variety contained in A} defined by V; = V(1)
for It = Z(V)L[X4,...,Xn]. We call Vi, the variety obtained from V by
extending scalars to L. The coordinate ring of Vy, is L[V] = LR C[V]. It
is clear that if V, W are affine varieties defined over C, we have V ~ W =
Vi ~ Wy. The next proposition gives the converse of this implication. For
its proof we are following a suggestion of Jakub Byszewski.

Proposition 1.1.29. Let K, L be algebraically closed fields with K C L.
Let VW be affine algebraic varieties defined over K. Let Vi, Wy, be the
varieties obtained from V,W by extending scalars to L. If Vi and W1, are
isomorphic, then V and W are isomorphic.

Proof. Let A = K[V],B = K[W]. These are finitely generated K-algebras.
Let us write A = K|[z1,...,2,),B = K[y1,...,Ym]. The isomorphism be-
tween Vi, and Wy, induces an L-algebra isomorphism

f:A®x L=1L[zy,...,2,) > BQL = Lly1,...,Ym)
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Then f(z;) is a polynomial in yi, ..., yn with coefficients in L, 1 < 4
n, f~(y;) is a polynomial in z1,...,z, with coefficients in L, 1 < j
m. Let S C L be the K-algebra generated by the coefficients of all these
polynomials. Then S is a finitely generated K-algebra and we have an
isomorphism

<
<

(1.3) AQx SS BRgk S.

As K is algebraically closed, using Proposition 1.1.11, we have either S = K,
in which case we obtain A ¥~ AQx K ~ BQxg K ~ B; hence V ~ W as
wanted or S is not a field. In this latter case, let 9t be a maximal ideal in S.
As S is a finitely generated K-algebra and K is algebraically closed, we have
S/9M ~ K (by Hilbert Nullstellensatz 1.1.6). Tensoring the isomorphism
(1.3) by S/91 over S, we obtain

A®KS®SS/9ﬁ 5 B®KS®SS/9ﬁ

AR 4
A K=A — BQ®gK=B.

Hence V ~ W. O

1.2. Abstract affine varieties

So far we have considered affine varieties as closed subsets of affine spaces.
We shall now see that they can be defined in an intrinsic way (i.e. not
depending on an embedding in an ambient space) as topological spaces
endowed with a sheaf of functions satisfying the properties of the regular
functions.

Definition 1.2.1. A sheaf of functions on a topological space X is a func-
tion F which assigns to every nonempty open subset U C X a C-algebra
F(U) of C-valued functions on U such that the following two conditions
hold:

a) If U C U’ are two nonempty open subsets of X and f € F(U’), then the
restriction fjy belongs to F(U).

b) Given a family of open sets Uj;, 7 € I, covering U and functions f; € F(U;)
for each ¢ € I, such that f; and f; agree on U; N Uj, for each pair of
indices 4, j, there exists a function f € F(U) whose restriction to each U;
equals f;.

Definition 1.2.2. A topological space X together with a sheaf of functions
Ox is called a geometric space. We refer to Ox as the structure sheaf of
the geometric space X.
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Definition 1.2.3. Let (X,Ox) and (Y,Oy) be geometric spaces. A mor-
phism

v : (X,0x) = (Y,0y)

is a continuous map ¢ : X — Y such that for every open subset U of Y and
every f € Oy (U), the function *(f) := f o ¢ belongs to Ox (¢~ 1(U)).

Example 1.2.4. Let X be an affine variety. To each nonempty open set
U C X we assign the ring Ox (U) of regular functions on U. Then (X, Ox)
is a geometric space. Moreover the two notions of morphism agree.

Let (X,Ox) be a geometric space and let Z be a subset of X with the
induced topology. We can make Z into a geometric space by defining Oz(V)
for an open set V C Z as follows: a function f: V — C is in Oz(V) if and
only if there exists an open covering V = U;V; in Z such that for each ¢
we have fiy, = g;y, for some g; € Ox(U;) where U; is an open subset of X
containing V;. It is not difficult to check that Oz is a sheaf of functions on
Z. We will refer to it as the induced structure sheaf and denote it by Ox|z.
Note that if Z is open in X then a subset V' C Z is open in Z if and only if
it is open in X, and Ox (V) = Oz(V).

Let X be a topological space and let X = U;U; be an open cover. Given
sheaves of functions Oy, on U; for each 7, which agree on each U; N Uj, we
can define a natural sheaf of functions Ox on X by ”gluing” the Oy,. Let U
be an open subset in X. Then Ox(U) consists of all functions on U, whose
restriction to each U N U; belongs to Oy, (U N U;).

Let (X,0Ox) be a geometric space. If z € X we denote by v, the map
from the set of C-valued functions on X to C obtained by evaluation at z:

Definition 1.2.5. A geometric space (X,Ox) is called an abstract affine
variety if the following three conditions hold.

a) Ox(X) is a finitely generated C-algebra, and the map from X to the
set Homg(Ox(X),C) of C-algebra morphisms defined by = — v is a
bijection.

b) For each f € Ox(X), f # 0, the set

Xp={zeX: f(z)#0}
is open, and every nonempty open set in X is a union of some X’s.
c) Ox(Xy) = Ox(X)¢, where Ox(X)s denotes the C-algebra Ox(X) lo-
calized at f.
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Remark 1.2.6. It can be checked that affine varieties with sheaves of reg-
ular functions are abstract affine varieties. We claim that, conversely, every
abstract affine variety is isomorphic (as a geometric space) to an affine va-
riety with its sheaf of regular functions. Indeed, let (X, Ox) be an abstract
affine variety. Since Ox(X) is a finitely generated C-algebra, we can write
Ox(X) = C[Xy,...,Xp]/I for some ideal I. As the elements in Ox(X)
are C-valued functions on X, Ox(X) does not contain nonzero nilpotents;
hence I is a radical ideal. By the Nullstellensatz (Theorem 1.1.6 c)), we can
identify Ox(X) with the ring of regular functions C[V(I)] on V(I). Now a
morphism of C-algebras from C[V(I)] to C corresponds to a maximal ideal
of C[V(I)], hence to a point in V(I). Then, by the property a) of abstract
affine varieties we can identify X with V(I) as a set. The Zariski topology
on V(I) has the principal open sets as its base, so it now follows from b)
that the identification of X and V(I) is a homeomorphism. Finally, by c),
Ox(Xy) and the ring of regular functions on the principal open set X are
also identified. This is enough to identify Ox(U) with the ring of regular
functions on U for any open set U, as regularity is a local condition.

The preceding argument shows that the affine variety can be recovered
completely from its algebra Ox(X) of regular functions, and conversely.

Example 1.2.7. In view of Remark 1.2.6, a closed subset of an abstract
affine variety is an abstract affine variety (as usual, with the induced sheaf).

1.3. Projective varieties

In this section we define projective varieties as subsets of the projective space
given by homogeneous polynomial equations. We shall see that a projective
variety V has a finite open covering by affine varieties V; and that the regular
functions on V are determined by the regular functions on each V;. This
fact provides the model for the definition of algebraic varieties.

The projective n-space over C, denoted by Pg, or P, is the set of equiva-
lence classes of (n+1)-tuples (zo, z1, . . . , Zn) of elements in C not all zero un-
der the equivalence relation ~ defined by (zo, z1,...,2Zn) ~ (Y0,Y1,---,Yn) &
yi = Az;,0 < ¢ < n, for some A € C\ {0}. Equivalently, P% is the quo-
tient set of A%\ {(0, ...,0)} under the equivalence relation which identifies
points lying on the same line through the origin. If V is a finite dimensional
C-vector space, we define P(V') as the quotient of V'\ {0} by the equivalence
relation ~ defined by v ~ w < v = Aw for some A € C'\ {0}.

An element of P} is called a point. We denote by (zo : 1 : -+ : z5) the
equivalence class in P, of the element (zo, z1,...,2n) € Ag“ \{(o,...,0)}.
We call (zg : z1 : -+ : z,,) the homogeneous coordinates of the point P.

They are defined up to a nonzero common factor in C.
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Example 1.3.1. We can consider a map Al — P! given by z — (1 : z).
It is injective and the image contains all points in P! except (0 : 1). This
"extra point” is called point at infinity.

If we consider in the affine plane a line [ and a point P not in [, then
every line through P cuts [ in a point, except the parallel line to {. Adding
to [ an extra point at infinity, we obtain a 1-to-1 correspondence between
the set of lines through P and the set of points in [.

We will now define projective varieties in P in a way analogous to

the definition of affine varieties. Due to the nonuniqueness of homogeneous
coordinates, the fact that a polynomial in C[Xy, X1, ..., Xp] vanishes at a
point of P% is not well determined for an arbitrary polynomial. We need
to introduce homogeneous polynomials and homogeneous ideals of the ring
C[Xo,X1,...,Xn]. We shall define more generally the notion of a graded
ring.
Definition 1.3.2. A graded ring is a commutative ring R together with
a decomposition R = @4>0Rq of R into the direct sum of subgroups Ry4
such that for any d,e > 0, Rg.R. C Rgt.. An element of Ry is called a
homogeneous element of degree d. Thus any element of R can be written
uniquely as a finite sum of homogeneous elements.

Example 1.3.3. The ring of polynomials R = C[Xy, X1,...,Xn] can be
made into a graded ring by taking Ry to be the subgroup containing all

linear combinations of monomials of total degree d in Xo, X1,...,X,. If
f € Rg, A € C, we have f(Axzo,\x1,..., zy) = X f(z0,21,...,Zn); hence
the fact that (zg: z1 :---: z,) is a zero of f is well determined.

Definition 1.3.4. If R = @®4>9R4 is a graded ring, an ideal I C R is a
homogeneous ideal if I = @4>0(I N Ry), i.e. if all homogeneous parts of
every element of I also belong to I.

We define a projective variety as the set of common zeros in P of a

finite collection of homogeneous polynomials in C[Xy, X1, ..., Xn]. To each
homogeneous ideal I of C[Xy, X1, ..., X,] we associate the set V(I) of its
common zeros in P%. Taking into account that C[Xp, X1, ..., Xy] is a Noe-

therian ring and Exercise 13, each ideal of C[Xj, X1, ..., X,] has a finite set
of homogeneous generators. Therefore the set V() is a projective variety.

Proposition 1.3.5. The correspondence V satisfies the following equalities:

a) P% =V(0),0 = V(C[Xo, X1, .-, Xn)]),

b) If I and J are two homogeneous ideals of C[Xo,X1,...,Xn], V(I) U
V(J) =Vv({InJ),

¢) If 1, is an arbitrary collection of homogeneous ideals of C[Xo, X1, ..., Xn],
NeV(la) =V (3, 1a).
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We define the Zariski topology in P% as the topology having the projec-
tive varieties as closed sets.

Once we have a topological space, the notion of irreducible subset applies
as in the affine case. The projective space P™ with the Zariski topology is a
Noetherian space; hence we can define the dimension of a subset of P™ also
as in the affine case.

Example 1.3.6. If f is a non constant homogeneous polynomial in the ring
C[Xo, X1,..., Xn], V(f) is a hypersurface in PE. If f is a linear homoge-
neous polynomial, V(f) is a hyperplane.

Let us consider the map ¢ : A™ — P™ given by

(1, yxn) > Lozt zp).

It is injective and its image is P*\ H, for H := {(zg: z1: -+ : Zp) : To = 0}.
The hyperplane H is called hyperplane at infinity.

Example 1.3.7. If R = ®4>0R, is a graded ring, ®40R, is a homogeneous
ideal of R. In particular, the ideal Iy of C[Xy,X1,...,X,] generated by
Xo, X1,...,Xn is a proper radical homogeneous ideal of C[Xy, X1, ..., Xz
We have V(Iy) = (. This ideal Iy is sometimes called the irrelevant ideal as
it does not appear in the 1-1 correspondence between projective varieties in
¢ and radical ideals of C[Xg, X1,...,Xy]. (See Proposition 1.3.8 below.)

To each subset S C P& we associate the homogeneous ideal Z(S) gener-
ated by

{f € C[Xo,X1,...,Xn] : fis homogeneous and f(P)=0 for all P € S}.

As in the affine case, ideals of the form Z(S) are radical ideals. If Y is a
projective variety, we define the homogeneous coordinate ring of Y to be
C[Y] = C[Xo, X1, .., Xn]/Z(Y).

We now state the projective Nullstellensatz, which has a similar formu-
lation to the affine one, except for the adjustment due to the fact that the
ideal Iy defined in Example 1.3.7 has no common zeros. It can be easily de-
duced from the affine Nullstellensatz. The statement on irreducible varieties
applies here as well.

Proposition 1.3.8. The mappings V and I set a bijective correspondence
between the closed subsets of PZ and the homogeneous radical ideals of
C[Xo, X1, ..., Xy] other than the irrelevant ideal Iy.

Irreducible projective varieties correspond to homogeneous prime ideals un-
der this correspondence. a
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We shall now see that the projective space P™ has an open covering by
affine n-spaces. Let H; be the hyperplane {(zo : 21 : -+ : z5) : ; = 0} and
let U; be the open set P* \ H;. Then P" is covered by the U;,0 < ¢ < n
because if P = (zg:z1: -+ : zp) € P* at least one of the coordinates z; is
not zero, hence P € U;. We define a mapping

@i : Ui — A"

. . . I Ti—1 Ti41 x
($0~$1-"'--'13n) —> (;?,..., 0 @ ,,;’j)

It is well defined as the ratios z;/z; are independent of the choice of homo-
geneous coordinates.

Proposition 1.3.9. The map ¢; is a homeomorphism of U; with its induced
topology to A™ with its Zariski topology.

Proof. The map ¢; is clearly bijective so it will be sufficient to prove
that the closed sets of U; are identified with the closed sets of A" by
@i;- We may assume ¢ = 0 and write U for Uy and ¢ for ¢9. Let R =
C[Xo, X1,...,Xn],A = C[Y1,...,Ys]. We define a map « from the set Ry
of homogeneous polynomials in R to A and a map 8 from A to Ry as fol-
lows. For f € Ry, put a(f) = f(1,Y1,...,Yy,); for g € A of total degree
e, the polynomial X§ g(X1/Xo,...,Xn/Xo) is a homogeneous polynomial
of degree e which we take as (g). From the definitions of a and £, we
easily obtain the equalities p(V(S)) = V(«a(S)), for a subset S of Ry, and
¢ Y(V(T)) = V(B(T)), for a subset T of A. Hence both ¢ and ¢! are
closed maps, so ¢ is a homeomorphism. O

Corollary 1.3.10. A subset S of P™ is closed if and only if its intersections
SNU; are all closed (U; being identified with A™ via the mapping ¢; defined
above). If Y is a projective variety, then Y is covered by the open sets
Y NU;, 0 < i< n, which are homeomorphic to affine varieties via ;. O

Remark 1.3.11. For a homogeneous polynomial f in R = C[Xy, X1,...,Xy],
the polynomial a(f) = f(1,Y1,...,Ys) € A =C|Y3,...,Y,] is called the de-
homogenization of f with respect to the variable Xy. For a polynomial
g € A of total degree e, the polynomial 5(g9) = X§ g(X1/Xo,...,Xn/Xo)
is called the homogenization of g with respect to the new variable Xy. We
can define analogously dehomogenization and homogenization with respect
to the other variables. We can easily see a(8(g))) = g for any polynomial
g in A. On the contrary, 8 o a is not the identity on R;. For example,
B(ca(Xp)) = 1. From the proof of Proposition 1.3.9, it follows that if Y is a
projective variety, the ideal corresponding to Y N Uy, as an affine variety of
Up identified with A", is {a(f)|f € Z(Y)}.
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Let V be a closed subset of A™. Identify A™ with one of the affine open
subsets U; of P, say Up. Then the closure V of V in P is called the
projective closure of V. In particular, P" is the projective closure of A™.
The homogeneous ideal of V' is then {8(g)|g € Z(V)}. Since V =UgNV, V

is open in V. Thus V is irreducible if and only if V is so.

Example 1.3.12. We consider the Fermat conic V = V(X2+Y?2-Z2%) C PZ.
Its three affine pieces are

- Vo = V(1 +Y? — Z?), which is a hyperbola and has two points at infinity,
namely VN Hy={(0:1:1),(0:1:-1)}.

- Vi = V(X? +1 — Z?), which is again a hyperbola and has two points at
infinity, namely VN H; = {(1:0:1),(1:0: —1)}.

- Vo = V(X% +Y? - 1), which is a circle and has two points at infinity,
namely VN Hy = {(1:¢:0),(1: —¢:0)}, called the circular points at
infinity, since they are the intersection of any circle in the affine plane with
the line at infinity.

Example 1.3.13. Let V =V(Z—Y?2,T —Y?) in A identified with Uj. Its
projective closure is V. =V U{(0:0: z : t) € P3}. The homogeneous ideal
of V is not generated by the homogenizations XZ — Y2 and XT — Y2 of the
generators of the ideal of V as Z — T is a homogeneous polynomial in Z(V)
which is not in (XZ — Y2, XT - Y?).

Example 1.3.14. Let V = V(Y? — X3 —a X —b) in AZ identified with U.
Its projective closure is V =V U {(0: 1 : 0)}; hence V has only one point
at infinity.

We shall now see how to define functions on projective varieties. If
f,9 € C[Xo,X1,...,Xn|, then F' := f/g can be seen as a function on
P™ (defined at the points where g does not vanish) only if f and g are
homogeneous polynomials of the same degree, in which case we refer to F'
as a rational function of degree 0. If g(P) # 0 for some point P € P", we
say that F' is regular at P. Note that if a rational function of degree 0 is
regular in some point, then it is regular in a neighborhood of this point.
If U is a subset of a projective variety V' C P", a function F' : U — C is
reqular if for any point P in U there exists an open neighborhood U’ of P
and homogeneous polynomials f, g € C[Xy, X1,...,Xp] of the same degree
such that ' = f/g in U’ and g(P) # 0. If U is an open set, we write Oy (U)
for the set of all regular functions on U.

Let U be an open subset of P™ contained in some of the affine open
sets Uy = {(zo : 21 : -++ : ) € P* : x; # 0}. Then U is also open
in U;, which is canonically identified with A™. We claim that Opn(U) =
Oan(U). We take, for example, ¢ = 0. If F € Opn(U), for each P € U
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there exists an open neighborhood U’ of P and homogeneous polynomials
f(Xo, X1,...,Xn), 9(Xo, X1, ...,Xn) of the same degree such that F' = f/g
in U’ and g(P) # 0. Then we also have in U’,

F=f1,Y,...,.Ys)/9(1,Y1,...,Ys),

where Y; = X;/Xop,1 < i < n are the affine coordinates on Up. Hence
F € Opn(U). Reciprocally, if FF € Opn(U), on an open neighborhood U’ of
P we have F = f/g and g(P) # 0, where f,g € C[Y1,...,Y,]. Then we also
have in U,

xprexdeg fdega) ¢ x) /x0. .. Xn/Xo)

xgex\destdess) o X, /Xo, ..., Xn/Xo)

which is the quotient of two homogeneous polynomials in Xy, X3, ..., X, of
the same degree; hence F' € Opn(U). Analogously, if V' C P™ is a projective

variety, V; = V N U;, we have Oy (U) = Oy, (U) for every open subset U of
V contained in V;.

F =
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Exercises

(1) Prove the inclusion vI C Z(V(I)) for an ideal I of C[X1, ..., Xn).

(2) Provide the proof of Proposition 1.1.2.

(3) Provide the proof of Proposition 1.1.3.

(4) Prove that for a subset V of A%, V = V(Z(V)) if and only if V is closed.

(5) Determine the open sets in the Zariski topology on Al. Prove that this
topology is not Hausdorff.

(6) Determine the closed sets in A% = A} x A}, with respect to the product
topology (with A}; endowed with the Zariski topology) and with respect
to the Zariski topology. In particular, obtain that A(A}) = {(z,z) €
A}l x AL} is a closed set in the latter topology but not in the former.

(7) Let V C A%, W C AZ be affine varieties. By identifying A% x A% with
AZ™, we can consider the cartesian product V x W as a subset of A%™.
Prove that V' x W is an affine variety and that there is an isomorphism

ClV xW]~C[V]® C[W].
Hint: Assign to a pair (g,h) € C[V] x C[W] the polynomial function
f(z,y) = g(z)h(y) on V x W. This assignment induces a C-algebra
morphism C[V]® C[W] — C[V x W].

(8) Let V C A%, W C AZ be closed irreducible sets. Prove that V' x W is
closed and irreducible in A%T™ with respect to the Zariski topology.
Hint: If V. x W 1is the union of two closed subsets Zy,Za, then V =
ViUVa, where Vi :={z €V : {z} x W C Z;},i = 1,2, are closed in V.

(9) Provide the proof of the statements in Example 1.2.4.

(10) Check that an affine variety with its sheaf of regular functions is an
abstract affine variety.

(11) Prove that A%\ {(0,0)} is not an affine variety.

(12) Prove that every automorphism of A! (=isomorphism from A! into it-
self) has the form z — az + b (a € C*,b € C).

(13) a) Prove that an ideal I of a graded ring R = ®4>0R, is homogeneous if
and only if it is generated by homogeneous elements. Deduce that sums,
products, intersections and radical of homogeneous ideals are again ho-
IMOgeneous.

b) Prove that if I is a homogeneous ideal of a graded ring R, then the
quotient ring R/I is graded in a natural way.
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(14) If I is an ideal of a graded ring R = @4>0R4, prove that

Iy = ®d20(I n Rd)
is a homogeneous ideal of R. Prove that if I is prime, I}, is prime as well.
Give an example of a prime ideal I of a graded ring such that I # Ij,.

(15) Provide the proof of Proposition 1.3.5.

(16) For a homogeneous ideal I ¢ R = C[Xy, X1,...,X,] show that the
following conditions are equivalent.
a) V(I) =0,
b) VI = either R or the ideal Iy = D40 Ra
c) I D Ry for some d > 0.

(17) Prove the following statements.
a) If S; C Sz are subsets of P, then Z(S1) D Z(S2).
b) For any two subsets S1, Sz of P, Z(S1 U S2) = Z(S1) N Z(S2).
c) For any subset S of P*, V(Z(S)) = S.

(18) Prove that if H is any hyperplane in P", then P™ \ H is homeomorphic
to A™.

(19) Provide the proof of Proposition 1.3.8.
Hint: Interpret the problem in terms of the affine space AZ?LI and use
the affine Nullstellensatz 1.1.6.

(20) If V is a projective variety with homogeneous coordinate ring C[V],
prove that dimC[V] =dimV + 1.



Chapter 2

Algebraic Varieties

In this chapter we define an algebraic variety as a geometric space with a
finite open covering by affine varieties satisfying some separation axiom. We
show that affine and projective varieties are algebraic varieties. We consider
subvarieties and their dimensions and study morphisms of varieties.

2.1. Prevarieties

Definition 2.1.1. An algebraic prevariety is a geometric space (X, Ox)
with the following property: X has a finite open covering X = Ui U.--UU,
such that each geometric space (U;, Oy,) where Oy, denotes the induced
structure sheaf is an affine variety. For an open subset U of X, we call the
elements in Ox (U) the regular functions on U.

Example 2.1.2. Each affine or projective variety with the corresponding
sheaf of regular functions is a prevariety.

Lemma 2.1.3. Let (X,Ox) be a prevariety with affine open covering X =
UiU---UU,.. We have

a) X is a noetherian topological space.

b) Any open subset U of X is again a prevariety.

c) Any closed subset Z of X is again a prevariety.

Proof. a) follows from the fact that each U; is noetherian.

b) We have U = U;(U NU;) and U NU; is a open subset of the affine variety
U;, hence a finite union of principal open sets, which are affine.

c) We have Z = U;(Z NU;) and the closed sets Z N U; of the affine varieties
U; are affine. O

27
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A subset of a topological space X is called locally closed if it is the
intersection of an open set with a closed set. It follows from the preceding
lemma that a locally closed subset of a prevariety is again a prevariety. We
shall refer to the locally closed subsets of a prevariety as subprevarieties.

A morphism of prevarieties will be a morphism with respect to their
geometric space structure. If ¢ : X — Y is a morphism of prevarieties, V'
an open subset of Y, the assignment f +— f o ¢ is a C-algebra morphism
Oy (V) = Ox (¢~ 1(V)), which we denote by ©*.

We now give a criterion to recognize when a map of prevarieties is a
morphism.

Proposition 2.1.4. (Affine Criterion) Let X,Y be prevarieties and ¢ :
X =Y a map. Assume that there is an affine open covering Y = U;_,V;
and an open covering X = U;_,U; such that

a) o(Us) C V; for each i,
b) fop € Ox(Ui) for each f € Oy (V;).

Then ¢ is a morphism of geometric spaces.

Proof. An affine open covering of X induces one in each U;. If U is an affine
open subset of U;, by b), we have that composing with ¢ sends Oy (V;) =
C[V;] into Ox(U) = C[U]. So, by extending the index set if necessary,
we reduce to the case where the U; are also affine. Now by assumption
wi =@y, : Ui = V; is a morphism of affine varieties, since it is completely
determined by the C-algebra morphism ¢} : C[Vj] = C[Uj]. In particular
; is continuous, so ¢ is continuous.

Let V C Y be an open set and U := ¢~ }(V). If f € Oy(V), b) implies
that fop € Ox(UUU;), for i =1,...,r. Since U is the union of the U NU;
and since Oy is a sheaf (see Definition 1.2.1), we obtain fop € Ox(U). O

We shall now define rational functions on an irreducible prevariety X.
Consider pairs (U, f) where U is an open subset of X and f € Ox(U).
We call two such pairs (U, f) and (V, g) equivalent if f = gon UNV. As
X is irreducible, all nonempty open subsets of X are dense and then this
relation is an equivalence relation. We denote by (U, f) the equivalence
class of the pair (U, f) and by C(X) the set of equivalence classes. As X is
irreducible, any two nonempty open subsets of X intersect, so we can define
in C(X) addition and multiplication making C(X) into a ring. Moreover,
if (U, f) € C(X) and f # 0, then we can restrict f to an open subset V' of
U where it does not vanish and obtain (U, f)~! = (V,1/f). We call C(X)
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the function field of X. It is easy to see that if X is affine this definition
coincides with the one given before.

Let us consider a morphism of prevarieties ¢ : X — Y. In case X,Y are
irreducible and ¢(X) is dense in Y, the induced morphism ¢* : Oy (V) —
Ox(¢~}(V)), where V is an open subset of Y, can be thought of globally
as a ring morphism C(Y) — C(X), whose restriction to Oy (V') has image
in Ox(¢~1(V)). Here ¢* is injective; hence we can see C(X) as a field
extension of C(Y).

Let F be a sheaf of functions on a topological space X and P € X.
The open subsets of X containing P form an inverse system with respect
to inclusion. The stalk Fp of F at P is defined to be the corresponding
direct limit of the algebras F(U) via the restriction maps. The elements
of the stalk Fp are called germs of functions at P. An element of Fp is
represented by a pair (U, f), where U is an open neighborhood of P and
f € F(U). Two such pairs (U, f) and (V, g) represent the same element in
Fp if there exists an open neighborhood W of P with W C UNV such that
fiw = gw- If (X, Ox) is a prevariety, we write simply Op for (Ox)p and
call it the local ring at P . It is indeed a local ring whose unique maximal
ideal consists of the germs of functions vanishing at P.

If X is an irreducible affine variety, this definition agrees with the one
given in Section 1.1.

We now look at the existence of products in the category of prevarieties.
Given two prevarieties (X,Ox) and (Y,Oy), we want to prove that there
exists a prevariety (Z,Oz) together with morphisms m; : Z — X, 7y : Z —
Y such that the following universal property holds: if (W, Ow) is another
prevariety with morphisms 3 : W — X, : W — Y, then there exists a
unique morphism 9 : W — Z such that m; 09 = ¢;, for 1 =1, 2.

We first observe that, for prevarieties X and Y, the underlying set of a
product of prevarieties is necessarily the cartesian product X x Y. Indeed,
by applying the universal property in the case in which W consists of a
single point, we see that the points in Z correspond bijectively with pairs
(z,y) € X x Y. To see how to give X x Y the structure of a prevariety, we
first look at the affine case.

Proposition 2.1.5. Let X C A", Y C A™ be affine varieties. Endow the
cartesian product X x Y with the Zariski topology (induced by the Zariski
topology of A"t™ = A™ x A™). Then

a) X x Y with the projections my : X XY = X andmy : X XY =Y isa
categorical product of the prevarieties X,Y and C[X xY] ~ C[X]|®C[Y].
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b) If (z,y) € X XY, Oy is the localization of O ® Oy at the mazimal
ideal M, @ Oy + O, @ M.

Proof. a) The statement on coordinate rings is proved in Exercise 7 of
chapter 1. It remains to prove the universal property for X x Y. Given
a prevariety W and morphisms ¢; : W — X 92 : W — Y, we have to
construct a suitable morphism ¢ : W — X x Y. There is a unique such
mapping of sets which makes ¢; = m; o 1. To check that it is a morphism,
we use the Affine Criterion 2.1.4. As X x Y is affine, we just need to see
that 1 pulls back polynomial functions on X x Y to regular functions on
W. This follows from the fact that C[X x Y] is generated by the pullbacks
of C[X] and C[Y] under the 7; and that the ¢; are morphisms.

b) If X,Y are irreducible, so is X x Y (Exercise 8, chapter 1). Part a) shows
that C[X] ® C[Y] is an integral domain, with fraction field isomorphic to
C(X xY). Now we have inclusions C[X] ® C[Y] C O ® Oy C O .
Since O,y is the localization of C[X] ® C[Y] at the ideal M, ), it is also
the localization of O ® O, at its ideal 9 vanishing at (z,y). Evidently
My @ Oy + O, @ M, C M. Conversely, let f = > g; ® hy € M, with
gi € Og,h;i € Oy. If gi(x) = as, hi(y) = bi, then f — D abi = (9 — ai) ®
hi+ > a;® (hi — b)) € Mz ® Oy + O, ® M,. Now Yaib; = f(z,y) = 0;
hence f € M, ® Oy + O @ M,,. O

We now prove the existence of products in the case of arbitrary prevari-
eties.

Proposition 2.1.6. Finite products ezist in the category of prevarieties.

Proof. To endow the cartesian product X x Y with the structure of pre-
variety, we have to specify a topology and a structure sheaf. For all affine
open sets U C X,V C Y and elements h € C[U| ® C[V], we decree that the
principal open sets (U x V), should be basic open sets in X x Y. Notice
that these sets do form a basis for a topology as (Ui x Vi)n, N (U2 X V2)n, =
((U1NU2) x (ViNV2))k, hy- Moreover the description of the coordinate ring
of U x V obtained in part a) of Proposition 2.1.5 gives that this topology
coincides with the Zariski topology given in the affine case.

Now we define a structure sheaf on X x Y. Let W be an open set in
X XY and f a C-valued map on W. Then we say that f is regular if
and only if for each z € W, there exists a basic open set (U x V) such
that fiuxv), = a/h™, for some a € C[U] ® C[V] and some nonnegative
integer m.

This defines a sheaf Oxxy. Indeed, let f € Oxxy (W) and let W Cc W
be an open subset. For z € W', we have principal open sets (U x V), and
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(U'xV")p suchthat € (UxV), C W,z € (U'xV')py C W and fiyxy), =
a/h™. Thenz € (UXx V), NU' x V) =((UNU)x VAV ¢ W'
and

a a/h/m
h—ml((U NU)x (VOV))pw = (Y™

where a’ denotes the restriction of a from U x V to (UNU’) x (VNV'), which

belongs to Ox(UNU')® Oy(VNV'). So fIW’ is regular. As regularity is

defined locally, the second axiom of sheaf is deduced easily.

Now we want to show that (X xY, Oxxy) is a prevariety. We first check
that the natural projections 1 : X XY — X w9 : X XY — Y are morphisms.
They are continuous, as for an open subset U of X, we have m 1(U )=UxY
which is open and, for f € Ox(U), nj(f) = f®1 € Ox(U) @ Ox(Y) is
regular. Analogously for m3. Now, if W is a prevariety, with morphisms
p1: W = X, p3: W =Y, there is a unique map of sets p : W — X xY
such that ¢; = m; o 9. We use the affine criterion 2.1.4 to prove that 9 is
a morphism. By construction, products U x V of affine open sets U in X,
V in Y, are affine open sets which cover X x Y. Open sets of the form
o7 HU) x p3}(V)) cover W and the universal property of U x V shows that
the restriction of 1 to such open sets is a morphism. O

2.2. Varieties

It is possible to find examples of prevarieties which are geometrically patho-
logical. For example, let X be covered by two copies U, V of Al, with every
point in the two copies identified except 0. So, X is the affine line with a
point doubled. To avoid such cases, we make the following definition.

Definition 2.2.1. A prevariety X is called an (algebraic) variety if the
diagonal A(X) = {(z,z)|z € X} is closed in X x X.

Remark 2.2.2. In the category of topological spaces, with X x X given
the product topology, the condition A(X) closed in X x X is equivalent to
the Hausdorff separation axiom.

Remark 2.2.3. An equivalent condition to A(X) closed in X x X is the
following. For morphisms ¢, : Y — X, where Y is any prevariety, the set
{yeY : p(y) =¢(y)} is closed in Y. Indeed, by applying this condition
to the projections of X x X on both factors, we obtain A(X) closed in
X x X. In the other direction, the inverse image of A(X) by the morphism

Y2 X xXis{yeY : oly) = p@)}.
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Let us see that the affine line with a point doubled is not a variety. If we
take the two maps Al — U C X,A! — V C X the subset of A! on which
they coincide is Al \ {0}, which is not closed.

Example 2.2.4. 1. An affine variety is a variety, as the diagonal is given
by polynomials functions.

2. Subprevarieties of a variety are again varieties. These are therefore called
subvarieties.

3. If X,Y are varieties, sois X x Y.

Lemma 2.2.5. Let X be a prevariety and assume that each pair z,y € X
lie in some affine open subset of X. Then X is a variety.

Proof. Given a prevariety Y and morphisms ¢,¢ : Y — X, let Z = {y €
Y : o(y) = ¥(y)}. We have to show that Z is closed. If z € Z, ¢(2)
and v¥(z) lie by hypothesis in some affine open set V of X. Then U =
0 (V) Nn4y~1(V) is an open neighborhood of z which must meet Z. But
ZNU ={y eU : ¢'(y) =¢'(y)}, where ¢',9' : U — V are the restrictions.
Since V is a variety, Z NU is closed in U. This means that U\ (ZNU) is an
open set not meeting Z, so in particular it cannot contain z. We conclude
that z € Z. a

Corollary 2.2.6. A projective variety is a variety.

Definition 2.2.7. An open set in a projective variety with the induced
sheaf of functions is called a quasi-projective variety.

The following proposition shows why it is better to deal with varieties
than with prevarieties.

Proposition 2.2.8. Let Y be a variety, X any prevariety.
a) If o : X =Y is a morphism, the graph Ty, = {(z,¢(z)) : z € X} is
closed in X xY.

b) If o, : X =Y are morphisms which agree on a dense subset of X, then
p=1.

Proof. a) I, is the inverse image of A(Y") under the morphism X x Y —
Y x Y which sends (z,y) to (¢(z),y).

b) The set {z € X : ¢(z) = ¢(z)} is closed in X since Y is a variety. It is
dense by assumption, so it coincides with X. O

Definition 2.2.9. A morphism of affine varieties ¢ : X — Y is called finite
if C[X] is integral over the subring p*C[Y].
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Remark 2.2.10. If X,Y are irreducible and ¢ : X — Y is finite and
dominant, then C(X) is a finite algebraic extension of ¢*C(Y) and so
dimX =dimY.

Proposition 2.2.11. Let ¢ : X = Y be a finite, dominant morphism of
affine varieties. If Z is closed in X, then ¢(Z) is closed in' Y and the
restriction of ¢ to Z is finite. In particular, ¢ is surjective.

Proof. Let R = C[X],S = C[Y]. Since ¢ is dominant, ¢* is injective. We
can then view S as a subring of R, over which R is integral by hypothesis.
If I is an ideal of R, then R/I is an integral extension of S/(I N S). Now
let Z be closed in X, I = Z(Z). Then ¢ maps Z into the zero set Z’
of I’ = I NS, which is a radical ideal of S, hence equal to Z(Z’). The
corresponding coordinate rings are R/I and S/I', so by the remark above,
¢ : Z — Z' is again finite (and dominant). It now suffices to prove that any
finite dominant morphism is surjective. If y € Y, then to say that p(z) =y
is just to say that ¢* sends the local ring of y into that of z, or that ¢* sends
the maximal ideal M’ of S vanishing at y into the maximal ideal M of R
vanishing at . To show that ¢ is surjective, we therefore have to show that
M’ lies in some maximal ideal M of R. But this follows from the Going Up
theorem since R is integral over S.(See e.g. [A-M] 5.10.) O

We now extend the notion of dominant to morphisms of varieties.

Definition 2.2.12. A morphism of varieties ¢ : V' — W is called dominant
if p(dom(¢)) is a dense subset of W.

Proposition 2.2.13. Let ¢ : X — Y be a morphism of varieties. Then
»(X) contains a nonempty open subset of its closure p(X).

Proof. We first reduce to the case X,Y irreducible. Let Y = UY; with Y;
the irreducible components of Y. Then X; := ¢~1(Y;) are irreducible. The
union of open sets of ¢(X;) contained in ¢(X;) satisfies the statement in the
proposition, so we may assume Y is irreducible. Now let X = UX; with X, be
the irreducible components of X. The union of open sets of ¢(X;) contained
in ¢(X;) satisfies the statement in the proposition, so we may assume X is
irreducible. Let W be an affine open subset of Y meeting ¢(X) and consider
¢lp-1(w)- Then U satisfying the conditions for ¢),-1(yy) satisfies them as

well for ¢. So we can assume that Y is affine. By substituting Y by ¢(X),
we can assume that ¢ is dominant. Then we must prove that ¢(X) contains
a nonempty open subset of Y. We may also reduce to the case when X is
affine. Indeed, let X = UU; be an open affine covering of X. As U; is dense
in X, ¢(U;) is dense in Y, so the restrictions ¢y, : U; — Y are dominant
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morphisms of irreducible affine varieties. Now the union of open subsets of

©(U;) contained in ¢(U;) will satisfy the statement.

Let R = C[X],S = C[Y]. As ¢* is injective, we can consider S as
a subring of R. Now by Corollary 1.1.10, we can find elements f € S,
Z1,...,%Z, € R, algebraically independent over Sy and such that Ry is inte-
gral over S¢[z1,...,%,). Now Ry = C[Xy], Sy = C[Y}] where Xy, Y denote
the principal open sets in X and Y defined by the nonvanishing of f. So
S¢lz1,...,2r] ~ Sy ®Clz1,...,%,] can be viewed as the coordinate ring of

Y x A". The restriction of ¢ to Xy can be factored as X % Yy x AT 3 Yy,
where 9 is a finite dominant morphism. The principal open set Y} satisfies
o1 (Yy) = X;.

By Proposition 2.2.11, 4 is surjective, as is pri. Therefore Y} lies in
o(X). O

A variety X is a noetherian topological space, so, as in the affine case,
we define the dimension of a variety to be its dimension as a topological
space. If X is irreducible, its field C(X) of rational functions coincides with
C(U) for any affine open subset U of X. As U is dense in X, we have
dim X = dim U. Hence, by the affine case, we obtain that the dimension of
X is equal to the transcendence degree of C(X) over C.

Similarly, if X is an irreducible variety, f € C(X), we have dim Xy =
dim X. For example, by identifying the set of square matrices of order n with
entries in C with the affine space A", we can consider the subset GL(n, C)
of matrices with nonzero determinant as a principal open subset of A", We
then have dim GL(n,C) = n?.

We now look at the dimension of subvarieties.

Proposition 2.2.14. Let X be an irreducible variety, Y a proper, closed,
irreducible subset. Then dimY < dim X .

Proof. We can assume that X is affine and let d = dim X. Then C[Y] ~
C[X]/P for P a nonzero prime ideal of C[X]. By Noether’s normalization
lemma, we can choose transcendence bases of C(X) and C(Y) contained
in C[X] and C[Y] respectively. Suppose dimY > d and let y1,...,yq al-
gebraically independent elements in C[Y]. Then their preimages zi,...,2q4
in C[X] are clearly algebraically independent as well. Let f be a nonzero
element in P. As dim X = d, there must be a nontrivial polynomial rela-
tion g(f,z1,...,24) = 0, where g € C[Tp,Th,...,Ty]. As f # 0, we can
assume that h(T1,...,Tq) = ¢(0,T1,...,T4) is a nonzero polynomial. Now
h(y1,-...,yq) = 0, contradicting the independence of the y;. O
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Definition 2.2.15. We define the codimension codimx Y of a subvariety
Y of the variety X as codimx Y =dim X — dimY.

We shall prove that the irreducible subvarieties of codimension 1 are
precisely the irreducible components of hypersurfaces.

Corollary 2.2.16. Let X be an irreducible affine variety, Y a closed irre-
ducible subset of codimension 1. Then Y is a component of V(f) for some

feClX].

Proof. By assumption Y # X, so there exists a non zero f € C[X] van-
ishing on Y. Then Y C V(f) ¢ X. Let Z be an irreducible component
of V(f) containing Y. Proposition 2.2.14 says that dim Z < dim X, while
dimY < dim Z with equality only if Y = Z. Since codimyx Y = 1, equality
must hold. O

In the situation of the corollary, it is not usually possible to make Y
be precisely V(f). However this can be done when Y has codimension 1 in
some affine space A™ or more generally when C[X] is a unique factorization
domain. (See Exercise 6.)

We shall now see a converse to Corollary 2.2.16.

We defined a hypersurface in A™ as the zero set of a single nonconstant
polynomial f € C[X1,...,Xp]. More generally, when V is an affine variety,
a nonzero nonunit f € C[V] defines a hypersurface in V. For example
SL(n, C) is the hypersurface in GL(n, C) or in A" defined by det(X;;) = 1.

Proposition 2.2.17. All irreducible components of a hypersurface in A™
have codimension 1.

Proof. It suffices to consider the zero set V' of an irreducible polynomial f €
C[X1,...,Xn). As f is nonconstant, at least one variable, say X, actually
occurs in f. Let z; be the restriction of X; to V,s0o C(V) = C(z1,...,Zn-1)-
We claim that z1, ..., Z,—1 are algebraically independent over C. Otherwise
there exists a nontrivial polynomial relation g(z1,...,%Zn—1) = 0, whence
9(X1,...,Xn—1) vanishes on V. As Z(V) = (f), g would be a multiple of
f, which is impossible as X, occurs in f. We conclude that dimV >n —1,
which must be an equality by Proposition 2.2.14. O

We now generalize this result to arbitrary affine varieties.

Theorem 2.2.18 (Krull’s Hauptidealsatz). Let V' be an irreducible affine
variety, f a nonzero nonunit in C[V], Y an irreducible component of V(f).
Then'Y has codimension 1 in V.
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Proof. Let p = Z(Y) C R = C[V] and let Y3,...,Y; be the components
of V(f) other than Y, p; = Z(Y;). The Nullstellensatz 1.1.6 implies that
VRf =pnpiN---Nps. Choose g € prN---Np\p (such a g exists as ¥
is not contained in Y3 U---U Y;). Then V; is an irreducible affine variety
having the same dimension as V' and Y NV, is precisely the zero set of f
in V4. Since Y NV} is a principal open set in Y, it suffices to prove that its
codimension in Vj is 1. So we may assume Y = V(f),p = v/Rf.

Now we apply Noether’s normalization Lemma 1.1.8 to the domain R =
C[V]. We obtain that R is integral over a subring S which is isomorphic to
the polynomial ring C[Th,...,Ty], where d = dim V. Let E = C(V) and F
the field of fractions of S. Since the field extension E|F is finite, we may
consider its norm Ngr. As R is integral over S, Ngr takes elements of R
into S.

Set fo = Ngjr(f). We want to see \/foS = +/fRNS. As f is integral
over S, we have a relation f* 4 a;f*1 4 ... 4 ax = 0. By the properties
of the norm, we have fo = af* (where m = [E : F(f)]). Then 0 = (f* +
aff 4+t ap)al ™t = fal TN (P e P+ - 4 ag-1) + fo, SO
fo € fR. This implies v/foS C /fRNS. Now let g € /fRNS,s0 g" = f h,
for some positive integer » and some h € R. Taking norms, we obtain
grBF) = Ngr(f)Ngp(h). As Ngp(h) € S, we obtain g € Sfo.

We have replaced the prime ideal p = v/fR by the prime ideal pN S =
V' foS. Now S is a unique factorization domain and it is easy to see that
if two different irreducible factors appear in the decomposition of fg, then
v/ foS would not be prime. We obtain then that, up to a unit factor, fg is a
power of a nonconstant irreducible polynomial p; whence p NS = pS.

If S is viewed as the affine algebra of A%, then pNS defines a hypersurface
in A4, which has codimension 1, by Proposition 2.2.17. This means that the
fraction field of S/(p N S) has transcendence degree d — 1 over C. On the
other hand, R integral over S clearly implies R/p integral over S/(p N .S),
so the two fraction fields have equal transcendence degree. As the fraction
field of R/p is C(Y'), we obtain dimY =d — 1. O

Corollary 2.2.19. Let V be an irreducible variety, U an open subset in V,
f a nonzero nonunit in Oy (U), and Y an irreducible component of V(f).
Then'Y has codimension 1 in V.

Proof. Just cut down with an affine open subset of U meeting Y and apply
Theorem 2.2.18. O

Definition 2.2.20. Let us recall that a subset of a topological space X is
called locally closed if it is the intersection of an open set with a closed set.
A finite union of locally closed sets is called a constructible set.
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Theorem 2.2.21 (Chevalley theorem). Let ¢ : X — Y be a morphism of
varieties. Then @ maps constructible sets to constructible sets. In particular,
©(X) is constructible in Y.

Proof. A locally closed subset of a variety is itself a variety, so it suffices to
prove that ¢(X) is constructible. We may assume that Y is irreducible. We
proceed by induction on dimY. For dimY = 0, there is nothing to prove.
By induction, we can assume ¢ dominant.

Choose an open subset U of Y contained in ¢(X), using Proposition
2.2.13. Then the irreducible components W1,...,W; of Y \ U have smaller
dimension than Y (Proposition 2.2.14). By induction, the restrictions of ¢
to Z; = ¢ Y (W;), 1 < i < t, have images which are constructible in W,
hence also constructible in Y. Therefore ¢(X) is constructible, being the
union of U and the finitely many ¢(Z;). O

The next proposition will be used in the construction of the quotient of
an algebraic group by a subgroup. To prove it we need two lemmas.

Lemma 2.2.22. Let X,Y be affine varieties such that C[X| = C[Y][f], for
some element f € C[X]|. We consider the morphism ¢ : X — 'Y defined by
the inclusion C[Y] — C[X]. Assume that f is transcendental over C(Y).
Then

a) ¢ is an open morphism.

b) If Y’ is an irreducible closed subvariety of Y, then ¢~ (Y') is an irre-
ducible closed subvariety of X of dimension equal to dimY”’ + 1.

Proof. a) We may assume that X = Y x Al and that ¢ is the projection
on the first factor. Let g = Y 1_o g;f* € C[X] = C[Y][f]. Then ¢(X,) =
Ui_oYy;- As the image of principal open sets is open, ¢ is open.

b) Let @ = Z(Y’) C C[Y]. Then ¢~}(Y’) = V(P), for P = QC[X]. Then
C[X]/P ~ (C[Y]/Q)[f]. Since the last ring is an integral domain, P is a
prime ideal and ¢~1(Y”) is irreducible. As Clp~}(Y")] ~ C[Y’][f], with f
transcendental over C(Y’), dimp~}(Y’) = dimY’ + 1. O

Lemma 2.2.23. Let X,Y be affine varieties such that C[X] = C[Y][f], for
some element f € C[X]. We consider the morphism ¢ : X — Y defined by
the inclusion C[Y] < C[X]. Assume that f is algebraic over C(Y'). Then
there is a nonempty open subset U of X with the following properties.

a) The restriction of ¢ to U defines an open morphism U — Y.

b) If Y' is an irreducible closed subvariety of Y and X' is an irreducible
component of o~ 'Y that intersects U, then dim X’ = dimY".
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c) Forz € U the fiber o~ 1((x)) is a finite set with [C(X) : C(Y)] elements.

Proof. We have C[X] = C[Y][T]/I, where I is the ideal of C[Y][T] of poly-
nomials in the variable T vanishing at f. Let F' be the minimal polynomial
of f over C(Y). Let a be a common denominator of the coefficients of F,
so F' € C[Y]4[T]. Let fi,..., fn be the roots of F' in some extension field
of C(Y). Since char C(Y) = 0, the roots are distinct and the discriminant
d=[li;(fi — f;)? is a nonzero element of C(Y), which can be expressed
polynomially in the coefficients of F. It follows that there exist b € C[Y]
and m > 0 such that a™d = b.

We may replace X and Y by the principal open sets Xy, and Yy, re-
spectively. We are then reduced to prove the lemma when, moreover, the
following hold.

1. I contains the minimal polynomial F' of f. From this it follows, using
the division algorithm that I is the ideal generated by F'. It also follows
that C[X] is a free C[Y]-module.

2. If F(T) = Y ohT* then for all y € Y the polynomial F(y)(T) =
S o hi(y)T* has distinct roots.

We shall show that in this situation the statements of the lemma hold
with U = X. We may assume that

X ={(y,t) €Y x A’ : F(y)(t) =0},

and that the morphism ¢ : X — Y is the first projection. Let G € C[Y][T]
and denote by g its class in C[X]. Then

Xg={(y,t)€X : G(y)(t) # 0}

Write G = QF + R, where R = ) 7" LT is a polynomial in 7" of degree
< n = degF. Then ¢(X,) is the set of y € Y such that not all roots
of F(y)(T) are roots of R(y)(T). Since the first polynomial has n distinct
roots, this is the set of y € Y such that R(y) is not the zero polynomial. We
then have

n—1
-Ur.
1=0

whence a).

Next let Y’ as in b) and let @ = Z(Y’). Then ¢~ '(Y') = Z(QC[X)).
Let A = C[Y]/Q and denote by F' the image of F' in A[T]. We claim that
QC[X] is a radical ideal, i.e. A[T]/(F) has no nonzero nilpotent elements.
Let H € A[T] and assume that H™ is divisible by F'. We may assume that
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deg H < n. It follows from Property 2 that F has distinct roots and that
H is divisible by F' as polynomials with coefficients in the quotient field
of A. But, since H has lower degree than F, this can only be if H = 0,
which implies the claim. As QC|[X] is radical, it is an intersection of prime
ideals of C[X], say QC[X] = ;= P». We may assume that there are no
inclusions among the P;. The irreducible components of ¢~1(Y’) are the
V(F;). We show that P,NC[Y] = Q,1 < i < r. If this is not so, we have,
say PPNC[Y]# Q. Take z1 € (PANC[Y])\Qand z; € R\ P (2<i< 7).
Then z12...2, € QC[X]. Since C[X] is free over C[Y], it follows that
z2...zr € QC[X]\ P1, which is impossible if » > 1. If r = 1, we have a
contradiction, since QC[X]NC[Y] = Q.

It follows that the quotient field of C[X|/P; is an algebraic extension of
the quotient field of A, which proves b).

If Y’ is a point then @ is a maximal ideal of C[Y] and A = C. The
preceding analysis shows that now ¢ ~!(Y”) is the zero dimensional variety
defined by the C-algebra C[T]/(F). Since F is a polynomial of degree n
with distinct roots, c) follows. O

Proposition 2.2.24. Let X andY be irreducible varieties and let ¢ : X —
Y be a dominant morphism. Let r :=dim X —dimY. There is a nonempty
open subset U of X with the following properties.

a) The restriction of ¢ to U is an open morphism U — Y.

b) If Y’ is an irreducible closed subvariety of Y and X' an irreducible com-
ponent of ¢~1(Y') that intersects U, then dim X' = dimY’ +r. In par-
ticular, if y € Y, any irreducible component of p~'y that intersects U
has dimension r.

c) If C(X) is algebraic over C(Y), then for all x € U the number of points
of the fiber ¢~ (px) equals [C(X) : C(Y)].

Proof. Assume that we have a factorization ¢ = (1 0 ¢g, where g : X —
Z,p1:Z — Y are dominant morphisms and Z is irreducible. If a) and b)
hold for ¢; and 2, they also hold for ¢. To prove the theorem, we can
assume that X and Y are affine. Since C[X] is a C[Y]-algebra of finite type,
we can find a factorization of ¢

X=X 2 X, 123 2 x, 2 X =Y,

where each ; is a morphism of the type of the morphism ¢ considered either
in Lemma 2.2.22 or in Lemma 2.2.23. In particular, when C(X) is algebraic
over C(Y), every ¢; is of the type considered in Lemma 2.2.23. We then
obtain the proposition from these lemmas. O
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Corollary 2.2.25. In Proposition 2.2.24, a) can be replaced by the following
stronger property:

a’) For any variety Z, the restriction of ¢ to U defines an open morphism
UxZ->YxZ.

Proof. It suffices to prove this for Z affine. Observe that if a’) holds for Z
and Z' is a closed subvariety of Z, then a’) also holds for Z’. Hence it suffices
to establish a’) for Z = A™. This will follow if we prove the corresponding
result in the cases of Lemma 2.2.22 and Lemma 2.2.23. The first case is
trivial. For the second one, a’) follows by observing that if F' is the minimal
polynomial over C(Y) of an element f in C(X), then F is also the minimal
polynomial of f over C(Y x A™). O

In 2.2.9 we defined finite morphism of affine varieties. We now see that
a finite morphism has finite fibers. Let us recall that if B is an A-algebra of
finite type, then B is finite over A if and only if B is integral over A.

Proposition 2.2.26. Let ¢ : X — Y be a finite morphism of affine vari-
eties.

a) ¢ is closed.
b) ¢~1(y) is finite for ally € Y.

Proof. Let A = C[X],B = C[Y].

a) Let Z = V(I) be a closed subset of X and J = ¢*~1(I). The points of
0(Z) are p*~1(9M), with M a maximal ideal of A containing I. Identifying
B/J with a subring of A/I via ¢*, A/I is a finite B/J-algebra. For 91 a
maximal ideal of B containing J, 9V = 9M/J is a maximal ideal of B/J and
by the Going Up theorem, there exists a maximal ideal 9 of A/I such
that 9 = ' N (B/J). Let M be the maximal ideal of A containing I
corresponding to M. We have 0 = *~1(9M). It follows that ¢(Z) = V(J);
hence ¢(Z) is closed in Y.

b) By a), ¢(X) = V(Kerp*). As A is a finite (B/Ker p*)-algebra, there
is a finite number of maximal ideals of A lying above a maximal ideal of
B/(Ker ¢*). So the result follows. o

Definition 2.2.27. Let ¢ : X — Y be a morphism of affine varieties. We
say that ¢ is locally finite at a point z € X if there exist a finite morphism
p:Y' =Y and an isomorphism v of an open neighborhood U of z onto an
open set in Y’ such that p o v is the restriction of ¢ to U.

Lemma 2.2.28. Let ¢ : X — Y,¢ : Y — Z be morphisms of affine vari-
eties. If ¢ is locally finite in x and v is so in (), then ¥ o ¢ is locally
finite in x.
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Proof. We may assume that Y is the principal open set ‘Z}, where Z’ is
finite over Z, with f € C[Z']. If Y is finite over Y, then C[Y’] = By, where
B is integral over C[Z']. Hence B is integral over C[Z]. It follows that
Y’ is isomorphic to a principal open set V,, where V is finite over Z, with
g € C[V]. O

Lemma 2.2.29. Let ¢ : X — Y be a dominant morphism of irreducible
varieties. We consider B = C[Y] as a subring of A = C[X]. Assume that
A = Bla], for some a € A. Let x € X. Then one of the two following
statements holds:

a) p~1(px) is finite and ¢ is locally finite in ,
b) ¢~ (pz) ~ Al

Proof. We have A = B[T]/I, where I is the ideal of the polynomials f €
B[T] with f(a) =0. Let € : B — C be the morphism defining ¢z. It extends
to a morphism B[T] — C[T). If ¢(I) = 0, then C[p~(¢z)] ~ C[T]; whence
¢~ (pz) ~ AL

If e(I) # 0, the polynomials in £(I) vanish in a(z); hence ¢(I) contains
non-constant polynomials and no non-zero constants. This implies that
¢~ (i) is finite. It also follows that there is f € I of the form f,T™+---+
fT™ + -+ + fo, where e(fn) = -+ = €(fm+1) = 0,e(fm) # 0,m > 0. Put
§=fna" ™4 4 fm. Then s #0 and sa™ + fn_1a™ 14+ + fo = 0.
We have then that sa is integral over B[s] and a is integral over the subring
B[s™1] of the quotient field of B. But since s € Bla], it follows that s is
integral over B[s~!], i.e. that s is integral over B. Now the assertion of a)
follows by observing that A; = B|sa, ;. O

Proposition 2.2.30. Let ¢ : X — Y be a dominant morphism of irreducible
varieties. We consider B = C[Y] as a subring of A= C[X]. Letz € X. If
the fiber =1 (px) is finite, then ¢ is locally finite in x. Moreover dim X =
dimY.

Proof. We have A = Blay,...,ap]. If h = 1, the assertion is true by Lemma

2.2.29. We have a factorization of ¢: X % x' % Y, where C[X'] = Blai].
Clearly v~!(3) is finite. By induction on h we may assume that v is locally
finite in . We may then assume that there is a finite morphism of affine
varieties ¥’ : X” — X’ such that X is an affine open subset of X” and that
% is induced by 7.

Let F = ¢/~1(¢'xz). If F is infinite, by 2.2.29, it is isomorphic to Al. Let
E be a component of ¢/~!(F) of dimension > 1 passing through z. Now
X N E is an open subset of F containing x, hence must be infinite. But
X N E lies in the finite set ¢~ !(pz) and we get a contradiction. Hence the
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components of 9'~!(F) of dimension > 1 do not contain z. Replacing X by
a suitable open neighborhood of z we may assume that no such component
exists. Then F is finite. The theorem then follows by using Lemmas 2.2.28
and 2.2.29. O

Definition 2.2.31. A point z of an irreducible variety X is normal if there
exists an affine open neighborhood U of z such that C[U] is integrally closed.
A variety is normal if all its points are normal.

We now state a version of Zariski’s main theorem.

Theorem 2.2.32. Let ¢ : X — Y be a morphism of irreducible varieties
that is bijective and birational. Assume Y to be normal. Then ¢ is an
isomorphism.

Proof. Let x € X. Replace X and Y by affine open neighborhoods U of
z, respectively V' of px. We deduce from Proposition 2.2.30 that we may
assume that U is isomorphic to an affine open subset of an affine variety
V' which is finite over V. By the birationality assumption, C(V’) ~ C(V).
Now the normality of Y implies that the finite morphism V/ — V is in fact
an isomorphism. This shows that ¢ is an isomorphism of geometric spaces,
hence an isomorphism of varieties. O

We shall now define the tangent space of a variety V at a point z. If
f(X1,...,Xpn) € C[Xa,...,Xy), z = (21,...,2,) is a point in A™, we define
the differential of f at z as

n
dof =) (0f/0X:)(x)(X; — m3).
i=1
It follows from the definition that for f,g € C[X1,...,Xy], dz(f +9) =
dof + dog and dz(fg) = f(2)deg + 9(z)dz f.

If V is an affine variety in A%, z a point in V, we define the tangent
space to V' at the point z as the linear variety Tan(V'); C Af defined by the
vanishing of all d, f, for f € Z(V). It is easy to see that for any finite set
of generators of Z(V'), the corresponding d, f generate Z(Tan(V);). Notice
that the tangent space to a linear variety is the variety itself at any of its
points.

We now want to give an intrinsic definition of the tangent space. For a
variety V . C A", z € V, let M; = Z(z) be the maximal ideal of R = C[V]
vanishing at 2. We have C[V]/M, ~ C; hence M,/M? is a C-vector space
(finite dimensional since M, is a finitely generated R-module). Now df,
for arbitrary f € C[Xy,...,Xn| can be viewed as a linear function on A"
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(taking z as the origin), hence as a linear function on the vector subspace
Tan(V); of A" Since, for f € Z(V), dyf vanishes on Tan(V)z, d.f is
determined on Tan(V'); by the image of f in C[V] = C[Xy,..., Xp]/Z(V).
We then obtain a C-linear map d; from R to the dual space of Tan(V).
Since R = C @ M, as C vector spaces and d;(C) = 0, we may view d; as a
map from M, to the dual space of Tan(V),.

Proposition 2.2.33. The map d; defines an isomorphism from M, /M2 to
the dual space of Tan(V),.

Proof. The map is surjective because a linear function g on Tan(V'), is the
restriction of a linear function on A™ (with the origin at z) given by a linear
polynomial f(Xj,...,X,) such that d, f is the given g. We now prove that
Kerd, = M?2. Suppose df,f € M, vanishes on Tan(V);, f being the
image of some nonconstant f € C[X1,...,Xpn]. We have d;f = Y aidgfi,
for some a; € C, f; € Z(V). Setting g = f — Zaidmfi, we see that dgg
vanishes on all of A™; hence it is identically 0. Since f was nonconstant,
we may assume that g is also. Then g must contain no linear term, i.e. g
belongs to the square of the ideal (X1,...,X,). The image of this ideal in
R is M,, and g has the same image f as fin R, so we conclude f € M2. O

We can now pass to the local ring (Og,9M;), since O, = Rp, and
M, = MyRp,. We obtain an isomorphism of C-vector spaces between the
tangent space Tan(X), and the dual vector space of MM, /M2 over C. For
an algebraic variety V, we define the tangent space of V' at a point z as
(9, /203)*.

If X, Y are algebraic varieties, £ € X, a morphism of varietiesp : X — Y
induces a C-algebra morphism ¢* : Oy (U) = Ox (¢~ (U)), for U an open
subset of Y containing ¢(z). It is clear that ¢* sends M, ;) to M, and
zm;j(m) to 9012, hence defines a C-algebra morphism from M) /imi(m) to
M, /N2, Considering the dual morphism, we obtain a morphism denoted
dzp and called the differential mapping of ¢ at the point z, from Tan(X);
to Tan(Y)y(q)-
Proposition 2.2.34. Let ¢ : X — Y be an isomorphism of varieties, €
X. Then Tan(X)y is isomorphic to Tan(Y)y(z)-

Proof. It is clear that d<p(m)<p_1 is the inverse of dgp, so the two tangent
spaces are isomorphic. a
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We now look at the dimension of the tangent space. If X C A" is
an affine variety and Z(X) is generated by fi,..., fn, the tangent space
Tan(X); at a point z of X is defined by the equations

n

> (8£:/0X;)(x)(X; — ;) =0, 1 <i < N.

j=1
Hence the dimension of Tan(X); is n — r for r the rank of the matrix
((0fi/0X;)(z))1<i<N,1<j<n- We now look at the dimension of the tangent
space as z varies in X. Let p be the rank of the matrix (0f;/0X;)1<i<N,1<j<n
with entries in C[X3,...,Xy]. Then all minors of order greater that p van-
ish and there exist non-zero minors Ay of order p. Hence in the matrix
((0f:/0X;)(z)) all minors of order > p vanish, so 7 < p and the points for
which r < p are precisely those for which Ag(z) = 0 for all k. Therefore
there is a minimum value s for dimTan(X),,z € X, and the points z € X
for which dimT'an(X); > s form a proper closed subset of X.

We shall see in Proposition 2.2.36 below that, for X an irreducible vari-
ety, this minimum value s of dim T'an(X); is equal to dim X. We say that
x is a simple point or regular point or nonsingular point if dim Tan(X), =
dim X. Otherwise we say that z is a singular point. A variety is called
nonsingular or smooth if all its points are simple. Otherwise it is called
singular. It is clear that A™ and P™ are smooth varieties. Exercise 9 gives
examples of smooth and singular plane cubic curves.

Proposition 2.2.35. Let V' be a hypersurface in A™. Then dim Tan(V), >
n—1 for all x € V and equality holds in a nonempty open subset of V.

Proof. We have V = V(f), for some nonconstant f € C[Xj,...,X,] and
Tan(V), is defined by dz f = Y ;-1 (0f/0X;)(x)(X; — ;) = 0. We then have
dim Tan(V); = n — 1 unless (0f/0X;)(z) = 0 for all 4 = 1,...,n and this
condition determines a proper closed subset in V. O

Proposition 2.2.36. Let X be an irreducible algebraic variety, x € X.
Then dim Tan(X),; > dim X and equality holds in a nonempty open subset
of X.

Proof. As the statement is local, it is enough to consider the case of an
affine variety. By Proposition 1.1.27, there exists a birational equivalence
¢ : X =Y, where Y is a hypersurface in the affine space A", where n =
1+ dim X. According to Proposition 1.1.26, there exist nonempty open
subsets U C X,V C Y such that ¢ determines an isomorphism between
them. By Proposition 2.2.35, the set W of regular points of Y is open and
dimTan(Y)y = n —1, for y € W. The set V N W is also open and so is
¢ Y (VN W) C U. Since the dimension of the tangent space is invariant by



2.2. Varieties 45

isomorphisms (Proposition 2.2.34), dim Tan(X), = dim X, for z € p=}(V N
W), 0

Remark 2.2.37. In the case of reducible varieties, the last result is no
longer true. If, for example, X = X; U X5, with dim X; = 1,dim X3 = 2,
and z is a simple point in X;, not in Xy, we will have dim Tan(X), = 1,
whereas dim X = 2.

We may define the dimension of the variety X at a point z, denoted by
dim, X as the maximum of the dimensions of the irreducible components of
X through z. We then say that a point z of X is nonsingular if dim 7T, X =
dimg X.

Proposition 2.2.38. Let ¢ : X — Y be a dominant morphism of irreducible
varieties. Then there exists a nonempty open subset U of X such that for
all z € U, p(x) is a nonsingular point in' Y and dzp is a surjection from
T:X onto T‘p(m)Y.

Proof. By Proposition 2.2.36 we can take a nonempty open subset U C
Y of regular points of Y such that ¢~ !(U) is open and dense in X and
Y @ Y(U) — U is regular and surjective. Hence ¢ induces a C-
algebra monomorphism ¢* : Oy (U) = Ox (¢~ (U)). As ¢* sends M,y to
M, and imi(x) to M2, we have the following commutative diagram

M) S

i B i
Mya) /Mgy = Mg /IZ,

where the upper horizontal arrow is injective. The statement on the sur-
jectivity of d;p is a consequence of the following lemma. (See [Sh] I16.2
Lemma 2.) O

Lemma 2.2.39. With the hypothesis in Proposition 2.2.38, there exists a
nonempty open subset V. C X such that dyp is surjective for x € V.

Proof. The surjectivity of dyp : ToV — Ti(4)Y is dual to the injectivity of
©* M) /E)J‘ti(m) — 9, /2. We shall prove that, if uj,...,un are local
parameters at (z) € Y, i.e. u; € My ;) and their images form a basis of

the vector space imﬂm)/imi(m), then dgz(¢*(u1)),...,dz(¢*(um)) are linearly
independent. Considering the inclusion of O,;) into the power series ring,
it is visible that ui, ..., u are algebraically independent and since p(X) is
dense in Y, it follows that ujop, ..., unop are also algebraically independent
as rational functions on X. We complete them to a system v; = u; o
Oy ey Um = Um © Py Um+1,---,Un Of n = dim X algebraically independent

functions.
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The lemma will be proved if we check that for any system ws,...,w,
of algebraically independent functions on X, the set of points z at which
wi,...,w, are local parameters for O, is open and nonempty. We assume
that X c AN, with coordinates z1,...,zy. We prove that for points z of
a nonempty open subset U C X all differentials d,z; can be expressed as
linear combinations of d,ws,...,d,w,. If these were linearly dependent, it
would then follow that dim 7T, X < n. Now, each z; is related to wi,...,w,
by a relation

(2.1) Fy(zs, w1, ..., wn) =0,
with F; an irreducible polynomial and hence, as charC = 0, ? # 0.
Suppose that o
F; = apzl + a1z -+ + an,,
with a; € Clws, ..., wy]. Now dza; are linear combinations of dyws, . . ., dgwp.

Using the Leibniz rule of the differential d,, it follows from (2.1) that

OF;
8:13.,;

(2)dzi + xidya0 + - - - + dyapn, =0

K3

8.’1)«,;

open set in X and at such points d,z;,7 = 1,..., N, can be presented as
linear combinations of d,ws,...,d,w,. Hence the lemma is proved. O

at any point z € X. The points at which all (z) # 0 form a nonempty

We shall now introduce the notion of completeness for varieties.

Definition 2.2.40. A variety X is called complete if for all varieties Y,
pra : X XY — Y is a closed map (i.e. sends closed subsets to closed
subsets).

Evidently a single point, viewed as a variety, is complete. It is also clear
that X is complete if and only if all its irreducible components are. Clearly,
for a variety X to be complete it suffices that it satisfies the condition in
the definition for varieties Y irreducible and affine. The affine line A! is not
complete as V(X1X2 — 1) C Al x Al projects to a nonclosed subset of Al.

Remark 2.2.41. The analogous property for topological spaces of the con-
dition in the definition of complete variety is a characterization of compact
spaces. More precisely, a theorem of Kuratowski gives that for a Hausdorff
space X compactness is equivalent to the following property: the projec-
tion pro : X XY — Y is a closed map for any topological space Y, with
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X xY endowed with the usual product topology. (See [E] 3.1.16.) Hence
completeness of varieties can be understood as an analogue of compactness
of topological spaces.

The next proposition gives the first properties of completeness. We leave
its proof as an exercise. (See Exercise 17.)

Proposition 2.2.42. Let X,Y be varieties.
a) If X is complete and 'Y is closed in X, then Y 1is complete.
b) If X and Y are complete, then X x Y is complete.

c) If p: X =Y is a morphism and X is complete, then o(X) is closed and
complete.

d) If Y is a complete subvariety of X, then'Y is closed.
e) If X is complete and affine, then dim X = 0.

f) A complete quasiprojective variety is projective.
Proposition 2.2.43. Any projective variety is complete.

Proof. By Proposition 2.2.42 a), it is enough to prove that pro : P"xY —» Y
is closed for any variety Y. We may assume that Y is affine and irreducible;

let R=C[Y]. Let Uy = {(zo : 21 : --+ : ) € P™ : z; # 0} be the affine
open sets covering P"*. The affine open sets V; := U; X Y cover P* x Y.
If Xo,X1,...,X, are homogeneous coordinates in P™, then C[V;] can be

described as R[Xo/Xi, ..., Xn/X;]. Take any closed set Z in P* x Y and
any point y € Y \ pra(Z). We want to find a neighborhood of y in Y
of the form Y; which is disjoint from pry(Z). This amounts to finding
f € R f & M = Z(f) such that f vanishes on pre(Z), i.e. such that
3X(prs(f)) € Z(Z;), for j; - Vi = P* x Y, Z; = ZNV;. The existence of
such f will follow from Nakayama’s lemma applied to a suitable R-module,
which we now proceed to construct.

We first consider the polynomial ring S = R[Xo, ..., Xy], with the natu-
ral grading S = ) S,,. We construct a homogeneous ideal I C S by letting
I, consist of all f(Xo,...,Xn) € Sm such that f(Xo/X;,...,Xn/Xi) €
Z(Z;) for all 1.

Let f € Z(Z;), for i fixed. We claim that multiplication by a sufficiently
high power of X; will take f into I. Indeed, if we view f as a polynomial
in Xo/Xi,...,Xn/X;, then X" f becomes a homogeneous polynomial of
degree m in Xy, ..., X,, for large m. Now (XZ”/X]’-")f € R; vanishes on
Z;NV; = Z; N'V; while (XZ"H/X;-"H)f vanishes at all points of Z; not in
Vi. Since j is arbitrary, we conclude that Xi’"'*'1 f lies in Ipyq.

Now Z; and U; x {y} are disjoint closed subsets of the affine variety V;, so
their ideals Z(Z;) and M R; together generate the unit ideal R;. In particular,
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we have an equality 1 = fi+2j mijgij, where f; € I(Z;), mi; € M, gi; € R;.
We have seen that multiplication by a sufficiently high power of X; takes
f € Z(Z;) into I. We can choose it large enough so that it works for all
¢ and moreover it takes g;; into S. So we obtain X" € I, + MSy, for
all 5. Enlarging m even more, we can get all monomials of degree m in
Xo,..., Xy to lie in I, + MS,,. This implies that S,, = I, + MS,,. We
can now apply Nakayama’s lemma ([Ma] 1.M) to the finitely generated R-
module Sy, /I, which satisfies M (Sy,/Im) = Sm/Im and obtain that there
exists f € R, f ¢ M such that f(Spm/I,) = 0, thus fS,, C In,. In particular,
fX™ € Iy, so f vanishes on pra(Z). a
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Exercises

(1) Let X = {(z,y) € A? : 22 = 93}, Define ¢ : X — Al by ¢(z,y) =
zy~ ! if (z,y) # (0,0) and (0,0) = 0. Show that ¢ is a morphism
of irreducible varieties which is birational and bijective but is not an
isomorphism of varieties.

(2) For X, Y irreducible varieties, prove dim(X x Y) = dim X + dimY.

(3) Product of projective varieties. If X C P*Y C P™ are projective vari-
eties the cartesian product cannot be straightforwardly identified with
a subset of P* x P™. We consider the map ¢ : P* x P™ — P9, where
g=(n+1)(m+1)—1, defined by

‘P((-’EO; o ,wn), (yo, cee ,ym)) =
(-730:90; <o s ZOYms L1Y0y « -+ y T1Ymy - - -, TnY0,y - - - xnym)-

a) Prove that ¢ is well defined and its image is closed in P4. Prove that
if X is closed in P™ and Y is closed in P™, then ¢(X X Y) is closed
in P9,

Hint: Use the covering of the projective space by affine open sets.

b) Prove that the construction of X x Y as a closed set of P? is com-

patible with the product of prevarieties defined in Proposition 2.1.6.

(4) Exhibit a constructible subset of A% not locally closed.

(5) Prove that constructible subsets of a topological space X form the
boolean algebra generated by the open (resp. closed) subsets of X,
i.e. the smallest collection containing all open (resp. closed) subsets
which is closed under intersections, finite unions, and complements.

(6) Let V be an irreducible affine variety for which C[V] is a unique factor-
ization domain. Prove that each closed subset W of codimension 1 has
the form V(f) for some f € C[V].

Hint: First treat the case W irreducible. Show that minimal prime ideals
of C[V] are principal.

(7) Let X C A™ be an affine variety. If fi,..., f, generate Z(X), prove that
dgfi,...,defr generate Z(Tan(X),), for z € X.

(8) Prove that a conic, i.e. a plane algebraic curve of degree two, is smooth
if and only if it is nondegenerate.

(9) Consider the cubic C = V(Y2 — X3 —aX —b) C A3. Prove that C has a
singular point if and only if disc (X3 + aX 4 b) = 0. Prove that C has
at most one singular point.
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Consider the projective closure C of C. Prove that it has a single
point P at infinity, which is nonsingular and that Tanp(C) is the line at
infinity.

(10) a) Consider the cubic C = V(Y2 — (X — a)?(X — b)) C A3, with a # b.
Find the singular point P of C. Show that there are exactly two lines
through P such that P is a triple solution of the intersection of the
line with C. In this case, we say that P is a node of C. Make a change
of variables (over C) taking the equation of C to Y2 = X3 — X? and
draw this curve (over R).

b) Consider the cubic C = V(Y? — (X — a)3) C A3. Find the singular
point P of C. Show that there is exactly one line through P such
that P is a triple solution of the intersection of the line with C. In
this case, we say that P is a cusp of C. Make a change of variables
taking the equation of C to Y2 = X3 and draw this curve.

(11) Let us denote by Sing V' the set of singular points of a variety V. Let V
be an algebraic variety, V;,1 < i < n, its irreducible components. Prove
that

n
SingV = U Sing V; U U(V; nv;).
i=1 i#j
(12) Let W be a subvariety of a variety V', j : W — V the canonical injection
and € W. Prove that the map d;j : T(W) — T (V) is injective.

(13) Let X,Y be algebraic varieties, z € X,y € Y. Prove

Tan(X X Y)(gy) =~ Tan(X); @ Tan(Y),.

(14) The tangent cone. If f € C[X1,...,Xy], we consider the Taylor expan-
sion f=fo+ fi+: -+ faof fatz=(z1,...,2,) € C™, where

k
fe= ) 1 o'f (2) (X1 — 1) ... (X — z0)®"

il inl 920 .. Oy

i1+ +in=k
and d is the total degree of f. We denote by in(f) the initial form of
f, i.e. the homogeneous polynomial fy such that fo = -+ = fr_1 =0

and fr # 0. If V is an affine variety in A", € V, we define the tangent

cone TC(V)g of V at & by TC(V ), := V({in(f) : f € Z(V)}). Ttis

clear that TC(V), = Tan(V) if  is a simple point of V.

a) Prove that TC(V'), is a cone with vertex in z, i.e. thatify € TC(V),,
the line joining z to y is contained in TC(V),.

b) Compute the tangent cones of the cubic curves in Exercise 10 at the
singular points.
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(15)

(16)

(17)

(18)

a) Let R be a noetherian local ring, with unique maximal ideal 1.
Prove that 9 is generated as an R-module by fi,..., f, < 91/902
is generated as an R/9-module by the images of fi,..., fa-

b) Recall that a local ring (R, ) is called regular if its Krull dimension
coincides with the minimal number of generators of 9. Prove that
for z a simple point of an algebraic variety X, the local ring O, is a
regular local ring, hence is integrally closed in C'(X).

Hint: See [A-M], chap. 11.

Let V be an n-dimensional C-vector space, with exterior algebra AV.

To a subspace W of V of dimension d, we associate the point in P(A%V)

corresponding to vi A+ - - Avg, for (v1,...,v4) a basis of W. Let ¢ denote

the map obtained in this way from the collection ¥4(V') of subspaces of

V of dimension d to the projective space P(A%V).

a) Prove that ¢ is well defined and its image is a closed subset of P(A%V).
This projective variety is called Grassmann variety.

b) Write down the equations for the Grassmann variety of lines in A3.

Provide the proof of Proposition 2.2.42.

Hint: For c) use that the graph of ¢ is closed in X x Y (Proposition
2.2.8). For e) apply c) to morphisms X — Al and use that A! is not
complete.

To an element A € GL(2,C), i.e.

A:(‘; Z),a,b,c,dEC,detAzad—bc;éO,

we associate a map

pa: P! — P!
(z:y) — (az+by:cx+dy).
a) Prove that ¢4 is an automorphism of the variety P! and (g4 is the
identity if and only if A is a scalar matrix.
b) Let PGL(2, C) be the quotient group of GL(2, C') by the subgroup of
scalar matrices. Prove that the map

PGL(2,C) — AutP!
A = pA
is a group isomorphism.
Hint: Prove that an automorphism of P! is determined by the images of

the three points 0 = (0:1),1=(1:1),00=(1:0).






Part 2

Algebraic Groups



In Part 2, we introduce algebraic groups which are algebraic varieties
endowed with a compatible group structure. We are mainly interested in
linear algebraic groups, that is, closed subgroups of some general linear
group, as these appear as differential Galois groups of linear homogeneous
differential equations. We shall see that, for an algebraic group, being a
linear algebraic group and being an affine variety is equivalent. The fact
that the quotient of an algebraic group by a closed subgroup is an algebraic
group will be used in the fundamental theorem of Picard-Vessiot theory. In
chapter 4, we introduce the notion of Lie algebra and define the Lie algebra
associated to a linear algebraic group. The concept of solvability and the
Lie-Kolchin theorem will be used in the characterization of linear differential
equations solvable by quadratures. We present the classification of the closed
subgroups of the special linear group of degree 2 and give a geometric proof
for the determination of the finite ones.

Throughout Part 2, C' will denote an algebraically closed field of char-
acteristic 0.



Chapter 3

Basic Notions

In this chapter we define and provide examples of algebraic groups. We
give the notion of a connected algebraic group. We see that a linear al-
gebraic group is an affine variety and reciprocally that an affine algebraic
group is a closed subgroup of some general linear group. We consider ac-
tions of algebraic groups on algebraic varieties. We end the chapter with
the construction of the quotient of an algebraic group by a normal closed
subgroup.

3.1. The notion of algebraic group

Definition 3.1.1. An algebraic group over C is an algebraic variety G de-
fined over C, endowed with the structure of a group and such that the two
maps i : G x G — G, where u(z,y) = 2y and ¢ : G — G, where (z) = 271,

are morphisms of varieties.

Translation by an element y € G, i.e. x +— zy is clearly a variety
automorphism of G, and therefore all geometric properties at one point of
G can be transferred to any other point, by suitable choice of y. For example,
since G has simple points (Proposition 2.2.36), all points must be simple;
hence G is nonsingular.

Example 3.1.2. The additive group G, is the affine line A! with the group
law p(z,y) = z+y, so t(z) = —x and e = 0. The multiplicative group G, is
the principal open set C* C A! with group law u(z,y) = zy, so ¢(z) = 27!
and e = 1. Each of these two groups is irreducible, as a variety, and has
dimension 1. It can be proven that they are the only (up to isomorphism)
affine algebraic groups with these two properties. (See Exercise 11 in chapter
4.)
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Example 3.1.3. The general linear group GL(n,C) is the group of all in-
vertible n X n matrices with entries in C' with matrix multiplication. As
already noted, the set M(n,C) of all n X n matrices over C may be identi-
fied with the affine space of dimension n? and GL(n,C) with the principal
open subset defined by the non-vanishing of the determinant. Viewed thus
as an affine variety, GL(n,C) has a coordinate ring generated by the re-
striction of the n? coordinate functions X;;, together with 1/ det(Xj;). The
formulas for matrix multiplication and inversion make it clear that GL(n, C)
is an algebraic group. Notice that GL(1,C) = Gp,.

If V is a finite dimensional C-vector space we define GL(V') as the group
of C-vector space automorphisms of V. If n = dim¢ V, we have GL(V) ~
GL(n,C).

Example 3.1.4. Taking into account that a closed subgroup of an algebraic
group is again an algebraic group, we can construct further examples. We
consider the following subgroups of GL(n,C):

(1) SL(n,C) :={A € GL(n,C) : det A = 1} (special linear group);

(2) T(n,C) := {(ayj) € GL(n,C) : as; = 0,7 > j} (upper triangular
group);

(8) U(n,C) := {(aij) € GL(n,C) : a5 = 1,as5 = 0,5 > j} (upper
triangular unipotent group);

(4) D(n,C) :={(ai;) € GL(n,C) : a;; = 0,4 # j} (diagonal group).

A linear algebraic group is a closed subgroup of some GL(n,C). The
groups above are then examples of linear algebraic groups.

Example 3.1.5. The direct product of two or more algebraic groups, i.e.
the usual direct product of groups endowed with the algebraic variety struc-
ture of the product (see Proposition 2.1.6 and Example 2.2.4), is again an
algebraic group. For example D(n,C) may be viewed as the direct product
of n copies of G,,, while affine n-space may be viewed as the direct product
of n copies of G,.

3.2. Connected algebraic groups

Let G be an algebraic group. We assert that only one irreducible component
of G contains the unit element e. Indeed, let Xi,..., X, be the distinct
irreducible components containing e. The image of the irreducible variety
X1 %+ +xX,, under the product morphism is an irreducible subset X7 - - - X,
of G which again contains e. So X; -+ X, lies in some X;. On the other
hand, each of the components Xj,..., X, clearly lies in X7+ X;,. Then
m must be 1.
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We denote by G this unique irreducible component containing e and
call it the identity component of G.

Proposition 3.2.1. Let G be an algebraic group.

a) GO is a normal subgroup of finite index in G, whose cosets are the con-
nected as well as irreducible components of G.

b) Each closed subgroup of finite index in G contains G°.

c) Every finite conjugacy class of G has at most as many elements as

G :GY.

Proof. a) For each z € G° z7!G? is an irreducible component of G con-
taining e, so 7 1GY = GP. Therefore G° = (G%)~1, and further G°G® = G,
i.e. GYis a (closed) subgroup of G. For any = € G, zG%~! is also an ir-
reducible component of G containing e, so zG%z~! = G° and G° is normal.
Its (left or right) cosets are translates of G°, and so must also be irreducible
components of G; as G is a Noetherian space there can only be finitely many
of them. Since they are disjoint, they are also the connected components
of G.

b) If H is a closed subgroup of finite index in G, then each of its finitely
many cosets is also closed. The union of those cosets distinct from H is also
closed and then, H is open. Therefore the left cosets of H give a partition
of G into a finite union of open sets. Since G? is connected and meets H,
we get GO C H.

c) Write n = [G : G°) and assume that there exists an element z € G
with a finite conjugacy class having a number of elements exceeding n. The
mapping from G to G defined by a + aza™! is continuous. The inverse
image of each conjugate of z is closed and, as there are finitely many of
them, also open. This yields a decomposition of G into more than n open
and closed sets, a contradiction. a

We shall call an algebraic group G connected when G = G°. As usual in
the theory of linear algebraic groups, we shall reserve the word “irreducible”
for group representations.

The additive group G4(C) and the multiplicative group G, (C) are con-
nected groups. The group GL(n,C) is connected, as it is a principal open
set in the affine space of dimension n2. The next proposition will allow us to
deduce the connectedness of some other algebraic groups. We first establish
the following lemma.

Lemma 3.2.2. Let U,V be two dense open subsets of an algebraic group G.
Then G=U"-V.
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Proof. Since inversion is a homeomorphism, V! is again a dense open set.
So is its translate V™!, for any given x € G. Therefore, U must meet
zV 1, forcingz € U - V. O

For an arbitrary subset M of an algebraic group G, we define the group
closure GC(M) of M as the intersection of all closed subgroups of G con-
taining M.

Proposition 3.2.3. Let G be an algebraic group, f; : X; = G,1 € I, a
family of morphisms from irreducible varieties X; to G, such that e € Y; =
fi(X;) for eachi € I. Set M = U;crY;. Then

a) GC(M) is a connected subgroup of G.
b) For some finite sequence a = (ay,...,a,) in I, GC(M) = Y21 ... Yn,
e; = +1.

Proof. We can if necessary enlarge I to include the morphisms z ~ f;(x)~!
from X; to G. For each finite sequence a = (a1,...,a,) in I, set Y, :=
Ya, ... Ya,. The set Y, is constructible, as it is the image of the irreducible
variety Xq, X - - X X, under the morphism f,, X - - X f5,, composed with mul-
tiplication in G, and moreover Y, is an irreducible variety passing through e
(since closure and homeomorphic image of an irreducible set are so). Given
two finite sequences b, c in I, we have Y, Y, C m, where (b, ¢) is the se-
quence obtained from b and ¢ by juxtaposition. Indeed, for = € Y, the
map y — yz sends Y, into Y, ), hence by continuity Y, into m, ie.
Y,Y. C m. This last inclusion shows as well that multiplication by an
element in Y, sends Y, into m, hence Y, as well. Let us now take a
sequence a for which Y, is maximal. For each finite sequence b, we have
Y, cY, Y, C m =Y,. Setting b = a, we have Y, stable under multi-
plication. Choosing b such that ¥, = Y, !, we also have Y, stable under
inversion. We have then that Y is a closed subgroup of G' containing all ¥;
so Y, = GC(M), proving a).

Since Y, is constructible, Lemma 3.2.2 shows that Y, =Y, - Y, = Ya,a)s
so the sequence (a, a) satisfies b). O

Corollary 3.2.4. Let G be an algebraic group, Y;,1 € I, a family of closed
connected subgroups of G which generate G as an abstract group. Then G
is connected. m]
Corollary 3.2.5. The algebraic groups SL(n,C),U(n,C),D(n,C), T(n,C)
(see Example 3.1.4) are connected.

Proof. Let U;; be the group of all matrices with 1’s on the diagonal, arbi-
trary entry in the (7, j) position and 0’s elsewhere, for 1 < 1,5 < n,i # j.
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Then the U;; are isomorphic to G4(C), and so connected, and generate
SL(n,C). Hence by Corollary 3.2.4, SL(n,C) is connected. The U;; with
i < j generate U(n,C); whence U(n, C) is connected.

The group D(n,C) is the direct product of n copies of G,,(C), whence
connected. Finally, T(n,C) is generated by U(n,C) and D(n,C); whence is
also connected. O

3.3. Subgroups and morphisms

Lemma 3.3.1. Let E be a constructible subset of a topological space X.
Then E contains a dense open subset of its closure.

Proof. We have E = UleUi NV;, where U; are open in X and V; are closed
in X. We can assume V; irreducible (by substituting each V; if necessary by
the union of its irreducible components). Let U} := U; \ (U;j%;Vj); clearly
U; is open in X. As V; is irreducible, we have V; N U} = V;. Let us observe
that U N (UL ,U;NV;) = U NV;. We take U := UE_ U}; then U is
open in X. Now UNE =UN (UL,U;NV;) = UL U NV;. We have
UNE=U,UNV,=Ur,V;=E. O

Proposition 3.3.2. Let H be a subgroup of an algebraic group G, H its
closure.

a) H is a subgroup of G.

b) If H is constructible, then H = H.

Proof. a) Inversion being a homeomorphism, it is clear that H = = H 1=
H. Similarly, translation by € H is a homeomorphism, so x H = zH = H,
ie. HH C H. Inturn, if x € H, Hx C H, so Hz = Hx C H. This says
that H is a group.

b) If H is constructible, by Lemma 3.3.1, it contains a dense open subset U
of H. Since H is a group, by part a), Lemma 3.2.2 shows that H =U-U C
H-H=H. a

For a subgroup H of a group G we define the normalizer Ng(H) of H
in G as
Ng(H)={z € G:zHz ' = H}.
If a subgroup H’ of G is contained in Ng(H), we say that H' normalizes H.

Proposition 3.3.3. Let A, B be closed subgroups of an algebraic group G.
If B normalizes A, then AB is a closed subgroup of G.



60 3. Basic Notions

Proof. Since B C Ng(A), AB is a subgroup of G. Now AB is the image of
A x B under the product morphism G x G — G; hence it is constructible
by Theorem 2.2.21 and therefore closed by Proposition 3.3.2 b). O

By definition a morphism of algebraic groups is a group homomorphism
which is also a morphism of algebraic varieties.

Proposition 3.3.4. Let ¢ : G — G’ be a morphism of algebraic groups.
Then

a) Kery is a closed subgroup of G.

b) Imy is a closed subgroup of G'.

&) $(C°) = p(G)".

d) dim G = dim(Ker ¢) + dim(Im ¢) .

Proof. a) ¢ is continuous and Kery is the inverse image of the closed
set {e}.

b) ¢(G) is a subgroup of G'. It is also a constructible subset of G’, by
Theorem 2.2.21 , so it is closed by Proposition 3.3.2 b).

c) ¢(G?) is closed by b) and connected; hence it lies in ¢(G)°. As it has
finite index in (G), it must be equal to ¢(G)°, by Proposition 3.2.1b).

d) The fibres of the morphism G — ¢(G) induced by ¢ are the cosets of G
modulo Ker ¢; hence they all have dimension equal to dim(Ker ). So d)
follows from Proposition 2.2.24. O

3.4. Linearization of affine algebraic groups

We have seen that any closed subgroup of GL(n,C) is an affine algebraic
group. We shall now see that the converse is also true.

Let G be an algebraic group, V an affine variety. We say that V is a
G-variety if the algebraic group G acts on the affine variety V, i.e. we have
a morphism of algebraic varieties

GxV = V
(z,v) +— zw

satisfying z1.(z2.v) = (z122).v, for any z1,z2 in G, v in V, and e.v = v, for
anyv € V.

Let V, W be G-varieties. A morphism ¢ : V — W is a G-morphism, or
is said to be equivariant if p(z.v) = z.¢(v), for x € G,v € V.
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The action of G over V induces an action of G on the coordinate ring
C|V] of V defined by

G xC[V] = C[V]
(z,f) = z.f:v— f(zlo).
In particular, we can consider two different actions of G on its coordinate
ring C[G] associated to the action of G on itself by left or right translations.
To the action of G on itself by left translations defined by

GxG = @G
(z,y) — wy
corresponds the action

GxC[G] - C[G]
(z,f) = X(f):y= flzly).

To the action of G on itself by right translations defined by

(3.1)

GxG — G
(z,y) — yz!

corresponds the action

(3.2) G xC|G] — (C[qG]
' (@,f) = pe(f):ym flyz).
We can use right translations to characterize membership in a closed
subgroup:

Lemma 3.4.1. Let H be a closed subgroup of an algebraic group G, I the
ideal of C|G) vanishing on H. Then

H={z€G:p(I)CI}.

Proof. Let z € H. If f € I, p(f)(y) = f(yz) = 0 for all y € H; hence
pz(f) € I, i.e. pz(I) C I. Assume now py(I) C I. In particular, if f € I,
then p,(f) vanishes at e € H, then f(z) = f(ex) = pz(f)(e) = 0, so
z € V(Z(H)) = H (Exercise 4 in chapter 1), as the preceding equality holds
for all f € 1. O

Lemma 3.4.2. Let G be an algebraic group and V an affine variety both
defined over the field C. Assume that G acts on V and let F' be a finite
dimensional C-vector subspace of the coordinate ring C[V] of V.
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a) There exists a finite dimensional subspace E of C[V] including F which
is stable under the action of G.

b) F itself is stable under the action of G if and only if *F C C[G] ®c F,
where p : G x V =V is given by p(z,v) =z~ 1w

Proof. a) If we prove the result in the case in which F' has dimension 1,
we can obtain it for a finite dimensional F' by summing up the subspaces
E corresponding to the subspaces of F' generated by one vector of a chosen
basis of . So we may assume that F' =< f > for some f € C[V]. Let
¢ : G xV — V be the morphism giving the action of G on V, ¢* : C[V] —
C|G x V] = C[G]) ® C[V] the corresponding morphism between coordinate
rings. Let us write ¢*f = Y ¢:® fi € C|G] ® C[V]. (Note that this
expression is not unique. ) For z € G,v e V, we have (z.f)(v) = f(z7tw) =
f((p(a:_l,v)) (" f) (-T » U Zgz(x )fi(v) and then z.f = 3 gi(z —l)fi'
So every translate z.f of f is contained in the finite dimensional C-vector
space of C[V] generated by the functions f;. So E = (z.f|z € G) is a
finite-dimensional G-stable vector space containing f.

b) If o*F C C[G]®c¢ F, then the functions f; in the proof of a) can be taken
to lie in F'; therefore F' is stable under the action of G. Conversely, let F'
be stable under the action of G and extend a vector space basis {f;} of F
to a basis {f;} U {h;} of C[V]. If o*f =1 ® fi+ > s; ® hj, for z € G,
we have z.f = Y ri(z71) fi + > sj(z~1)h;. Since this element belongs to F,
the functions s; must vanish identically on G, hence must be 0. We then
have ¢*F C C[G] ®c F. O

Theorem 3.4.3. Let G be an affine algebraic group. Then G is isomorphic
to a closed subgroup of some GL(n,C).

Proof. Choose generators fi,..., f, for the coordinate algebra C[G]. B
applying Lemma 3.4.2 a), we can assume that the f; are a C-basis of a C-
vector space F' which is G-stable when considering the action of G by right
translations. If ¢ : G x G — G is given by (z,y) — yz, by Lemma 3.4.2
b), we can write ¢* f; = Zj mi; ® fj, where my; € C[G]. Then p(fi)(y) =
filyz) = >2;mij(z) f;(y); whence pz(fi) = >°;mij(z)f;. In other words,
the matrix of pz|F' in the basis {f;} is (m;;(x)). This shows that the map
% : G = GL(n,C) defined by z — (m;;(z)) is a morphism of algebraic
groups.

Notice that fi(z) = fi(ex) = Y ms;(z)f;(e), i.e. fi =D fj(e)ms;. This
shows that the m;; also generate C|[G]; in particular, v is injective. Moreover
the image group G’ = 9(G) is closed in GL(n,C) by Proposition 3.3.4 b).
To complete the proof we therefore need to show only that ¥ : G — G’
is an isomorphism of varieties. But the restriction to G’ of the coordinate
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\ P+Q

Figure 1. Sum of two points.

functions X;; are sent by 1* to the respective m;;, which were just shown to
generate C[G]. So 9* is surjective and thus identifies C[G’] with C[G]. O

We now give an example of an algebraic group which is not affine, hence
not a linear algebraic group.

Example 3.4.4. We consider the curve F in the projective plane ]P% given
by the equation

Y2Z = X3+ aXZ? + 023,
with 4a® 4 276 # 0. We have seen (Exercise 9 in chapter 2) that E is
nonsingular, has a unique point 0 at infinity, namely 0 = (0 : 1 : 0), and
that the tangent line to F at O is the line at infinity Z = 0. Moreover, the
intersection of E with Z = 0 has the point 0 as a triple solution. The set
E(C) of the points of E with coordinates in C' is then the set of points with
coordinates in C of the affine plane curve with equation

Y2=X3+aX+b

plus the point 0. A plane nonsingular cubic is called an elliptic curve. We
now define a sum on F(C). Let us note that the intersection of E with a line
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PP

2P

Figure 2. Doubling of a point.

[ defined over C consists in three points, distinct or not, with coordinates
in C. If P,Q are two distinct points on E (resp. if P is a point on F),
denote by ! the line joining P and @ (resp. the tangent to F at P). Let PQ
(resp. PP) be the third point in the intersection { N E. (If | is the tangent
at P, we count P twice.) Let P + @Q (resp. 2P) be the third point in the
intersection of E with the line joining PQ (resp. PP) and 0. (See Figures
1 and 2.) It is clear that this sum is commutative, has 0 as identity element
and that for P = (zp,yp) € E, —P = (zp,—yp). Let us now write this
sum in coordinates. We distinguish three cases.

(1) If P = (zp,yp) # Q = (zQ,yq) and zp # ¢, the equation of
the line | is Y = aX + B, with o = (yg — yp)/(xzq — 2p),f =
(ypzg — yozp)/(xQ — xp). Substituting in the equation of E, we
obtain a monic polynomial in X of degree 3, in which the coefficient
of X2 is —a?, so the coordinates of P + Q are

Tpyq = o —Tp — 1Q,YP+Q = —0TP4qQ — B.

2)IfP#Qandzp=2zg, P+Q=0.
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(3) The equation of the tangent line to E at the point P = (zp,yp)
is Y = aX + B, with o = (32% + a)/2yp,B = (—2% + azp +
2b)/2yp. Again substituting in the equation of F, we obtain a
monic polynomial in X of degree 3, in which the coefficient of X2
is —a2, so the coordinates of 2P are

2
Top = a” — 2xp,y2p = —axz2p — B.

The more delicate point is proving that the defined law is associative.
One tedious form to do it is by direct computation using the formulae above.
A geometric proof based on the fact that a pencil of cubic curves is deter-
mined by eight points can be found in [Fu] or [Hus]. A third proof using
Riemann-Roch theorem can be found in [Si].

We then have on the projective curve FE a group structure and the for-
mulae obtained above show that the maps giving the sum and the opposite
element are morphisms of varieties; hence F is an algebraic group.

3.5. Homogeneous spaces

Let G be an algebraic group. A homogeneous space for G is a G-variety
V on which G acts transitively. An example of homogeneous space for G
is V = G, with the action given by left or right translations introduced in
Section 3.4.

Lemma 3.5.1. Let V be a G-variety.

a) For v eV, the orbit G.v is open in its closure.

b) There exist closed orbits.

Proof. By applying Proposition 2.2.13 to the morphism G — V, z — z.v,
we obtain that G.v contains a nonempty open subset U of its closure. Since
G.v is the union of the open sets .U,z € G, assertion a) follows. It implies
that for v € V, the set S, = G.v\ G.v is closed. It is also G-stable, hence a
union of orbits. As the descending chain condition on closed sets is satisfied,
there is a minimal set S,. By a), it must be empty. Hence the orbit G.v is
closed, proving b). a

Lemma 3.5.2. Let G be an algebraic group and GO its identity component.
Let V' be a homogeneous space for G.

a) Each irreducible component of V is a homogeneous space for G°.

b) The components of V are open and closed and V is their disjoint union.

Proof. Let V' be the orbit of G® in V. Since G acts transitively on V, it
follows from Proposition 3.2.1 that V is the disjoint union of finitely many
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translates z.V'. Each of them is a G%-orbit and is irreducible. It follows from
Lemma 3.5.1 that all G%-orbits are closed. Now the zV' are the irreducible
components of V' and each of them is a Gg-orbit, so a) is proved. As V is the
disjoint union of the closed sets V'’ and there is a finite number of them,
b) follows. O

Proposition 3.5.3. Let G be an algebraic group and let ¢ : V. — W be an
equivariant morphism of homogeneous spaces for G. Putr = dim V —dim W.

a) For any variety Z the morphism (p,Id): V X Z — W x Z is open.

b) If W' is an irreducible closed subvariety of W and V' an irreducible com-
ponent of ¢ W', then dim V' = dim W’ + r. In particular, ify € W,
then all irreducible components of ¢~y have dimension r.

Proof. Using Lemma 3.5.2, we reduce the proof to the case when G is
connected and V, W are irreducible. Then ¢ is surjective, hence dominant.
Let U C V be an open subset with the properties of Proposition 2.2.24 and
Corollary 2.2.25. Then all translates .U,z € G, enjoy the same properties.
Since these cover V, we have a) and b). O

A homogeneous space V for G is a principal homogeneous space or G-
torsor if the morphism

GxV — VxV

(z,v) = (z.v,v)
is an isomorphism. The action of G on V is then transitive and the stabilizer
subgroup of any element in V is trivial. Clearly, V = G with the action
given by left translations is a G-torsor. It is called the trivial G-torsor.
More generally, we say that a G-torsor is trivial if it is G-isomorphic to
G. In particular, G with the action given by right translations is a trivial
G-torsor.

3.6. Characters and semi-invariants

Definition 3.6.1. A character of an algebraic group G is a morphism of
algebraic groups G — Gp,.

For example, the determinant defines a character of GL(n, C). If x1, x2
are characters of an algebraic group G, so is their product defined by (x1x2)(x)
= x1(x)x2(x). This product gives the set X(G) of all characters of G the
structure of a commutative group. The identity element is the character xq
such that xo(z) =1 for all z € G.

Example 3.6.2. A morphism x : G, — G,, would be given by a polynomial
x(z) satisfying x(z + y) = x(x)x(y). We then obtain X (G,) = 1.



3.7. Quotients 67

Example 3.6.3. Given a character x of SL(n,C), n > 2, by composition
with the morphism G, — SL(n,C), = — I + ze;j, where we denote by
eij, ¢ # Jj, the matrix with entry 1 in the position (¢,j) and 0’s elsewhere,
we obtain a character of G,. As the subgroups U;; = {I + ze;; : x € C}
generate SL(n, C), we obtain X (SL(n,C)) = 1.

Example 3.6.4. A character of G,, is defined by z — 2™, for some n € Z;
hence X(G,,) ~Z. As D(n,C) ~ Gy X -+ - X Gy, we obtain X(D(n,C)) ~
Z X XZ.

If G is a closed subgroup of GL(V), for each x € X(G), we define
Vy ={veV:zv=x(z)w, forall z € G}. Evidently V, is a G-stable
subspace of V. Any nonzero element of V,, is called a semi-invariant of G
of weight x. Conversely if v is any nonzero vector which spans a G-stable
line in V, then it is clear that z.v = x(z)v defines a character x of G.

More generally, if ¢ : G — GL(V) is a rational representation, i.e. a
rational map which is also a group homomorphism, then the semi-invariants
of G are by definition those of p(G).

Lemma 3.6.5. Let ¢ : G — GL(V) be a rational representation. Then the
subspaces Vi, x € X(G), are in direct sum; in particular, only finitely many
of them are nonzero.

Proof. Otherwise, we could choose a minimal n > 2 and nonzero vectors
v; € Vy,, for distinct x;,1 < 4 < n, such that v1+- - ~+v, = 0. Since the x; are
distinct, x1(z) # x2(z) for some z € G. But 0 = ¢(z)(D_ ) = > xs(x)vs,
so > x1(x) " xi(z)v; = 0. The coefficient of vy is different from 1; so we can
subtract this equation from the equation ) v; = 0 to obtain a nontrivial
dependence involving < n — 1 characters, contradicting the choice of n. [

Lemma 3.6.6. Let ¢ : G — GL(V) be a rational representation. Let H be
a closed normal subgroup of G. Then each element of ¢(G) permutes the
spaces Vy, for x € X(H).

Proof. We can assume that G C GL(V). If z € G,y € H,v € V,, then
y.(z.v) = (yx)v = z(z7yz)v = z.(x(z " yz).v) = x(z"'yz)z.v and the
function y — x(z~lyz) is clearly a character X’ of H, so z maps Vj, into V,,.

O

3.7. Quotients

The aim of this section is to prove that if G is a linear algebraic group and
H a closed normal subgroup of G, then the quotient G/H has the natural
structure of a linear algebraic group, with coordinate ring C[G/H] ~ C[G]H.
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If V is a finite dimensional C-vector space, then GL(V') acts on exterior
powers of V by z.(v1 A--- Avg) = zv3 A+ Az.vg. If M is a d-dimensional
subspace of V, it is especially useful to look at the action on L = A%M,
which is a 1-dimensional subspace of A%V.

Lemma 3.7.1. For z € GL(V), M a d-dimensional subspace of V, L =
NCM, we have L = L if and only if tM = M.

Proof. The “if” part is clear. For the other implication, we can choose a

basis vy,...,v, in V such that vq,...,v; is a basis of M NzM, vy,...,v4 is
a basis of M, and v1,...,V;, V441, .., V24— iS a basis of zM. By hypothesis
z(vi A+ Avg) is a multiple of v; A --- A vg but, on the other hand, it is a
multiple of v1 A -+ Ay Avg41 A ..., v94—; forcing | = d. O

Proposition 3.7.2. Let G be a linear algebraic group, H a closed subgroup
of G. Then there is a rational representation ¢ : G — GL(V) and a 1-
dimensional subspace L of V' such that H = {z € G : ¢(z)L = L}.

Proof. Let I be the ideal in C[G] vanishing on H. It is a finitely generated
ideal. By Lemma 3.4.2, there exists a finite dimensional subspace W of
C[G], stable under all p;,z € G, which contains a given finite generating
set of I. Set M = W NI, so M generates I. Notice that M is stable under
all pz,x € H, since by Lemma 3.4.1, H = {g € G : pgI = I}. We claim
that H = {x € G : poM = M}. Assume that we have p)M = M. As M
generates I, we have p,I = I; hence x € H.

Now take V = AW, L = A®M, for d = dim M. By Lemma 3.7.1, we
have the desired characterization of H. O

Theorem 3.7.3. Let G be a linear algebraic group, H a closed normal
subgroup of G. Then there is a rational representation ¢ : G — GL(W)
such that H = Ker .

Proof. By Proposition 3.7.2, there exists a morphism ¢ : G — GL(V') and
a line L such that H = {z € G : p(z)L = L}. Since each element in H
acts on L by scalar multiplication, this action has an associated character
X0 : H = Gy,. Consider the sum in V of all nonzero V), for all characters x of
H. By Lemma, 3.6.5, this sum is direct and of course includes L. Moreover,
by Lemma 3.6.6, ¢(G) permutes the various V,. So we can assume that V
itself is the sum of the V.

Now let W be the subspace of End V' consisting of those endomorphisms
which stabilize each V,, x € X(H). There is a natural isomorphism W ~
®EndV,. Now GL(V) acts on EndV by conjugation. Notice that the
subgroup ¢(G) stabilizes W, since ¢(G) permutes the V, and W stabilizes
each of them. We then obtain a group morphism ¢ : G — GL(W) given
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by ¥(z)(y) = cp(m)|Wygo(x)l_v$; so 9 is a rational representation. Let us
now check H = Ker®. If z € H, then ¢(z) acts as a scalar on each V,, so
conjugating by ¢(z) has no effect on W; hence z € Kery. Conversely, let
z € G, ¥(z) = I. This means that ¢(z) stabilizes each V; and commutes
with End V,.. But the center of End Vj is the set of scalars, so ¢(z) acts
on each Vj as a scalar. In particular, ¢(z) stabilizes L C V,,, forcing
x € H. a

Corollary 3.7.4. The quotient G/H can be given a structure of linear al-
gebraic group endowed with an epimorphism n: G — G/H.

Proof. We consider the representation ¢ : G — GL(W) with kernel H
given by Theorem 3.7.3 and its image ¥ = Im . By Theorem 2.2.21,Y is a
constructible set and, as it is a subgroup of GL(W), by Proposition 3.3.2, it
is a closed subgroup of GL(W). We have a group isomorphism G/H ~ Y
hence we can translate the linear algebraic group structure of Y to G/H.
Moreover 1) induces an epimorphism of algebraic groups 7 : G - G/H. O

Definition 3.7.5. Let G be an algebraic group, H a closed subgroup of G.
A Chevalley quotient of G by H is a variety X together with a surjective
morphism 7 : G — X such that the fibers of 7 are exactly the cosets of H
in G.

In Corollary 3.7.4, we have established that there exists a Chevalley
quotient of a linear algebraic group G by a closed normal subgroup H.
However, it is not clear if Chevalley quotients are unique up to isomorphism
nor if they satisfy the usual universal property of quotients. These properties
characterize categorical quotients which we define next.

Definition 3.7.6. Let G be an algebraic group, H a closed subgroup of G. A
categorical quotient of G by H is a variety X together with an epimorphism
m : G — X that is constant on all cosets of H in G with the following
universal property: given any other variety Y and a morphism ¢ : G — Y
that is constant on all cosets of H in G there is a unique morphism p : X —
Y such that p =pom.

It is clear that categorical quotients are unique up to unique isomor-
phism. Our aim is to prove that Chevalley quotients are categorical quo-
tients. We then will have a quotient of G by H defined uniquely up to
isomorphism and satisfying the universal property.

Theorem 3.7.7. Chevalley quotients are categorical quotients.

Proof. We first construct a categorical quotient in the category of geometric
spaces. Define G/H to be the set of cosets of H in G. Let 7 : G — G/H
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be the map defined by z — zH. Give G/H the structure of a topological
space by defining U C G/H to be open if and only if #~(U) is open in G.
Next define a sheaf O = Og/p of C-valued functions on G/H as follows: if
U C G/H is open, then O(U) is the ring of functions f on U such that for
is regular on 7~1(U). (This defines indeed a sheaf of functions.) In order
to check the universal property, let 1 : G — Y be a morphism of geometric
spaces constant on the cosets of H in G. We get the induced map of sets
% :G/H = Y, zH ~ (), clearly satisfying 1 = 1 o m. We prove that
1 is a morphism of geometric spaces. To check continuity, take an open
subset V C Y and note that U := 9 (V) is open in G/H, by the definition
of the topology in G/H and the continuity of 1. Finally, for f € Oy (V),
B*(f) € O, because 7 (% *(f)) € O} (V).

Now we take (G/H,w) as above and let (X,1) be a Chevalley quo-
tient. Using the universal property established above, we get a unique G-
equivariant morphism 1 : G/H — X such that 1 = 9 o 7. We will prove
that 9 is an isomorphism of geometric spaces, which will imply that G/H
is a variety and that X is a categorical quotient.

By Lemma 3.5.2, we can assume that G is a connected algebraic group.
First of all, it is clear that 1 is a continuous bijection. If U C G/H is open,
then 9 (U) = ¥(n~1(U)) and by Proposition 3.5.3 a), it follows that ¥ (U) is
open, which implies that 1) is a homeomorphism.

In order to prove that ¢ is an isomorphism, the following has to be
established: If U is an open set in X, the homomorphism of C-algebras
Ox(U) — Og/u (4 ~1(U)) defined by % * is an isomorphism. By definition
of Og/p this means that, for any regular function f on V = % ~1(U) such
that f(gh) = f(9), Yg € V,h € H, there is a unique regular function F' on
U such that F(y(g)) = f(g). Let T = {(g, f(9)) : g € V} C V x A! be the
graph of f and put IV = (¢, Id)(T), so I C U x Al. Since I is closed in
V x Al, Proposition 3.5.3 a) shows that (¢, Id)(V x A}\T) =U x Al \ IV
is open in U x A'. Hence I is closed in U x Al. Let A : I — U be the
morphism induced by the projection on the first component. It follows from
the definition that A is bijective and birational. By Zariski’s Main Theorem
2.2.32, )\ is an isomorphism. This implies that there exists a regular function
F on U such that I'" = {(u, F(u)) : u € U}, which is what we wanted to
prove. This finishes the proof of the theorem. O

We recall that the action of G on itself by translation on the left gives
an action of G on its coordinate ring C[G] defined by \z(f)(y) = f(z™1y)
for f € C[G),z,y € G. (See (3.1).)

Proposition 3.7.8. Let G be a linear algebraic group, H a closed normal
subgroup of G. We have C|G/H] ~ C[G]".
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Proof. We consider the epimorphism m given by Corollary 3.7.4. If f €
C[G/H], then f = fom € C[G]. Moreover, for z € H,y € G, we have
Ae(f)W) = Fzly) = (fom)(zly) = fln(zly)) = f(n(y)) = f(y), so
Xo(f) = f and f € ClGI".

If f € C[G]¥, then f is a morphism G — A! which is constant on
the cosets of H in G. Hence, by the universal property of the quotient
G/H established in Theorem 3.7.7, there exists F € C[G/H]| such that
f=Fom. O
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Exercises

(1) Determine the dimension of each of the linear algebraic groups
GL(n,C),SL(n,C), T(n,C),U(n,C), and D(n,C).

(2) Determine the dimension of the orthogonal group

O(n,C) := {A € GL(n,C) : AAT = Id}
and of the special orthogonal group

SO(n,C) :={A € 0(n,C) :det A =1}.
(3) Let G be an algebraic group, H a subgroup of G. Prove that

a) If H is commutative, so is H.
b) If H is normal in G, so is H.

(4) Let G1, Gy be algebraic groups, My, P, C G1, M2 C Ga and ¢ : G1 — G
a morphism of algebraic groups. We denote by GC(M) the group closure
of a subset M of an algebraic group G. We recall that for a subset S of
a group G we define the centralizer Cg(S) of S in G as

Co(S)={z€G:asz™! =5, Vs € S}.
If a subgroup H of G is contained in C(S), we say that H centralizes S.
Prove that

a) If M, is a dense subset of Py, then GC(M;) = GC(P,).

b) If M; normalizes (resp. centralizes) P, then GC(M;) normalizes
(resp. centralizes) GC(P;).

C) GC(M] X Mz) = GC(Ml) X GC(MZ)

d) o(GC(M)) = GC(p(My)).

(5) Let G be an affine algebraic group, let 4 : G x G — G, 1 : G — G be the
morphisms giving the group structure, and let e be the morphism from
the trivial group into G, p the constant morphism from G in G sending
all elements to e.

a) Express the group axioms for G in terms of commutative diagrams
of morphisms of affine varieties involving the morphisms x, ¢, e, p and
the identity automorphism of G.

b) Write down the commutative diagrams of morphisms of C-algebras
obtained from the diagrams in a) by passing from the affine varieties
morphisms to the associated morphisms between the corresponding
coordinate rings. We obtain then that A = C[G] is endowed with
a structure given by morphisms p* : A - A® A, * : A = A,
e* : A — C, making commutative the diagrams obtained. Give the
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(10)

(11)

expressions of the images of a function f € C[G] by the preceding
morphisms.

A C-algebra A with algebra morphisms p*, e*, t* making commuta-
tive the above diagrams is called a Hopf algebra, the morphism p* is
called coproduct, e* counit and 1* coinverse.

c) Write down explicitly the morphisms p*, t* and e* corresponding to
the additive group, the multiplicative group, and the general linear
group.

Let X be an algebraic variety.

a) If G is an algebraic group, prove that the set Hom(X, G) of algebraic
varieties morphisms from X to G has a natural group structure.

b) Show that Hom(X, G,) is isomorphic to O(X) as a group under ad-
dition.

c¢) Show that Hom(X, G,,) is isomorphic to the group of units in O(X)
under multiplication.

Burnside Theorem. Let E be a finite dimensional C-vector space and A
a subalgebra of End(F). Prove that if the only A-stable subspaces of E
are 0 and F, then A = End(E).

Hint: Prove that the minimal rank of the non-zero elements in A is 1
and that A contains all endomorphisms of rank 1.

Let E be a finite dimensional C-vector space. An element z in GL(E) is
called unipotent if (x — I)™ = 0 for some integer n > 0, where I denotes
identity. A subgroup G of GL(E) is unipotent if all its elements are
unipotent. If G is an unipotent subgroup of GL(E), prove that there
exists a nonzero vector in E which is fixed by all elements in G. Deduce
that a unipotent subgroup of GL(n,C) is conjugate to a subgroup of
U(n,C).

Let G be an affine algebraic group. Prove that if G is connected and
dim G =1, then G is commutative.

Prove that a closed subgroup H of the upper triangular unipotent group

U(n,C) has no nontrivial characters.

Hint: A nontrivial character of H would give a nontrivial character of

the additive group G4(C).

Let H;, Hz be closed normal subgroups of an algebraic group G such

that Hy C Hy. Let m : G — G/H; be the canonical surjection.

a) Prove that w(H3) is a closed normal subgroup of G/Hj, isomorphic
to the algebraic group Hy/Hj.

b) Prove that the algebraic groups G/Hs and (G/Hy)/w(Hsz) are iso-
morphic.






Chapter 4

Lie Algebras and
Algebraic Groups

Lie algebras were introduced to study infinitesimal transformations. Our
aim here is to define the Lie algebra associated to a linear algebraic group.
We point out that some properties of an algebraic group are more easily read
in its Lie algebra. An important property of an algebraic group is its solv-
ability. We shall see that the solvability by quadratures of a homogeneous
linear differential equation is characterized by the solvability of the iden-
tity component of its differential Galois group. In this chapter, we present
the Lie-Kolchin theorem, which states that the connected solvable linear
algebraic groups are exactly the triangularizable ones and will be essential
in proving the characterization of solvability by quadratures by means of
the differential Galois group. We shall establish that the solvability of a
connected linear algebraic group is equivalent to the solvability of its Lie
algebra. We conclude the chapter with the classification of the subgroups of
the special linear group SL(2,C) which will be used in Kovacic’s algorithm.

4.1. Lie algebras
Definition 4.1.1. A Lie algebra over a field C is a C-vector space g together

with a binary operation

[]:gxg—g

called the Lie bracket , which satisfies the following axioms:
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(1) Bilinearity:

[az + by, 2] = a[z, 2] + by, 2], [z,azx + by] = alz, z] + b2, Y],
for all scalars a,b € C and all elements z,y, z € g.
(2) Alternating:

[z,2] =0
for all z € g. This implies anticommutativity, i.e.

[x,y] = —ly, 2]
for all elements z,y € g.
(3) The Jacobi identity:

[z, [y, 2]] + [y, [2, z]) + [2, [z, y]] = O
for all z,y,z € g.

Example 4.1.2. Any C-vector space g can be given a Lie algebra structure
with the trivial Lie bracket [z,y] = 0, for all z,y € g. Such a Lie algebra is
called abelian or commutative.

Let g be a Lie algebra. A subspace §) of g is a Lie subalgebra of g (resp.
an ideal of g) if [z,y] € h for all z,y € b (resp. for all z € g,y € h). If
is an ideal of g, the quotient g/h inherits a natural structure of Lie algebra
given by [z + b,y + b] = [z,y] + b.

Example 4.1.3. To any associative C-algebra A, one can associate a Lie
algebra L(A). As a C-vector space, L(A) is the same as A. The Lie bracket
is defined from the product in A by [z,y] := zy — yz. The associativity
of the product implies the Jacobi identity for the bracket. In particular,
the algebra of n X n matrices over C gives rise to a Lie algebra called the
general linear Lie algebra and denoted gl(n, C). Equivalently, if V is a finite
dimensional C-vector space, the algebra of endomorphisms of V' gives rise to
the Lie algebra gl(V'). More generally, a C-vector subspace of an associative
C-algebra which is closed under the Lie bracket [z,y] := 2y — yz is a Lie
algebra. The following subspaces of gl(n, C) are clearly Lie subalgebras:

e the subspace of the matrices in gl(n,C) whose trace is zero, denoted by
sl(n,C);

e the subspace of upper triangular matrices in gl(n, C'), denoted by t(n, C);

e the subspace of strictly upper triangular matrices in gl(n,C), denoted by
n(n,C);

e the subspace of diagonal matrices in gl(n,C), denoted by 3(n,C).
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Moreover sl(n,C) is an ideal of gl(n,C). The notation used is justified in
Example 4.2.8 below.

If b, b’ are ideals of g, then, using the Jacobi identity, we see that [h, '] :=
{[z,2'] : © € h,2’ € b’} is also an ideal of g. In particular, [g, g] is an ideal
of g.

If p, q are subsets of g, we define the centralizer of p in q by

cqp:={zx€q:[z,y] =0, Vy € p}.
In particular, 3(g) = cgg is called the center of g . We have g abelian if and
only if 3(g) = g.
The normalizer of p in q is defined by

ngp:={z€q:z,yl €p,Vy€p}

If p is a Lie subalgebra, then so is ngp, and p is an ideal of ngp.

If g, ¢’ are Lie algebras, a linear map ¢ : g — ¢’ is a morphism of Lie
algebras if p([z,y]) = [pz, @y], for all z,y € g. A linear map d: g — g is
called a derivation of g if for all z,y € g

d([z,y]) = [d(2), y] + [z, d(y)].

We denote by Der g the C-vector space of derivations of g. It has a natural
structure of Lie algebra with the Lie bracket defined by

[d,d]=dod —d od, for d,d € Derg.

Let z € g. The Jacobi identity and the anticommutativity of the Lie
bracket imply that the linear map y ~— [z,y], denoted by adgz or adz is
a derivation of g called an inner derivation of g. By the bilinearity of the
Lie bracket, the map g — Der g,z + [z, ] is linear. It is called the adjoint
representation of g.

An ideal of g is said to be characteristic if it is invariant under all the
derivations of g. We define by induction two decreasing chains of character-
istic ideals of g.

Clg)=9, C*(9)=Ig,0],-.., C*(g)=1[9,C%g)],..-

D%(g) =g, DXg)=I[g,9],--., D™ (g) =[D*g),D(g)l,.--
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We call (C(g))i>1 the central descending series of g and (D*(g))i>o the
derived series of g. In particular D(g) := D!(g) is the derived ideal of g.

If ¢ : g — g is a Lie algebra morphism, then ¢(C*(g)) C C*(g') and
¢(D*(g)) C D*(¢’) for all i. Moreover, these inclusions are equalities if ¢ is
surjective.

Proposition 4.1.4. The following conditions are equivalent.

1. There exists an integer i such that C*(g) = {0}.

2. There exists an integer j such that adzioadzgo---oadz; = 0 for all
T1,Z2,...T5 € 9.

3. There exists a chain g = g1 D g2 D -+ D gn = {0} of ideals of g such
that [g, g:) C gi+1 for i <n.

If these conditions are satisfied, we say that g is nilpotent.

Proof. The equivalence of 1 and 2 follows from the fact that

(adz1oadzao- - oadz;)(y) = [z1,[o2,...,[z5,9]...]] € C(g)

for all z1,2,...,7;,y € g. We have 1. = 3. by taking g; := C(g). Finally,
to show 3. = 1., it is enough to prove C*(g) C g;, which is easily proved by
induction. d

Proposition 4.1.5. a) If g is nilpotent, then any subalgebra and any quo-
tient of g s nilpotent.

b) Let b be a subalgebra of g which is contained in the center of g. Then g
is nilpotent if and only if g/h is nilpotent.

Proof. a) is clear. If g/ is nilpotent, there exists i € N such that C*(g/h) =
{0}, so C*(g) C b. Since b is in the center of g, C**1(g) C [g,h] = {0}. O

Proposition 4.1.6. Let g be nilpotent.

a) If g # 0, then 3(g) # 0.
b) If b is a subalgebra of g distinct from g, then ng(h) # b.

Proof. a) The last nonzero C*(g) is central in g.
b) Let 5 = maxz{i : C(g) + b # h}. Then [C7(g) + b,g] C b which implies
Ci(g) + b C ng(h).

O

Proposition 4.1.7. The following conditions are equivalent.

1. There exists an integer i such that D*(g) = {0}.
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2. There exists a chain g = go D g1 D -+ D gn = {0} of ideals of g such
that (gi,9:) C git1 for0<i<n-—1.

If these conditions are satisfied, we say that g is solvable .

The proof is analogous to the proof of 4.1.4.

Proposition 4.1.8. a) A nilpotent Lie algebra is solvable.

b) Subalgebras and quotients of a solvable Lie algebra are solvable.

c) Let a be an ideal of g. Then g is solvable if and only if a and g/a
are solvable.

Proof. Parts a) and b) are straightforward. If a and g/a are solvable,
then D*(g) C a for some integer i and so D**7(g) C D?(a) = {0} for some
integer j. So g is solvable. O

4.2. The Lie algebra of a linear algebraic group

Let G be a linear algebraic group, A = C[G] its coordinate ring. We consider
the set Der A of derivations of A, i.e C-vector space endomorphisms d of A
which moreover satisfy d(zy) = d(z)y + zd(y) for all z,y € A. Clearly
Der A is a C-vector subspace of the C-algebra EndcA. It can be checked
that the Lie bracket of two derivations is again a derivation; hence Der A is
a Lie algebra. We have seen (Equation (3.1)) that the group G acts on A
by translations on the left by (A, f)(y) = f(z7y), for f € A,z,y € G, so
we can consider the subspace £(G) of left invariant derivations of A, i.e.

£(G) = {d € Der A : d\; = )\pd,Vz € G}.

The Lie bracket of two derivations in £(G) is again in £(G); hence £(G) is
a Lie algebra.

Definition 4.2.1. The Lie algebra of a linear algebraic group G is the Lie
algebra £(G) of left invariant derivations of the coordinate ring C[G] of G.

We shall now compare the Lie algebra £(G) with the tangent space of
G at the identity element e, T,G = T.G°, which has a structure of C-vector
space of dimension equal to dim G, as e is a simple point. (See Section
3.1.) To this end we first give an equivalent definition of tangent space of
a variety V at a point z in terms of point derivations. We recall that the
tangent space of V at x was defined as (9, /9012)*.

A point derivation at a point x of a variety V is a C-linear map 6 : Oy —
C such that
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(4.1) 3(fg9) =6(f)g(=z) + f(z)d(g)-

Let D, denote the C-vector space of point derivations at . There is a
natural isomorphism D, ~ (9, /MM2)*. Indeed, if § € D, then it vanishes
on C and 9M2; hence it is determined by its values on 9, /9MM2. We have
then a monomorphism D, < Tan,V. In the other direction, a C-linear map
M, /M2 — C defines by composition a map M, — C and can be extended
to O = C + 9, by sending the elements in C' to 0. Taking into account
that, for f € Oy, f(z) is the image of f under O, — O, /M, ~ C, we obtain
that the map defined satisfies (4.1).

Now, as point derivations of G at e are already determined by their
restriction to A = C[G], we may pass from £(G) to D, by evaluation at e.

In order to pass from the tangent space of G at e to £(G), we shall
associate to a vector x € T.G a derivation *x called right convolution by x
and defined by

(f *x)(z) = x(Ae-1f),z € G, f € C[G],

where x is seen as a point derivation. Let us check that *x is a left invariant
derivation of A = C[G]. First, for f € A, let

/‘I’*(f) = Zfz ® gi,
=1

where f;,9; € Aand u* : A - A® A is the morphism induced by the
group law p : G x G = G. For z,y € G, we have (\;-1f)(y) = f(zy) =
wr(f) (@, y) = 225 fi(x)gi(y), so

)‘z—l f = Z fz(x)gz
=1

Since (f * x)(z) = x(Ag-1f), it follows that

n

(4.2) Frx=>Y x(g:)fi-

=1

Hence f*x € C[G]. So right convolution by x is an endomorphism of C[G].
Now, if f,g € A, we have
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x(As-1(f9))
X(Ag-1(f)Az-1(9))
gA 8:;) 2-1(9)(€) + As-1(f)(e)x(Az-1(9))
(f*x) g+ f (9%x))(x)

)9(x) + f(z)x(A;-1(9))
for all z € G, so *x is a derivation. Now, for y € G,

(fg*x)(x)

1 [
>¢

My(f*xx))(z) = (Jz:x)(%lw)
(4.3) x(Azijyf))
= ((Ayf) *x)(z).

Il

Hence *x is left invariant.

Proposition 4.2.2. Let G be a linear algebraic group. The mappings

0: L£(G) = De
defined by (6(d))(f) = (df)(e), for f € C[G], and

n:De = £(Q)

defined by n(x) = *x, are mutually inverse isomorphisms of C-vector spaces.

Proof. It is clear that § and n are C-linear maps. Now, for d € £(G)

n(0(d))(f)(z) = 6(d)(Az-1f) = d(Ay-1f)(e) = Ap-1(df)(e) = df (z),
for all f € C[G],z € G, s0o nod = Idg() and, for x € D,

0(n(x))(f) = (f *x)(e) = x(f)
for all f € C[G], so § on = Idp,. O

Using the preceding proposition, we can identify T.G with £(G), so that
TeG inherits a Lie algebra structure. It is in fact more convenient to define
the Lie bracket directly on T.G. Looking at x,y € T.G as derivations, we
can define x®y: AQA—-Cby (xQy)(f®g) = (xf)(yg) and

(4.4) xy=xQy)ou*: A—C.
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This product is sent to the product in £(G) by n. Indeed, for f € A,z € G,
we have

((f *y) xx)(z) = x(Ag-1(f x¥)) = X((Ae-1f) *¥)-

Let us now set p*(A-1f) =Y fi ®¢g;. Then by (4.2), we have (A,-1f)*y =
Z?:l v(9:) fi- Hence

n

((f*}’) *x)(z) (Z gz fz Zy gz

=1 =1

On the other hand

(f* (- y)(@) = (x 9) g1 f) = (X @ Y) (1" Oe-1£) = Y x(£)y(95)-

=1
We define then [x,y]=x-y —y - x.

Remark 4.2.3. For wy,wy € C[G]* := Hom¢(C[G], C), we can define simi-
larly wy - wg by wy -we = (w1 @wz) o p* € C[G]*. Endowed with this product,
C|[G]* is an associative C-algebra whose identity element is the evaluation
ve at e = eg. (Recall that the evaluation at an element z € G is defined
by vz(f) = f(z), for f € C[G].) Moreover, the map G — C[G]*,z — v,
induces an injective morphism from G into the group of invertible elements
of C[G]*.

We saw in the discussion before Proposition 2.2.34 that a morphism of
algebraic varieties ¢ : X — Y induces a C-linear map dzp : T, X — T¢(m)Y
called the differential mapping of ¢ at z. If ¢ : G — G’ is a morphism of
algebraic groups, we obtain a C-linear map dey : T.G — T.G'. It is clear
that we have deldg = Idr,¢ and d(¥ o ¢)e = dipe © dpe. Considering the
definition of the Lie bracket on the tangent spaces given above, the following
proposition follows.

Proposition 4.2.4. If p : G — G’ is a morphism of algebraic groups,

de : T.G — T.G'
18 a morphism of Lie algebras.

*

Proof. For x,y € T.G, we have depp(x-y) = (x®y)opu* o<p (x®y)o(<p ®
¢r)ou™ = ((xop")®(yop*))ou™ = (x0p*):(yoy") = dep(x) - detp(y). O
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Proposition 4.2.5. Let G be an algebraic group, x,y € £(G). Then

du(x,y) = x+y,d(x) = —x.

Proof. Let f € C[G) and p*(f) = > i fi ® g;, where f;,g;i € C[G],1 <1 <
n, and u* : C[G] = C[G x G] ~ C[G] ® C[G] is the morphism induced by
w. For x,y € £(Q), let

bxy : C[G)®C[G] = C
be defined by

feg=x(flgle)+ fe)y(9),
for f,g € C[G]. Then

n

dp(Bxy ) (f) = O,y (0 (f) —o,yngz = (x(fi)gi(e) + file)y ().
=1

=1

On the other hand, we have for x € G

— f(ex) = Zﬂ(e 6i(z) = f(ze) = 3 fil@)gile)
=1

Thus

(4.5) =2 file)gi=) gile)fi
=1 =1

So it is clear that du(Ox,y)(f) = x(f) + y(f)-

Now, let 7 : G — G x G denote the morphism z — (z,c¢(z)). Then
(pom)(z) =e, so duodr =0. But dr(x) = (x,di(x)), so we obtain from
the formula for du that x + di(x) = 0. O

Example 4.2.6. We consider the additive group G,, whose coordinate ring
is the polynomial ring C[X]. The Lie algebra £(G,) is 1-dimensional. Hence
as an associative algebra it is commutative, so the Lie bracket is identically
zero. Let us see that the derivation § = d/dX is left invariant (hence spans
£(Gyg)). It is enough to check it for the polynomial X and left translation
by any € G,. We have \;0X = A;1=1and 6\, X =6(X —z) = 1.

We now consider the multiplicative group G,,, whose coordinate ring
is the ring of Laurent polynomials C[X, X !]. The Lie algebra £(Gy,) is
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1-dimensional. The derivation defined by 6 X = X extends uniquely to the
ring C[X, X ~!] and is left invariant since §(zX) = zd(X) for z € C*.

In the sequel g will denote the Lie algebra of the linear algebraic group G.

Example 4.2.7. Let us compute the Lie algebra of G = GL(n,C). As
G is an open subset of the affine space A"Z, its tangent space at e has a
canonical basis consisting in the operators 8/0.X;; followed by evaluation at
the identity matrix. So, a tangent vector x is determined by the n? elements
x;; = x(X;;) which can be written as the entries of an n X n matrix. Then
(x-y)(Xij) = (x®y) Dk Xik ® Xkj) = Do) TikZk; gives the usual matrix
product. Hence the C-linear map x — (z;;) from g in Mpxn(C) identifies g
with gl(n,C). (The map is injective as only the zero vector annihilates all
Xij, and so surjective as both dimensions are equal to n2.)

If Y is a subvariety of the variety X, the inclusion ¢ : ¥ — X induces
a monomorphism dyi : T,Y — T, X, for y € Y. Then, if G’ is a closed
subgroup of the algebraic group G, we can consider the Lie algebra g’ of G’
as a subalgebra of the Lie algebra g of G. We shall now determine the Lie
algebras of the closed subgroups of GL(n,C) defined in Example 3.1.4.

Example 4.2.8. 1. We consider the upper triangular group T'(n,C). We
can see it as the principal open set of A™"~1)/2 defined by the nonvan-
ishing of the determinant, so its tangent space in e is the whole ambient
affine space. The Lie algebra of T'(n,C) is then the Lie algebra t(n,C)
of all upper triangular matrices.

2. Analogously the diagonal group D(n,C) is the principal open set of A"
defined by the nonvanishing of the determinant and its Lie algebra is the
Lie algebra d(n, C) of all diagonal matrices.

3. Let us consider the upper triangular unipotent group U(n,C). It is the
closed subset of A" defined by the vanishing of the linear polynomials
Xi—1,1<i<nand X;;, 1 <j <i<mn,so the tangent space at e
consists on the matrices (ai;)1<s,j<n With a;; = 0 for j < 4. Thus the Lie
algebra is n(n, C).

4. We now consider the special linear group SL(n,C), which is the zero set
of f(X;;) = det(X;;) — 1. We consider the morphism

¢: GL(n,C) — GL(1,C)
A —  det A.

The tangent space at e € GL(n,C) is A™. If we look at the tan-
gent space as the C-vector space of point derivations, an element a =
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(a11,---,ann) € A" corresponds to > ., EJ 1 @4;0/0X;; followed by
evaluation at e. Then

n n

(4.6)  dpe(a) = ;;aklad;} » (Id) = a11 +ag2 + - + ann € AL
Indeed, as 0det(X;;)/0Xy is the minor of the matrix (Xj;) obtained by
deleting the kth row and the lth column, by evaluating at the identity
matrix we obtain 1 for £k = [ and 0 otherwise. So the Lie algebra of
SL(n,C) is the Lie algebra sl(n,C) of n x n matrices with trace equal
to zero. Equation 4.6 also shows that the differential of the morphism
GL(n,C) — Gy, associating to each matrix its determinant is the map
gl(n, C) — C associating to each matrix its trace.

Let H be a closed subgroup of a linear algebraic group G. The inclusion
i : H — G induces an epimorphism * : C[G] — C[G]/I ~ C[H], for I the
ideal of C[G] vanishing on H. Therefore di. identifies T H with the subspace
of T, G consisting of those x for which x(/) = 0. We saw in Lemma 3.4.1 a
characterization of closed subgroups by means of right translation. We shall
now see a characterization of the Lie algebra of a closed subgroup by means
of right convolution.

Lemma 4.2.9. Let G be a linear algebraic group, H a closed subgroup of
G, I =Z(H). Let b be the Lie algebra of H. We have

h={xeg:I*xxCl}={xeg:x(I)=0}

Proof. For x € h, f € I,z € H, we have (f xx)(z) = x(A\;-1f) = 0, since
A-1f belongs to I. So fxx € 1.

In the other direction, let x € g satisfy I xx C I. If f € I, then
(F*x)(e) = x(Ae-1f) = x(f). By hypothesis, f*x € I; hence (f*x)(e) =0,
sox €bh.

Finally if f € I and x € g satisfy f * x € I, then x(f) = (f *xx)(e) = 0.
Conversely if x(f) = 0 for all f € I, then since A\,-1f € I for x € H, we
have (f *x)(z) = x(A\g-1f) =0, and so fxx € I. a

We shall now consider the differential of right translation. We saw in Sec-
tion 3.4 that a linear algebraic group G acts on C[G] by left and right trans-
lations. For f € C[G],z,y € G, we have (\:f)(y) = f(z71y), (p=f)(y) =
f(yz). We then obtain group morphisms )\, p : G — GL(C[G]) which can-
not be considered as morphisms of algebraic groups, since C[G] is infinite
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dimensional. However, by Lemma 3.4.2, C[G] is the union of finite dimen-
sional subspaces stable under all p, (or all A\;). Let E be a subspace of
C|G] stable under all p, and let ¢ : G x E — E be the corresponding ac-
tion. If (f1,..., fn) is a basis of E, then we saw in 3.4.2 and the proof of
Theorem 3.4.3 that pgf; = 3°; mij(2) fj, for *(fi) = 32, mi; ® fj, i-e. that
(mij)1<i,j<n is the matrix of pmlE in the basis (f1,..., fn). We then obtain
a morphism 9 : G — GL(n,C),z — (m;;). Notice that the subspace of
C|G] spanned by the m;; includes E and all its left translates, as we have

(47) ()‘:l:“lf‘l-)( f‘l- .’Ey Zmzj

If we denote by X;; the coordinate functions on GL(n, C), we have ¢*(X;;)(x)
= myj; hence, for x € g, detp(x) = (x(myj;)). On the other hand, consider
the action of x on the given basis of E by right convolution: (f; * x)(z) =
x(Ag-1fi) = x(32; fi(x)myy) = 32, fi(x)x(my5), by (4.7). So, x leaves E
stable and has matrix x(m;;) relative to the basis (f1,...,fn). We have
then obtained the following result.

Proposition 4.2.10. Acting by right convolution, g leaves stable every sub-
space of C|[G)] stable under right translation by G. On a finite dimensional
G-stable subspace, the differential of right translation is Tight convolution.

We could replace right by left, with left convolution defined by

(x* f)(z) = x(p=f)
forxeg, feC[Gl,zeq.

4.3. Decomposition of algebraic groups

Let z € EndV, for V a finite dimensional vector space over C. Then z is
nilpotent if ™ = 0 for some n (equivalently if 0 is the only eigenvalue of z).
At the other extreme, z is called semisimple if the minimal polynomial of
z has distinct roots (equivalently if z is diagonalizable over C). From the
fact that a square matrix with entries in C' is conjugated to one in Jordan
canonical form, we obtain the Jordan additive decomposition stated in the
next lemma. (See [L].)

Lemma 4.3.1. Let z € EndV.

a) There exist unique Ts,z, € EndV such that zs is semisimple, T, is
nilpotent and x = x5 + xn.
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b) There ezist polynomials P(T), Q(T) € C[T), without constant term such
that zs = P(z),z, = Q(z). Hence zs and z, commute with any endo-
morphism of V which commutes with z; in particular, they commute with
each other.

c) If Wy C Wy are subspaces of V, and x maps Wy into Wy, then so do z,
and Tp,.

d) Lety € EndV. Ifzy = yz, then (z+y)s = zs+ys and (2+Y)n = Tn+Yn.
ad

If z € GL(V), its eigenvalues are nonzero, and so z; is also invertible. We
can write z,, := 1+x3_1:cn and then we obtain x = z;+x, = xs(1+:c;1:cn) =
Zs-Ty. We call an element in GL(V') unipotent if it is the sum of the identity
and a nilpotent endomorphism or, equivalently, if 1 is its unique eigenvalue.
For z € GL(V), the Jordan multiplicative decomposition = z; - &, with
Zs semisimple, z,, unipotent, is unique. Clearly the only element in GL(V)
which is both semisimple and unipotent is identity. From Lemma 4.3.1, we
further obtain

Lemma 4.3.2. Let z € GL(V).

a) There ezist unique xs,z, € GL(V) such that z, is semisimple, z, is
unipotent, T = TsTy and TsTy = Ty Ts.

b) zs and x,, commute with any endomorphism of V which commutes with z.

c) If W is a subspace of V' stable under x, then W is stable under zs and z,,.

d) Lety € GL(V). If zy = yz, then (zy)s = zsys and (2Y)y = TuYu. |

It is sometimes useful to allow V to be infinite dimensional, even though
the notions ”semisimple” and ”unipotent” do not carry over directly to this
case. If z € GL(V) and if V is the union of finite dimensional subspaces
stable under z, then the decompositions z|W = (z|W)s(z|W),, exist for all
such subspaces W. Moreover, the restriction of a semisimple (resp. unipo-
tent) endomorphism to an intersection W N W’ is of the same type, so we
can patch together the (z|W), (resp. (z|W),) to obtain invertible endo-
morphisms of V', of which z is the product. These may again be denoted
Zs, Ty, and called the Jordan parts of z. It is important to observe, using
Lemma 4.3.2 c¢), that z; and z, leave stable every subspace of V, finite
dimensional or not, which is stable under . Similar remarks apply to the
additive Jordan decomposition.

If G is an arbitrary subgroup of GL(n,C), G does not necessarily contain
the semisimple and unipotent part of each of its elements. However, it is so
for closed subgroups. Applying the membership criterion 3.4.1, given z € G,
we have to see that p;, and p;, leave stable the ideal Z(G) C C[GL(n,C].
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We shall see that pg, and p,, are the semisimple and unipotent parts of p,.
The preceding question will then follow by Lemma 4.3.2 c).

Proposition 4.3.3. Let G = GL(n,C),g = gl(n,C). Ifx € G (resp.
X € g), then py (resp *¥x) has Jordan decomposition py,pz, (T€SP *Xs+%Xn).

Proof. Since C[G] is the union of finite dimensional subspaces stable under
all pz (hence under all *x by Proposition 4.2.10), Jordan decompositions do
exist. Moreover py = Proz., = PzsPzy> *X = *(Xs + Xp) = *Xs + *X, and
the operators commute. So it will be enough to show that p,, and *x, are
semisimple, that p., is unipotent and *x, is nilpotent.

The coordinate ring C[G] is the ring of polynomials in n? indeterminates
X;j localized in the multiplicative system of the powers of d = det(Xj;). Let
us see that C[Xj;] is stable under both right translation and right con-
volution. For z,y € G, we have (p;Xi;)(y) = Xij(yz) = D) YinThj =
>n Xin(y)znj; hence pXij = >, zp;Xin € C[Xi;]. Similarly, we get
Ag-1Xi5 = Y p, ZinXp;. From this we obtain for x € g,y € G,

(Xij*x)(y) = x(\y-1Xi5) = X(Z YinXnj) = Z YinX(Xpj) = Z xni Xin(y)-
I I 3

We shall now describe how G and g act on d. For z,y € G, (pzd)(y) =
det(yz) = dety - detz, so p,d = detz - d. This shows that the vector
space spanned by d is G-stable, hence g-stable by Proposition 4.2.10 and
d x x = Tr(x)d, as the differential of the determinant is the trace. (See
Example 4.2.8 4.) From this we see how to describe the action of p, or *x
on C[G] once the action on C[X;;] is known.

In particular, as d is an eigenvector of p, in any case, we have that if
pz|C[Xi;] is semisimple, then p, is semisimple. If p;|C[X;;] is unipotent,
then its eigenvalue det z for d must be 1, so p, is unipotent. Similarly, if
*x|C[X;;] is semisimple (resp. nilpotent), then so is *x. Therefore it will be
enough to consider the actions of pz, *x on C[X;;] in place of C[G].

Let E = EndV, where V = C", and regard G as the subset GL(V') of
E, while g = gl(V) = E. The algebra C[X;;] may be identified with the
symmetric algebra S(E*) on the dual space E* of E. If z € E, define an
endomorphism 7, : E — E by rz(y) = yz, and let r; : E* — E* be the
dual endomorphism. Then we have 5 (Xi;) = > p_; Zr;j Xsn and comparing
with the formulas obtained above for p, and *x, we see that p; (resp. *x)
is just the canonical extension of 7% (resp. r%) to an automorphism (resp.
derivation) of S(E*) . So it just has to be verified that the property of being
semisimple or unipotent (resp. semisimple or nilpotent) is preserved at each
step when we pass from z to r; to r% to p, (resp. from x to rx to rx to *x).
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The passage from r; to r} poses no problem, neither does going from the
action on E* to the action on S(E*). It remains to treat the passage from
z tory, forx € E.

If z € E is semisimple, choose a basis (vi,...,v,) of V consisting of
eigenvectors, so that z(v;) = a;v;, for some a; € C. Take in E the basis
ei; defined by e;;(vk) = d;kvi, then rz(e;;) = ajes;, so rz is semisimple. If
z € FE is nilpotent, say z* = 0, then ri(y) = yz* = 0 for all y € E, so 7
is nilpotent. If x is unipotent, then n = £ — 1 is nilpotent and r, =1+ 1,
with r, nilpotent, so r, is unipotent. O

We shall now see that we can consider Jordan decomposition for elements
in any affine algebraic group.

Proposition 4.3.4. Let G be an affine algebraic group.

a) If x € G, there exist unique elements s,u € G such that z = su,s and
u commute, ps is semisimple, p, is unipotent. Then we call s and u the
semisimple part of x and the unipotent part of z, respectively and denote
them zs and z,,.

b) Ifx € g, there exist unique elements s,n € g such that x = s+n,[s,n] =0,
x5 1s semisimple, *n is nilpotent. Then we call *s and *n the semisimple
part and the nilpotent part of x, respectively and denote them x; and
Xn.

c) If o : G — G' is a morphism of algebraic groups, then (z)s = (zs),
0(2)y = p(zy), dp(x)s = dp(xs), dp(X)n = dp(xy,) for allz € G, x € g.

Proof. We may embed G as a closed subgroup of some GL(n,C). (See
Theorem 3.4.3.) If I is the ideal in C[GL(n, C)] defining G, then the criterion
for z € GL(n,C) (resp. x € gl(n,C)) to be in G (resp. g) is that p, (resp
*x) stabilize I. (See Lemmas 3.4.1, 4.2.9.) Now let x € G and = = su its
Jordan decomposition in GL(n,C). By Proposition 4.3.3, (pz)s = ps and
(pz)u = pu. By the remarks preceding Proposition 4.3.3, both ps and p,
stabilize I, so s,u € G. For x € g, by an analogous argument, we obtain b).

Next consider ¢ : G — G’ which factors into two morphisms: the epi-
morphism G — ¢(G) followed by the inclusion ¢(G) — G'. It suffices to
treat each of these cases separately. In case ¢ is an epimorphism, right
translation by ¢(z) is essentially the restriction of p, to C[G'], viewed as a
subring of C[G] and similarly for right convolution. But the restriction of
a semisimple (resp. unipotent) operator to a subspace is again of the same
type. It follows that py(z) = Py(zs)Pe(z,) 15 the Jordan decomposition of
Po(z)> hence that p(zs) = @(z)s, p(Tu) = (), and similarly for dp(x). In
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case  is an inclusion, the situation is just like the one considered above (G
viewed as a closed subgroup of GL(n,C)). O

The proposition shows that in any affine algebraic group G, the subsets

Gs={z€G:z=2s} and Gyu={r€G:z=2,}

are intrinsically defined and intersect in e. Similarly

gs={x€g:x=%x} and g,={x€g:x=x,}

intersect in 0. Part c¢) of the proposition ensures that morphisms of algebraic
groups and their differentials preserve these sets. Moreover G, and g, are
closed sets (g being given the topology of an affine space). To see this, just
observe that the set of all unipotent (resp. nilpotent) matrices in GL(n, C)
(resp. in gl(n,C)) is closed, being the zero set of the polynomials implied
by (z —1)" = 0 (resp. x™ = 0). By contrast, G is not in general a closed
subset of G. However, see Theorem 4.3.6.

Let us denote by 7 (n,C) (resp. D(n,C)) the ring of all upper triangular
(resp. all diagonal) matrices in M (n,C). A subset M of M(n,C) is said to
be triangularizable (resp. diagonalizable) if there exists z € GL(n,C) such
that zMz~! C T(n,C) (resp. D(n,C)).

Lemma 4.3.5. If M C M(n,C) is a commuting set of matrices, then M 1is
triangularizable. If M has a subset N consisting of diagonalizable matrices,
N can be diagonalized at the same time.

Proof. Let V = C™ and proceed by induction on n. If z € M, ) € C, the
subspace W = Ker(z — AI) is evidently stable under the endomorphisms of
V which commute with x; hence it is stable under M. Unless M consists of
scalar matrices (then we are done), it is possible to choose z and A such that
0 # W # V. By induction, there exists a nonzero v; € W such that Cv;
is M-stable. Applying the induction hypothesis next to the induced action
of M on V/Cwv;, we obtain vs,...,v, € V completing the basis for V, such
that M stabilizes each subspace Cv; +- -+ Cv; (1 <4 < n). The transition
from the canonical basis of V' to (v1,...v,) therefore triangularizes M.

Now if N does not already consist of scalar matrices, we can choose z
above to lie in N. Since z is diagonalizable, V = W & W’, where the sum
W’ of remaining eigenspaces of z is nonzero. As before, both W and W’ are
M-stable. The induction hypothesis allows us to choose bases of W and W’
which triangularize M while simultaneously diagonalizing N. O
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Theorem 4.3.6. Let G be a commutative linear algebraic group. Then
Gs, Gy are closed subgroups, connected if G is connected, and the product
map ¢ : Gs X Gy — G is an isomorphism of algebraic groups. Moreover

L(Gs) = gs and £(Gy) = gn-

Proof. As G is commutative, by Lemma 4.3.2 d), G and G,, are subgroups
of G. We already observed in the remarks following Proposition 4.3.4 that
G is closed. As G is commutative, by Lemma 4.3.2 a), ¢ is a group isomor-
phism. Now embed G in some GL(n,C). By Lemma 4.3.5, we may assume
that G C T(n,C) and G, C D(n,C). This forces G; = GND(n,C), so G,
is also closed. Moreover, ¢ is a morphism of algebraic groups.

It has to be shown that the inverse map is a morphism of algebraic
groups. To this end, it suffices to show that z — zs and z — z, are
morphisms. Since, z, = z; 'z, if the first map is a morphism, the second
will also be. Now, if z € G, z, is the diagonal part of z; hence x — x; is
a morphism. Furthermore, if G is connected, so are G and G, since there
are homomorphic images of G.

The chosen embedding of G in T(n, C) shows also that £(Gs) C ?(n, C),
£(Gy) C n(n,C). Therefore £(Gs) C gs and £(Gy) C gn. But ¢ is an
isomorphism, so £(Gs) ® £(G,) = g. Since also g = gs+ gn (with uniqueness
of expression), both inclusions are equalities. O

4.4. Solvable algebraic groups

For a group G, we denote by [z,y] the commutator zyz~1y~! of two ele-
ments z,y € G. If A and B are two subgroups of G we denote by [A, B]
the subgroup generated by all commutators [a,b] with a € A,b € B. In
particular [G, G] is called the derived subgroup of G. The identity

(4.8) 2z, Y|zt = [zz27Y, 2yz7Y

shows that [A, B] is normal in G if both A and B are normal in G.
We denote by Z(QG) the center of a group G, i.e.

Z(G)={z € G:zy =yz,Vy € G}.
Lemma 4.4.1. a) If the index [G : Z(G)] is finite, then [G, G] is finite.

b) Let A, B be normal subgroups of G, and suppose the set

S ={[z,y]:z € A,y € B}
is finite. Then [A, B] is finite.
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Proof. a) Let n = [G : Z(G)] and let S be the set of all commutators in
G. Then S generates [G,G]. For z,y € G, it is clear that [z,y] depends
only on the cosets of z,3 modulo Z(G); in particular, Card S < n?. Given
a product of commutators, any two of them can be made adjacent by suit-
able conjugation, e.g. [z1,y1][x2, Y2)[x3, y3] = [21, v1][z3, y3] [z~ z22, 27 1y22],
where z = [z3,y3]. Therefore, it is enough to show that the (n + 1)th power
of an element of S is the product of n elements of S, in order to conclude
that each element of [G, G] is the product of at most n3 factors from S. This
in turn will force [G, G| to be finite. Now [z,y]™ € Z(G) and so we can write
[z,y]" = y~ [z, y]"y[z, y] = vz, y]" [z, v%]y, and the last expression
can be written as a product of n commutators by using identity (4.8).

b) We can assume that G = AB. Taking into account identity (4.8), we
see that G acts on S by inner automorphisms. If H is the kernel of the
resulting morphism from G in the group Sym(S) of permutations of S, then
clearly, H is a normal subgroup of finite index in G. Moreover, H centralizes
E = [A, B]. It follows that H N E is central in E and of finite index. By a),
[E, E] is finite (as well as normal in G, since E < G). So we can replace G
by G/[|E, E], i.e. we can assume that E is abelian.

Now the commutators [z,y],z € A,y € E, lie in E and commute with
each other. As F is abelian and normal in G, [z,y]? = (zyz~!)%y~? = [z, 3?]
is another such commutator. This clearly forces [A, E] to be finite (as well
as normal in G). Replacing G by G/[A, E], we may further assume that A
centralizes E. This implies that the square of an arbitrary commutator is
again a commutator. It follows that [A, B] is finite. O

Proposition 4.4.2. Let A, B be closed subgroups of an algebraic group G.

a) If A is connected, then [A,B] is closed and connected. In particular,
[G, G] is connected if G is.

b) If A and B are normal in G, then [A, B] is closed (and normal) in G.
In particular, (G, G] is always closed.

Proof. a) For each b € B, we can define the morphism ¢, : A — G by
a — [a,b]. Since A is connected and ¢,(e) = e, by Proposition 3.2.3, the
group generated by all pp(A),b € B is closed and connected and this is
exactly [A, B).

b) It follows from part a) that [A%, B] and [A, BY] are closed, connected (as
well as normal) subgroups of G, so by Proposition 3.3.3 their product E is
a closed normal subgroup of G. To show that [A, B] is closed, it therefore
suffices to show that E has finite index in [A, B], which is a purely group-
theoretic question. In the abstract group G/E, the image of A® (resp. B)
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centralizes the image of B (resp. A). Since the indices [4 : A°] and [B : B9
are finite, this implies that there are only finitely many commutators in G/FE
constructible from the images of A and B. Lemma 4.4.1 b) then guarantees
that [A, B]/E is finite. O

For an abstract group G, we define the derived series DG inductively
by

DG =@, DG = [D'G, D'G),i > 0.
We say that G is solvable if its derived series terminates in e.

If G is an algebraic group, D'G = [G,G] is a closed normal subgroup
of G, connected if G is, by Proposition 4.4.2. By induction the same holds
true for all D'G. If G is a connected solvable algebraic group of positive
dimension, we have dim[G,G] < dim G.

It is easy to see that an algebraic group G is solvable if and only if there
exists a chain of closed subgroups G = Gy D G1 D -+ D G, = e such that
G; < G;—1 and G;_1/G; is abelian, for i =1,...,n.

The following results from group theory are well known. (See e.g. [Sc].)

Proposition 4.4.3. a) Subgroups and homomorphic images of a solvable
group are solvable.

b) If N is a normal solvable subgroup of G for which G/N is solvable, then
G itself is solvable.

c) If A and B are normal solvable subgroups of G, so is AB. m]

The following lemma will be used in the characterization of Liouville
extensions.

Lemma 4.4.4. Let G be an algebraic group, H a closed subgroup of G.
Suppose that H is normal in G and G/H 1is abelian. Suppose further that
the identity component H® of H is solvable. Then the identity component

G of G is solvable.

Proof. We have [G,G] C H; whence [G°,G°] C H. By Proposition 4.4.2,
[G%,GY] is connected. Hence [G°, G°] C HP. By hypothesis H° is solvable,
whence [G?, G] is solvable, and then GO is solvable. a

Example 4.4.5. We consider the groups T(n,C) and U(n,C). We know
by Corollary 3.2.5 that they are connected. We shall now see that they are
solvable. Write T' = T(n,C), U = U(n,C), D = D(n,C). First, since the
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diagonal entries in the product of two upper triangular matrices are just the
respective products of diagonal entries it is clear that [T',7] C U. Now we
know that U is generated by the subgroups U;; with 7 < j, each of them
isomorphic to G,. (See the proof of Corollary 3.2.5.) By Proposition 4.4.2,
we have that [D, Us;;] C U;; is closed and connected, and clearly this group
is nontrivial. Then Uj; C [D, Uy;] C [T, T]. We have then proved [T,T] =U.

Now we want to prove that U is solvable. This will imply that T is
solvable as well. Let us denote by 7 the full set of upper triangular matrices
viewed as a ring. The subset N of matrices with 0 diagonal is a 2-sided
ideal of 7. So each ideal power N* is again a two-sided ideal. For an
element u € U, such that u = 1 + a, with a € N, we have (1 +a)7! =
l1-a+a?2—a+ -+ (=1)"ta™. If we set U, = 1 + N, we obtain
[Un, U] C Up4y. In particular, U is solvable.

The next theorem establishes that the connected solvable subgroups of
GL(n,C) are exactly the conjugate subgroups of T(n,C).

Theorem 4.4.6 (Lie-Kolchin). Let G be a connected solvable subgroup of
GL(n,C), n > 1. Then G is triangularizable.

Proof. Let V = C™. Let us first assume that G is reducible, i.e. that V
admits a nontrivial invariant subspace W. If a basis of W is extended to a
basis of V', the matrices representing G have the form

( pz) * ) .

0 ()
The morphism z — ¢(z) is a morphism of algebraic groups. As G is con-
nected, p(G) C GL(W) is also connected as well as solvable (Proposition
4.4.3 a)). By induction on n, ¢(G) can be triangularized. Analogously,

we obtain that ¥(G) can be triangularized as well. We then obtain the
triangularization for G itself. We may then assume that G is irreducible.

By Proposition 4.4.2, the commutator subgroup [G, G] of G is connected,
so by induction on the length of the derived series, we can assume that [G, G]
is in triangular form.

Let Vi be the subspace of V' generated by all common eigenvectors of
[G,G]. We have Vi # 0, since the triangular form of [G, G| yields at least
one common eigenvector. Now, for each z € G, y € |G, G], we have 27 lyz €
[G, G]; hence for each v € V1, (z7'yz)(v) = Av, for some A € C, equivalently
y(zv) = Azv. So, Vi is G-stable. Since G is irreducible, V; = V, which
means that [G, G| is in diagonal form.
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Now, any element in [G, G] is a diagonal matrix. Its conjugates in G are
again in [G, G|, hence also diagonal. The only possible conjugates are then
obtained by permuting the eigenvalues. Hence each element in [G, G] has a
finite conjugacy class. By Proposition 3.2.1c), [G, G] lies in the center of G.

Assume that there is a matrix y € [G, G] which is not a scalar. Let X be
an eigenvalue of y, and W the corresponding eigenspace. Since y commutes
with all elements in G, W is G-invariant; hence W =V, y =\ 1.

Since [G, G] is the commutator subgroup of G, its elements have deter-
minant 1. Hence the diagonal entries must be n-th roots of unity. There are
only a finite number of these, so [G,G] is finite. But by Proposition 4.4.2,
[G, G] is connected, then [G,G] = 1, which means that G is commutative.
The result then follows from Lemma 4.3.5. a

For an abstract group G, we define the central descending series C*G
inductively by

c'G=a,Cc*"e =[G, C'G),i > 1.

We say that G is nilpotent if its central descending series terminates in e.

4.5. Correspondence between algebraic groups and Lie
algebras

In this section we study the correspondence between closed subgroups of
an affine algebraic group and Lie subalgebras of its Lie algebra. From now
on we are assuming all algebraic groups to be affine. We are particularly
interested in the relation between solvability and nilpotency of an algebraic
group and its Lie algebra. For an algebraic group G, we denote by g its Lie
algebra.

For z € GG, denote by i; the inner automorphism of G defined by y —
zyz~!. Let Adg(x) or Ad(z) be the differential of i,. It is an automorphism
of the Lie algebra g. Since izy = iz 01y, for z,y € G, we deduce that
Ad(zy) = Ad(z) o Ad(y). Hence the map

Ad: G — GL(g), z — Ad(x)
defines a representation of G, called the adjoint representation of G.

Lemma 4.5.1. For z € G,x € £(G), we have

Ad(z)(x) = vz - X - vg-1.
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Proof. Let f € C[G],u*(f) = f1® g1+ + fn ® gn, fi, 9 € C[G]. Since
(vz - x)(f) = fi(z)x(g1) + - - + fa(z)x(gn) (cf. (4.4) and Remark 4.2.3), it
follows from (4.2) that

(v - X)(f) = (F *x)(2).

Similarly, we have

(x - v2)(f) = (x* f)(2).

Let us evaluate vy - x - vz-1. For 1 < i <mn, let p*(¢;) = Z?:l ui; ® vij,
where u;j,vi; € C[G]. Then pg-19; = Y35_; vig(z ™~ )usj. Thus x(pg-19:) =
> h—1 %(usj)vij(z ") and we deduce that

(vz - x-vp1)(f) = (V2 ® (X @ vg-1) o p*) o p*)(f)
= S0 fil@) (Do x(wig)vis (57 )
=2 ie1 fi(@)x(pz-14i).
On the other hand, let iz : G = G,y — zyz~!. Then

(foiz)(y) = flzyz™") = fulz)gi(yz™").
=1

Hence

(4.9) foiz=Y_ fi(x)(ps-10:)-
i=1

So we have

(vz - X - vg-1)(f) = x(f 0 iz).
O

Lemma 4.5.2. Let Hy, Hs be algebraic subgroups of G and b1, be their Lie
algebras. If Hy C Hy, then b C ba.

Proof. This is a consequence of Exercise 12 in chapter 2 and Proposition
4.2.4. a

We shall now see that for a fixed element x € g, we can construct a
closed subgroup H(x) which is contained in every closed subgroup H of G
such that x belongs to its Lie algebra £(H).



4.5. Correspondence between algebraic groups and Lie algebras 97

Recall from Remark 4.2.3 that C[G]* has a structure of associative al-
gebra with unit ve. If w € C[G]*, we write w" = w- .?. ‘w, for an integer
n >0, w’ = v,..

Lemma 4.5.3. For x € g, we define jx := {f € C[G] : x"(f) =0 Vn € N}.
Then jx is a prime ideal of C[G].

Proof. Let us consider the left invariant derivation n(x) defined by n(x)(f) =
f*x, for f € C[G]. By definition of right convolution, we have x(f) =
(n(x)(f))(e). We want to prove that

(4.10) x"(f) = (n"(x))(f)(e), for all n € N.

We shall proceed by induction on n. If f € C[G],u*f = YF_; fi ® gi, then
n(x)(f) =3P  x(g:) fi- (See (4.2).) If n € N, then

=1

7" (%) () = 0" () () (f)) = 1" (x) (D _ x(9i) fi) = Zn"(X)(fi)X(gi)-

=1 =1

We have x(f) = (n(x)(f))(e). Now assume that x"(g) = (n™(x))(g))(e), for
all g € C[G]. Then

14

XMH(f) = (" @x) 0w (f) = D x"(fi)x(g) = Y_(n" (%)) (f:))(e)x(g)-
i=1

i=1
It follows that x™*1(f) = (0"} (x))(f)(e).
Now let n € N and f € jx. Then

x™M(n(x)(f)) = n"(x)(n(x)(f))(e) = (1" (x)(f))(e) = 0.
Thus

(4.11) (%) (ix) C jx-
Now let f € jx,g € C[G]. Then

ve(fg) = f(e)g(e) =0, x(fg) = x(f)g(e) + f(e)x(g) = 0.
Assume that x"(uv) = 0 for all u € jx and v € C[G]. Then

x"(fg) =n"(n(x)(f9))(e) = n"(n(x)(f)g + fn(x)(9))(e)
=x"(n(x)(f))g +x"(fn(x)(9)) =0,
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since 7(x)(f) € jx- So fg € jx and we have proved that jx is an ideal of
ClG].

Finally, let f, g € C[G]\jx. Denote by p and g the smallest integers such
that xP(f) and x%(g) are non-zero. Since 7(x) is a derivation of C[G], we
have:

(o) = (PG
- (zm+n:,,+q Mnm<x><f>nn<x><g>) (@)

mlin!

|
= Zm+n=p+q %xm(f)xn(g)
|
22 Dsr(pyxeta) #0.
Thus fg € jx. So jx is a prime ideal of C[G]. d
We now set
H(x) := V(ix)-

Then H(x) is an irreducible closed subset of G. Moreover we can prove the
following proposition.

Proposition 4.5.4. Let G be an algebraic group and x € £(G).

a) The subvariety H(x) is a connected and commutative algebraic subgroup
of G such that x € £(H(x)).

b) Any closed subgroup H of G satisfying x € £(H) contains H(x).

Proof. a) We have H(x) = {z € G : f(z) = 0,Vf € jx}. By definition
of j(x), e € H(x). We shall show that if z € H(x) and f € jx, then
Az-1f € jx. Since the derivation 7(x) is left invariant (see (4.3)), we have
N™(x)(Ag-1f) = Ag-1(n™(x)(f)). From this, we deduce that

x"(Ag-1f) = (0" (x)(Ae-1£))(€) = A1 (n™(x)()))(e) = (" (x)(f))(z) = O,
a5 n(X)(x) C jx, by (411). S0 A1 f € jx. Now, if 7,y € H(x), f € jx,
flzy) = Ag-1f(y) =0, since Ay-1 f € jx,y € G. So zy € H(x).

As n(x)(jx) C jx, we have x € £(H(x)) by Lemma 4.2.9.

Let us now prove that H(x) is commutative. Let I = Z(H(x) x H(x)) C
C[G x G] ~ C[G] ® C|G]. We know that I = jx ® C[G] + C[G] ® jx. (See
Exercise 7 in chapter 1.) Let f € jx. If z,y € H(x), then u*(f)(z,y) =
f(zy) =0. Thus p*(jx) C I.
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For p,q € N, denote by Jp, the kernel of the linear form x? ® x? on
C[G]® C[G] and let J =1, , Jp,q- We have xP*9(f) = (2P ® z9)(u*(f)), so
f € jx implies that pu*(f) € J. It follows J C I. Since it is clear that I C J,
we obtain I = J.

Denote by ¢ : C[G] ® C[G] = C[G] ® C[G] the linear map defined by
((f®g)=9g®f. If p,g € Nand f € C[G], we have

(2 ®x%) 0 Cop?)(f) = (I ®xP) 0 7) () = xTP(f) = (3 ®x7) 0 u*)(/)-

Thus (xP ® x9) o (( o u* — u*) = 0. By the preceding, we deduce that
(Cop* —p*)(C[G]) C I. If z,y € H(x) and f € C[G], then

So we have zy = yx.

b) Let H be a closed subgroup of G satisfying x € £(H). Let a = Z(H). By
Lemma 4.2.9, we have n(x)(a) C a, so n*(x)(a) C a and x"(a) = {0}, for
n € N, by (4.10). Thus a C jx and H(x) C H. O

Corollary 4.5.5. Let ) be a Lie subalgebra of g and H(h) the intersection
of all algebraic subgroups of G whose Lie algebra contains b.
a) H(h) is connected and h C L(H(h)).

b) If H is a closed connected subgroup of G, b its Lie algebra, we have
H(h) = H.

Proof. a) It is clear that #H(h) is an algebraic subgroup of G and since
£(H(H)) = L£(H(H)°), H(h) is connected. By Proposition 4.5.4, we have
H(x) € H(h) for all x € h. So it follows that x € L(H(x)) C L(H(b)).
Hence h C £(H(b)).

b) Since H(h) C H, we have £(H(h)) C h. By a), we have equality.
Thus dimH(h) = dim H = dimb. Since H is connected, we deduce that
H(H) = H. O

Proposition 4.5.6. Let Hy, Hy be algebraic subgroups of G and §1, b their
Lie algebras.

a) Assume that Hy and Hs are connected. If by C ho, then Hy C Hs.
b) We have S(Hl ﬂHQ) = b1 N bhe.

Proof. a) If h; C bg, then H(h1) C H(hz2). So H; C Hy by Corollary 4.5.5.
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b) We have £(Hy N Hz) C b1 N h2 by Lemma 4.5.2. On the other hand,
H(b1 Nhg) C Hy N He, by definition of H(h). (See Corollary 4.5.5.) So
h1 Nbho C £(H(h1 Nh2)) C £(H1 N Hy). 0

Lemma 4.5.7. Let ¢ : G — GL(n,C) be a morphism of algebraic groups
and ¢;; € C[G] such that o(z) = (¢ij(z)1<ij<n), for x € G. If x € £(G),
then dp(x) = (x(pij))1<ij<n-

Proof. We have do(x)(Xi;) = x(Xij 0 @) = x(pi5). O
Proposition 4.5.8. For G an algebraic group, g its Lie algebra, the differ-

ential of the adjoint representation Adg is adg.

Proof. Let z,y € G, x,y € g,f € C[G] and p*(f) = > i=; fi ® gi, where
fi,9i € C[G]. We obtain p; f = > 1", gi(z) f;. Hence

n

(4.12) (v * (@) = y(p=f) = D y(fi) 9i(a).

i=1

It follows that

n

(4.13) x(y * f) =Y y(fi)x(g:) = (v - %)()-

=1

If x € g, dAd(x) € gl(g) may be identified with an element 4(x) of
End(g) and for ¢ € End(g)* C C[GL(g)], we have

P(£(x)) = d Ad(x)(¥).

Let f € C[GL(g)] and y € g. Define 95, € End(g)* as follows: for
% € End(g),

Fry () = ((¥)(f)-
Then for x,y € g and f € C[GL(g)], we have

(dAd(x)(¥))(f) = Ux)(¥)(F) = V1y(£(x)) = dAd(x)(Fsy) = x(J5,y 0 Ad).
On the other hand, if z € G, then

(F1y o Ad)(z) = (Ad(2)(¥))(f) = (di=(¥)(f) = y(f 0 iz).
But if p*(f) = > fi ® gi, we have
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foiz= Zfz Pa;—lgz

(See (4.9).) It follows by the definition of left convolution

n

y(fois) =Y fil@)(y*g:)(™h) = Q_(fily * g:) o 1))(@).
i=1

=1

We deduce therefore that

BpyoAd =) (fily*g) o).
i=1

In view of Proposition 4.2.5, we obtain that

n n

x5y 0 Ad) = Y x(fi)(y * gi)(e) = D _ file)x(y * gi).

i=1 i=1
It follows from (4.12), (4.13) and the definition of y * g; that

x(Yf,y o Ad) =Zx gz)—z‘fz
=1

Finally by the definition of [x,y] (4.4) (see also Remark 4.2.3) we obtain

(dAdX)(y))(f) =x(IsyoAd) = (x-y)(f) = (ve ¥ -x)(f)
= (x-¥)(f) = (y - x)(f) = [x¥I(/)-

Hence

dAd(x)(y) = [x,y] = ad(x)(¥)-
O

Corollary 4.5.9. If H is a normal subgroup of G, then the Lie algebra b
of H is an ideal of g.

Proof. If H is normal in G, for f € Z(H) C C[G] and = € H, we have
foi, € Z(H). Hence if x € b, x(f oiz) = 0 by Lemma 4.2.9. Thus
Ad(z)(x)(f) = 0, and this implies that Ad(z)(x) € b, again by Lemma
4.2.9.

Let (xi,...,X,) be a basis of g such that (x1,...,Xp) is a basis of h. If
y € g, then Lemma 4.5.7 implies that for 1 < j < n, we have m;; € C[G]
such that
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Ad(z)(x;) = Y mij(z) xi, (AAD)(Y)(x;) =D y(mss) xi.
=1 =1

So Ad(z)(h) C b implies that m;; =0if 1 < j <pand p+1<7<n. Thus
(dAd)(x)(h) C b and the result follows from Proposition 4.5.8. d

Lemma 4.5.10. Let ¢ : G — G be a morphism of varieties such that
w(e) = e and set 1 : G — G,z p(z)x~!. Then

d’lp = d<p — Idg(c)

Proof. Let § : G — G x G be the morphism z ~ (¢(z),z7!). Then
P = pod. If x € £(G), then by Proposition 4.2.5, we have di(x) =
dp(dep(x), —x) = dp(x) — x. 0

Proposition 4.5.11. Let H;, Hy be subgroups of G. Let F' be the closure
of [H1,Hs] in G. (It is a subgroup by Proposition 3.3.2.) Let g, b1, ba,f be
the Lie algebras of G,H;, Ha, F' respectively. Let x1 € Hy,z9 € Ho,x; €
h1,X2 € ha. Then

[X],Xz], Ad(ml)(x2) — X2, Ad(mg)(xl) — X3

are elements of f.

Proof. For z; € Hj, denote by ¢g, : Hy — F the map zy — [z1,Z2].
If xo € b, then dyg, (x2) = Ad(x1)(x2) — x2, by Lemma 4.5.10. Thus
Ad(z1)(x2) — x2 € §. Similarly, we have Ad(z2)(x1) — x1 € f.

It follows that for xo € bho, we have a map 9y, : H1 — f given by
Px, (1) = Ad(z1)(x2)—x2. If x1 € b1, then by Proposition 4.5.8, dipx, (x1) =
[x1, x2]; hence [x1, %3] € §. O

Corollary 4.5.12. Let G be an algebraic group and g its Lie algebra. Then
[0, 8] € £([G, G)). o

Proposition 4.5.13. Let G be an algebraic group, Hy, Hy connected normal
algebraic subgroups of G. By Proposition 4.4.2, Hs := [Hi, Ha] is a con-
nected algebraic subgroup of G. Let bj; be the Lie algebra of H;, i = 1,2, 3.
We have

b3 = [h1, ha).

Proof. We have [h1, 2] C h3 by Proposition 4.5.11.
For z,y € G, let [z,y] = zyz~'y~! be their commutator. The identity
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[z,9]7" = [z, zyz™"]

gives [z, Ho] ™! = [z71, Hy).
We now apply Proposition 3.2.3 to the morphisms

¢z : Hy — Hs,y — [z,y], forz € H;
and obtain that there exists n € N and z1,...,x, € H1 such that the map

¢: Hy = Hz,(y1,---,Yn) = [21,91] - - - [Tny Yn)

is surjective. So, by Proposition 2.2.38, there exists y = (y1,...,yn) € HY
such that

dyp : Ty(HP) — TpyHy

is surjective.
Let s : H} — H3 and 6 : H3 — H3 be defined as follows:

§(21,- s 20) = (Y121, Ynzn),  0(2) = 2(0(y)) "

These are isomorphisms of varieties. For 1 < k < n and z € Hy, let

Ci(2) = [z1,31] - - - [Bh—1, Y1) [k, vi2l[wh, i) L - [21, 9] 7

Finally define v : H} — H3 and v : H} — Hy by

Y(z1, -y 2n) = (C1(21),.-.,Cn(2n)), v(21,.-.,2n) = 21...2n.

We can easily check that

voy=foypos.

Let € := (e,...,e) € H}. Since 6 and s are isomorphisms of varieties, the
differential de(v o 7y) : Te(HY) — Te(H3z) = b3 of v o~y at the point € is
surjective.

Let ux = [z1,y1] .- - [Zk, Y], 1 < k < n. Then we easily obtain that

Ck(z) = Ty, (iyk-’ﬂk (z)iyk (z—l))’

where i;(2) := zza™!. Ift = (t1,...,tn) € (Te(H2))™ = Te(HY), then taking
into account the definition of Ad, Proposition 4.2.5 implies that
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n
de(vor)(t) = > Ad(ux)(Ad(yx)(Ad(z) (tk) — tk))-

k=1
As Hj is normal in G, by is an ideal of g by Corollary 4.5.9; hence we
have [ha, [h1,B2]] C [bh1,b2]. As Hs is connected, [Hi, Hy] is closed. (See
Proposition 4.4.2.) Then Proposition 4.5.11 implies that Ad(z)([h1,bh2]) C
[B1,b2] for all 2 € Hy. As ug,yr € Hs, to obtain the result, it suffices
therefore to prove that if y € by and z € Hy, then Ad(z)(y) —y € [b1, ba)-
But this again follows from 4.5.11 and the fact that H; is connected. g

Corollary 4.5.14. a) If G is solvable (resp. nilpotent), then g is solvable
(resp. milpotent).

b) Assume that G is connected. If g is solvable (resp. nilpotent), then G is
solvable (resp. nilpotent).

Proof. We have £(G) = £(G°) and if G is solvable (resp. nilpotent), then
so is G¥. So we may assume that G is connected. Then Proposition 4.5.13
implies that £(D"(G)) = D"(g) and £(C™"(G)) = C™(g). So the result
follows. O

4.6. Subgroups of SL(2,C)

In this section, we give the classification of the subgroups of the special
linear group SL(2,C).

Theorem 4.6.1. Let G be an algebraic subgroup of SL(2,C). Then one of
the following four cases can occur.
Case 1. G is triangularizable.

Case 2. G is conjugate to a subgroup of

D+={(8 091 > :cec,c7é0}u{( _3_1 8):060,07&0}

and case 1 does not hold.
Case 3. G is finite and cases 1 and 2 do not hold.
Case 4. G =SL(2,0C).

Proof. Let G° be the identity component of G. As any two-dimensional Lie
algebra is solvable (see Exercise 4), by applying Corollary 4.5.14, we obtain
that either dim G = 3, in which case G = SL(2,C), or else G? is solvable.
In the latter case, GO is triangularizable by the Lie-Kolchin Theorem 4.4.6.
Assume that GO is triangular.

If GY is not diagonalizable, then G contains a matrix A of the form
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1 a .
A—<O 1),vv1tha;¢é0,

since an algebraic group contains the unipotent and semisimple parts of
all its elements. (See Proposition 4.3.4.) Since G° is normal in G (see
Proposition 3.2.1a)), any matrix in G conjugates A into a triangular matrix.
A direct computation shows that only triangular matrices have this property.
Thus G itself is triangular. This is case 1.

Assume next that GO is diagonal and infinite, so G contains a non-scalar
diagonal matrix B. As GO is normal in G, any element of G conjugates B
into a diagonal matrix. A direct computation shows that any matrix with
this property must be contained in D*. Therefore either G is diagonal, this
being included in case 1, or G is contained in D%, this being case 2.

Finally we observe that if GO is finite (and therefore G° = {e}), then G
must also be finite (Proposition 3.2.1a)). This is case 3. a

We shall now determine which finite groups appear as subgroups of
SL(2,C). This is a classical result which can be found in the work of Klein,
Jordan, Fuchs, and others. It can be obtained by purely algebraic methods
(see e.g. [Kov]) but we have preferred to keep the geometric flavor of the
classical works, which moreover justifies the names used for the groups ob-
tained. The proof consists in three steps: First prove that if G is a finite
subgroup of SL(2,C), the quotient G/Z(QG) is isomorphic to a subgroup of
the special orthogonal group SO(3,R). Then determine the finite groups
of space rotations and finally deduce the group G corresponding to each of
those.

We recall that a unitary matriz is a matrix U € GL(n,C) satisfying

vol =1 , a special unitary matriz is an unitary matrix with determinant
equal to 1. We consider the special unitary group defined by

SU(n) := {U € GL(n,C) : UU" =1 and detU = 1}.

Lemma 4.6.2. Let G be a finite subgroup of SL(2,C). Then G is isomorphic
to a subgroup of the special unitary group SU(2).

Proof. We shall prove that there exists an hermitian inner product which
is invariant by any element of G. Then, taking a basis of C? which is
orthonormal with respect to this hermitian product, each element in G is
represented by an unitary matrix.
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Take any hermitian inner product in C2 and denote x *y the product of
z,y € C2. Let My,..., M, be the elements of G. We define

Tr-y= Z(Mzw) * (Mz )
i=1

Then it is easy to check that - is hermitian. Now, for M € G, we have

(Mz) - (My) = (M; Mz) * (M; My) =z - y,

=1

as M; M runs through all the elements of G when M; does. O

‘We now consider the Hamilton quaternion algebra H and denote by U the
group of unit quaternions, i.e. quaternions with norm equal to 1. We take
as usual an R-basis of H, (e, i, j, k), where e denotes the unit element, with
the product relations ij = k,i? = j2 = k? = —e, ij = —ji. For a quaternion
q = ae + bi + c¢j + dk, the conjugate quaternion is § = ae — bi — ¢j — dk and
the norm is |g| = q@ = a? + b% + % + d2.

Lemma 4.6.3.
U ~ SU(2).

Proof. To g = ae + bi + ¢j + dk € U, we associate the matrix

u v
Aq:(—v ﬂ)

where u = a + bi,v = ¢+ di. Then it is easy to check that A, is an unitary
matrix and that ¢ — A, defines an isomorphism from U to SU(2). a

We now intend to associate to an element in the group U of unit quater-
nions a rotation of the three dimensional space.

First, for a quaternion q € H, the mapping = — gx defines a linear map
\q from R* to R4, if we consider the underlying vector space structure of H.
If we set ¢ = ae + bi + ¢j + dk, the matrix of )\, in the basis (e, i, j, k) is

a b —c —d
b a —d C
A= c d a b
d —c b a
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We have AAT = (a?+b2+c2+d?)I, hence (det A)? = (a?+b%+c?+d?)* and,
since det A contains the term a*, we have det A = (a®+b?+c?+d?)%. We now
endow R* with the euclidean space structure given by the standard scalar
product with respect to the basis (e, 1i,j, k). We have then \; € SO(4) for
|g| = 1. We shall call \; the left rotation associated to the unit quaternion
g. Moreover, g — Aq defines a group morphism from U to SO(4). We can
define as well a linear map p, : R* = R? induced by z — zq™!. If || = 1,
its matrix in the basis (e, 1, j, k) is

a b c
b a —-d ¢
—c d a b
—-d —c b a

and we obtain analogously p, € SO(4) when |g| = 1 and a group morphism
p: U — SO(4),q — pg. We call pg the right rotation associated to the
unit quaternion q. We now want to see that the definition of right and left
rotation do not depend on the chosen basis. On the euclidean space R*, we
consider basis changes between orthonormal basis.

Lemma 4.6.4. We consider a second basis (u,v,w) in (e)T. The two basis
(e,1,j,k) and (e,u,v,w) define identical quaternion algebra structures on
R* if and only if the basis change matriz between them belongs to SO(4).

Proof. We set u = a11i + a21j + azi1k, v = aioi + agej + azsk, w = ai3i +
ag3j+assk, for some A := (a;5)1<s,j<3 € GL(3,R). By calculation, we obtain

u? = —1 if and only if |u| = 1, and analogously for v and w; uv = —vu if
and only if u 1L v and analogously for u,w and v,w. Now, assuming A is
orthogonal, we obtain uv = (det A)w. O

The preceding lemma tells that, if we consider orthonormal basis with
fixed orientation in R*, the quaternion algebra structure is determined by
the first basis vector e. We shall refer to this quaternion algebra as the
e-algebra.

Lemma 4.6.5. Let (e,i,j, k) and (f,u,v,w) be two orthonormal basis of

R4,

a) If both basis give the same orientation, then a left (resp. right) rotation
in the e-algebra is a left (resp. right ) rotation in the f-algebra.

b) If the two basis give different orientations, then a left (resp. right) rota-
tion in the e-algebra is a right (resp. left ) rotation in the f-algebra.
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Proof. a) Let f~! be the inverse of f in the e-algebra. Then the right ro-
tation pg sends the basis (f,u, v, w) to the basis (e, uf !, vf~1, wf™1); hence
it is an algebra isomorphism from the f-algebra to the e-algebra. We ob-
tain then that the left (resp. right) rotation associated to a unit quaternion
q in the e-algebra is the left (resp. right) rotation associated to the unit
quaternion gf ! (resp. f!¢) in the e-algebra.

b) Taking into account a), it is enough to consider the two basis (e, i, j, k)
and (e, 1i,j, —k). We obtain that multiplication between the basis vectors is
reversed when going from one algebra to the other; hence, denoting by * the
product in the second algebra, we have a % b = ba for a,b € R%. We obtain
then that left rotation associated to a unit quaternion ¢ in one algebra is
right rotation associated to ¢~! in the other algebra. O

We have then proved that the groups of left and right rotations are well
determined and do not depend on the choice of the orthonormal basis giving
the quaternion algebra structure.

Lemma 4.6.6. Fvery element in SO(4,R) can be expressed as the product
of a left rotation and a right rotation.

Proof. An element o € SO(4,R) has a canonical form

cosa —sina 0 0
sina cosa 0 0
0 0 cosfB —sinf
0 0 sin8 cosf

Looking at the matrices obtained for left and right rotations, we see that
0 = Mg, O Pgo, for g; = cosbse +sinb;i, i = 1,2, with 6; = (a + 8)/2,02 =
(B—a)/2. 0

We now consider the rotation Agop, in R* given by = — gzq~!. It clearly
leaves invariant the axis Re; hence it leaves globally invariant its orthogonal
complement Ri 4+ Rj + Rk and by restriction we obtain an element ¢, in
SO(3) and a morphism U — SO(3), ¢ — ¢,.

Lemma 4.6.7.
U/{£1} ~ SO(3).

Proof. We shall prove that the morphism U — SO(3), ¢ — ¢4 is surjective
and its kernel is {1}. A rotation in SO(3) can be extended to a rotation
in SO(4) leaving invariant the first axis. By Lemma 4.6.6, this last rotation
can be expressed as Aq, © pg, for some unit quaternions qi,g2. Now Ag; 0 pg,
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fixes e if and only if g1 = g2. To determine the kernel, we have A\j o0 p; = I
if and only if ¢ commutes with i, j and k, which gives ¢ = +1. O

We shall now determine the finite subgroups of SO(3), i.e. the finite
groups of space rotations. To this end we shall use the following lemma.

Lemma 4.6.8 (Burnside’s Lemma). Let G be a finite group acting on a
finite set X. Let r be the number of orbits and for each o € G let X° denote
the set of elements in X fized by o. Then we have

(4.14) Z |X°|.

aGG’

Proof. We count in two different ways the number N of pairs (o,2) € Gx X
such that ocx = x. For each x € X, the elements ¢ € G such that oz =z
form the stabilizer I(z), so

V=I5 i =19 Y e
zeX zeX
where Gz denotes the orbit of the element z. Now the sum ) (1/|Gz|)
for z running through the elements in one fixed orbit is equal to 1, so
> zex(1/|Gz|) = r and we obtain N = |G’|r On the other hand, for each
o € G, the elements £ € X such that cx = = form the set X7; hence
N = ZUGG |X al' O

Proposition 4.6.9. Let G be a finite subgroup of SO(3,R). Then G is one
of the following groups.

(1) The cyclic group Cy, generated by a rotation with angle 2 /n around
an axis,

(2) the group formed by the identity and three axial symmetries around
orthogonal axes, which is isomorphic to Cy X Co,

(8) the group of rotations leaving invariant an n-sided prism with reg-
ular base, which is isomorphic to the dihedral group D,

(4) the group of rotations leaving invariant a reqular polyhedron, which
1s isomorphic to
(a) the alternating group A4 in the case of the tetrahedron,
(b) the symmetric group Sy in the case of the cube and the octa-
hedron,
(c) the alternating group As in the case of the dodecahedron and
the icosahedron.
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Proof. This proof is due to Klein and is based on applying Burnside’s
Lemma 4.6.8 to the action of G on the set X C S? of poles of the rota-
tions in G different from the identity. Here S? denotes the sphere of radius
1 centered in the origin and the poles of a rotation are the points of S? fixed
by it, i.e. the points in which its axis cuts S2. Note that if z, —x are the
poles of ¢ € G, then 7z, —7x are the poles of To7~! for 7 € G, so G really
acts on X. For this action (4.14) gives

r= (- 1)+X)),

where n = |G|, since X7 has two elements if o # I and is equal to X for
o =1. Let {Oy,...,0,} be the orbits of the action considered and let z; be
a representative of the orbit O;, for each i. We have then oz; # z; for all
o € Gifi # j. Set m; = |O;],n; = |I(z;)|, where I(x;) denotes the stabilizer
of z;. As |X|=)";_, m; and n = m;n;, we obtain

which can be written as

: 1 1
- =20- )
As1 < 2(1-1/n) < 2 and n; > 2, since each pole is stabilized by at least one
rotation besides identity, we obtain 1 —1/n; > 1/2. This implies 2 < r < 3.
We now discuss the two cases 7 =2 and r = 3.

r = 2: Equation r — ) _(m;/n) = 2(1—1/n) reduces to m; +mg = 2; hence
m; = mg = 1. There is then exactly two poles, which means that
all elements in G have the same axis. So G is the cyclic group
generated by a rotation with angle 27 /n, which is case 1 in the
statement.

r = 3: Equation r — ) (1/n;) = 2(1 — 1/n) reduces to

(4.15) 421,11
n ni n2 n3

We can assume n; < ng < ng. As the left hand side of (4.15)

is bigger than 1, n; must be equal to 2. Now (1/n2) + (1/n3)

must be > 1/2; hence either ng = 2 or ng = 3. If ng = 2, n3

can take any integer value m > 2 and we obtain 1+ (2/n) =

(1/2) + (1/2) + (1/m) = n = 2m. If ng = 3, 1/n3 must be greater

than 1/6; hence ng = 3,4 or 5. Summing up, the possible values



4.6. Subgroups of SL(2,C) 111

for (n1,n2,n3) are (2,2,m), with m > 2, (2,3,3),(2,3,4),(2,3,5).
The rest of the proof is the discussion of each of the cases.

(2,2,2)

(2,2,m)

(2,3,3)

(2,3,4)

Equation (4.15) gives n = 4. Hence, from n = m;n;, we obtain
m; = mg = m3 = 2. As I(z;) has order 2, G has three
elements of order 2. Set I(z;) = {I,s;}. We have s3(z;1) =
—z1 and s3(xz2) = —z2 as any other possibility contradicts
si(z;) = x;. So the axis of s and s3 are orthogonal to the axis
of s; and, by a similar reasoning, to each other. We obtain
then case 2 in the statement.

Equation (4.15) gives n = 2m. From n = m;n;, we obtain
mi = mg = m,m3 = 2. Now, the group I(z3) is a group of
order m consisting in rotations around the same axis; hence
it is cyclic of order m, generated by a rotation p with angle
27 /m. The orbit of z; contains m elements and is equal to
{z1,p(x1),...,0™ 1(x1)}, which is the set of vertices of an
m-sided regular polygon. As I(z;) has order 2, G contains
the axial symmetry around the axis Oz, so G is the group of
rotations leaving invariant an m-sided polygon or, equivalently
the regular prism having it as base. Hence G is the dihedral
group of order n = 2m.

Equation (4.15) gives n = 12; hence m; = 6, mg = mg = 4.
Let P; = z3, P2, P3, Py be the four poles in O3. As I(x3) has
order 3 and fixes P, it permutes cyclically Ps, P3, Py; hence
these are the vertices of an equilateral triangle. Aseach I(F;) is
conjugate to I(z3), the same is true for any three points among
Py, Py, P3, Py, so these are the vertices of a regular tetrahedron
and G is the group of rotations leaving it invariant. It is easy
to see that Oy = {—P;,—Ps,—P3,—P,;} and that O; is the
set of poles corresponding to the lines connecting the middle
points of the three pairs of opposite edges of the tetrahedron.
Equation (4.15) gives n = 24; hence mj = 12, mg = 8, mg = 6.
The stabilizer I(x3) is a group of order 4 which is cyclic as
it is a subgroup of SO(2). A generator of I(z3) permutes
cyclically four elements among the six poles in O3; hence these
are the vertices of a regular octahedron and G is the group of
rotations leaving it invariant. It contains the rotations with
angle /2 and axis connecting two opposite vertices as well as
the rotations with angle 27 /3 and axis connecting the centers
of two opposite faces. Each element of G corresponds to a
permutation of the 4-element set of the pairs of opposite faces.
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(2,3,5)

The group G is also the group of rotations leaving invariant
the regular hexahedron whose vertices are the middle points
of the faces of the octahedron.

Equation (4.15) gives n = 60; hence m; = 30, mg = 20, m3 =
12. The group I(z3) is cyclic of order 5. As O3 has 12 elements
and two of them are fixed by I(z3), this group permutes the re-
maining ten in two distinct cycles of five elements each, which
are the vertices of two regular pentagons, mutually symmet-
ric with respect to the origin. Hence Oj is the set of vertices
of an icosahedron and G is the group of rotations fixing it.
It contains the rotations with angle 27/5 and axis connecting
two opposite vertices, the rotations with angle 27/3 and axis
connecting the centers of two opposite faces and the rotations
with angle m connecting the middle points of two opposite
edges. Each element of G corresponds to an even permutation
of the 5-element set of regular tetrahedrons whose vertices are
in the center of faces of the icosahedron, as shown in Figure 1.
The group G is as well the group of rotations leaving invariant
the regular dodecahedron whose vertices are the middle points
of the faces of the icosahedron.

a

We shall now determine the finite subgroups of SL(2, C).

Proposition 4.6.10. A finite subgroup of SL(2,C) is conjugate to one of

the following.

1. a cyclic group of order n generated by the matriz

w 0
Aw_(O w_l)’

for w a primitive nth root of unity.

2. the quaternion group generated by the matrices

(4 %) o=(54).

3. the dihedral group of order 2n generated by the matrices A, and C.

4. a double cover of a regular polyhedron rotation group, which is isomorphic

to

(a) the tetrahedral group 2A4 generated by the matrices B and

1l —1+44 —1+4
D‘z( 147 —1—1')'
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Figure 1. One of the tetrahedrons inscribed in the icosahedron.

(b) the octahedral group 254 generated by the matrices D and

1 (143 0
E=7 ( 0 1-i ) '
(c) the icosahedral group 2As generated by B, D and
1 24 B —1iy
F‘4(—ﬂ—i»y —2i )
where f=1— /5,7y =1+ 5.

Proof. Cases 1, 2, and 3 follow easily by determining the images of the
generators of the subgroups of SO(3,R) given in cases 1, 2, and 3 of Propo-
sition 4.6.9 by the isomorphisms given in Lemmas 4.6.7 and 4.6.3. We make
explicit case 2, i.e. the case of the group formed by the identity and three
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axial symmetries around orthogonal axes. Taking the symmetry axes to be
the coordinate axes, the matrices of the three symmetries are

1 0 O -1 0 O -1 0 O
0 -1 0 ) 0 1 0 , 0 -1 0],
0 0 -1 0 0 —1 0 0 1

which correspond to the quaternions i, j, k. These in turn correspond to the
matrices in SL(2,C)

i 0 0 1 0
=6 %) w=(h0) w=(T0)

We can assume that A;, A;, Ak are sent to (12)(34), (13)(24), (14)(23)
respectively by the epimorphism from SL(2, C) in SO(3, R) with kernel {+1}.

We now consider the alternating group A4, generated by the permuta-
tions (123) and (12)(34). Conjugation by (123) permutes cyclically (12)(34),
(13)(24) and (14)(23). Hence if D is a preimage of (123) in SL(2, C), it per-
mutes cyclically A;, A;, Ax up to multiplication by —I. As conjugation by
one of the A’s on the other two produces multiplication by —I, we can look
for a matrix D in SL(2,C) permuting cyclically A;, A;, Ax and obtain the
matrix D in the statement.

The symmetric group S4 can be generated by the permutations (123)
and (1324). Its preimage in SL(2,C) is generated by D and a matrix F in
SL(2,C) satisfying E? = A;, which is defined up to multiplication by —I.
We easily find that the matrix E has the form given in the statement.

The alternating group As is generated by the permutations (123) and
(12)(34) generating A4 and the permutation (12)(45). Both (12)(45) and
(123)(12)(45) = (13)(45) correspond to rotations with angle = around an
axis connecting the middle points of two opposite edges of one of the tetra-
hedrons inscribed in the icosahedron; hence their preimages in SL(2,C) have
order 4. Now (12)(34)(12)(45) = (345) and we can choose its preimage in
SL(2, C) to have order 3. We look then for a matrix F' in SL(2, C) satisfying
F? = (DF)? = —I,(A;F)® = I and obtain F as in the statement. (]
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Exercises

(1) Check that the Lie bracket of two derivations is a derivation and that
the Lie bracket of two left invariant derivations is again left invariant.

(2) Check that the subspaces of gl(n,C) considered in Example 4.1.3 are
Lie subalgebras of gl(n,C) and that sl(n,C) is an ideal of gl(n,C).
(3) Write down the proof of Proposition 4.1.7.

(4) Let g be a Lie algebra of dimension 2 over the field C. Let (u,v) be a
basis of g as C-vector space.
a) Prove that the Lie algebra structure of g is determined by [u, v].
b) If [u,v] # 0, prove that the subspace it generates is an ideal of g,
which is independent of the chosen basis and is the unique nontrivial
ideal of g.
c) Prove that g is solvable.

(5) Determine the Lie algebra of the orthogonal group

O(n,C) :={A € GL(n,C) : AAT = Id}

and of the special orthogonal group

SO(n,C) :={A € 0(n,C) :det A =1}.
(6) Prove the statements in Remark 4.2.3.

(7) Give an example of a linear algebraic group which consists of semisimple
elements but is not diagonalizable.

(8) Let V be a finite dimensional C-vector space. If NV is a nilpotent endo-
morphism of V and U an unipotent endomorphism of V', we can define:

N o (1) k
exp(N) := ) N log(U) i= > — (U = Idv)*.
k=0 k=1

a) Prove that exp(/N) is an unipotent automorphism of V, log(U) is a
nilpotent endomorphism of V' and

exp(log(U)) = U, log(exp(N)) = N.

b) Prove that ¢n : G4 = GL(V),t — exp(tN) is a morphism of alge-
braic groups. Deduce that ¢ (G,) is a connected closed subgroup of
GL(V).

¢) For N # 0, prove that ¢y is an isomorphism of algebraic groups from
Gg onto pn(Gy).
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(9) Let V be a finite dimensional C-vector space and G be a closed subgroup
of GL(V).
a) Let U be an unipotent element of G and N = logU. Prove that
©N(Gg) is the smallest closed subgroup of G containing U.
b) Let N be a nilpotent endomorphism in £(G). Prove that H(N) is
the set of exp(tN),t € C.

(10) Let V be a vector space of dimension n > 0.

a) Prove that if z € End(V) is nilpotent, then ad z is a nilpotent en-
domorphism of gl(V'). More precisely, prove that if 2P = 0, then
(adz)?®~ 1 = 0.

b) Prove that if g is a Lie subalgebra of gl(V') consisting of nilpotent
endomorphisms, then V9 :={v € V : x(v) =0, Vx € g} # {0}.

(11) Let G be a connected affine algebraic group of dimension 1. Prove that
G is isomorphic either to the multiplicative group G,, or to the additive
group G,.

Hint: G is commutative by Ezercise 9 in chapter 3 and has dimension

1; hence either G = G5 or G = Gy.

(12) Prove that the derived subgroup of GL(n,C) is SL(n,C) and SL(n,C)
is equal to its own derived subgroup. Conclude that for n > 2, GL(n, C)
and SL(n,C) are not solvable.

Hint: Use that each element of one of the subgroups U;; (see the proof
of Corollary 3.2.5) is a commutator of elements in SL(n,C).

(13) a) Prove that an abelian group is nilpotent.
b) Prove that a nilpotent group is solvable.
c) Prove that the center of a nontrivial nilpotent group is nontrivial.
d) If f : G1 = Gq is a group morphism, prove that f(C*(G1)) C C*(G2)
and that equality holds if f is surjective.
(14) Let G be a group and H a subgroup of G contained in the center of G.
Prove that G is nilpotent if and only if G/H is nilpotent.

(15) a) Prove that a group G is nilpotent if and only if there exists a sequence
G =G1 D G2 DO -+ D Gpy1 = {e} of subgroups of G such that
[G, Gk] C Ggg1, for 1 <k <n.
b) If G is a nilpotent group, H a normal subgroup of G, prove that
there exists a sequence H = Hy D Hy D -+ D Hp41 = {e} such that
[G, Hz] CHiypfor1 <i<m.

(16) Let G be an algebraic group, A = C[G]. For B a C-algebra, we consider
the set Hom(A, B) of C-algebra morphisms. For f,g € Hom(A, B), we
define its product as the composition

A A0A¥ BB B
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(17)

where the last arrow is given by the product in B. This product gives

a group structure on Hom(A, B). We denote this group by G(B). The

algebra of dual numbers is defined by C[T]/T? or, equivalently, by C[4],

with §2 = 0. We write 7(G) := G(C[¢)).

a) Prove that the points of G are in 1-1 correspondence with G(C).

b) Prove that the projection C[6] — C,a + bd — a induces an epimor-
phism 7 from 7(G) onto G(C) with kernel isomorphic to the Lie
algebra g of the algebraic group G.

c¢) Prove that the exact sequence

0=2g—=T(G) > GEC)—=e
splits.
We have T(G) = U,eqem ' (z) and 771(z) can be identified with the
tangent space TG of G at the point . We call T(G) the tangent bundle
of G.
Let G1,G2 be affine algebraic groups, x; € £(Gi1),x2 € £(G2). For
f1 € C[G1], fa € C[Gy], set

Ox1,%2 (f1 ® f2) = x1(f1) fa(ea,) + fi(ec,)x2(f2)-
Prove that the map

0. £(G1) X ﬁ(Gz) — 2(G1 X G2)
(xl, x2) = 0x11x2
is an isomorphism of Lie algebras.






Part 8

Differential GGalois
Theory



Part 3 is devoted to the Galois Theory of homogeneous linear differential
equations referred to as the Picard-Vessiot theory. It parallels classical Ga-
lois theory of polynomial equations. The Picard-Vessiot extension of a linear
differential equation corresponds to the splitting field of a polynomial and its
differential Galois group to the Galois group of the polynomial. We present
the fundamental theorem of Picard-Vessiot theory as well as the characteri-
zation of homogeneous linear differential equations solvable by quadratures,
the analogue of polynomial equations solvable by radicals. The differential
Galois group of a linear differential equation defined over a differential field
K is a linear algebraic group defined over the constant field of K. The proof
of the results mentioned above are based on properties of G-varieties, the
existence of quotients for algebraic groups, the decomposition of algebraic
groups, the concept of semi-invariant, and the Lie-Kolchin theorem.

In the last chapter, we consider differential equations defined over the
field C(z) of rational functions in one variable over the field C of complex
numbers. We present some classical analytic results concerning local solu-
tions. We end with Kovacic’s algorithm, which solves a homogeneous linear
differential equation of order 2 by quadratures, whenever it is solvable.



Chapter 5

Picard-Vessiot Extensions

In this chapter we introduce differential rings and differential extensions
and define the Picard-Vessiot extension of a homogeneous linear differential
equation. We prove its existence and uniqueness in the case when the field
of constants of the differential field over which the equation is defined is
algebraically closed.

5.1. Derivations

Definition 5.1.1. A derivation of a ring A is a map d : A — A such that

dla+b)=da+db , d(ab) =d(a)b+ ad(b).

We write as usual o’ = d(a) and a”,a"”,...,a™ for successive derivations.
By induction, one can prove Leibniz’s rule

(ab)™ = a®™ bt ... + <TZ> 2050 4 ... 4 g p™

If ' commutes with a, we have (a®)’ = na™la’. If A has an identity
element 1, then necessarily d(1) = 0, since d(1) = d(1.1) = d(1).1+1.d(1) =
d(1) = 0. If a € A is invertible with inverse a~!, we have a.a™! = 1 =
dal+a(a!) =0= (a7!) = —a"la’a”!. Hence if a’ commutes with a,
we get (a™1) = —a'/a?.

17.)/

Proposition 5.1.2. If A is an integral domain, a derivation d of A extends
to the fraction field Fr(A) in a unique way.

121
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Y
Proof. For % € Fr(A), we must have (%)’ = &bza—b, so there is unique-
/b_ b/
ness. We extend the derivation to F'r(A) by defining (%)’ = %. If

c e A\ {0}, we have

(E), _ (ac)’bc —ac(be) _ (a'c+ac)bc—ac(b'c+bc')  a'b—alf
be/ b2c? B b2c? R

so the definition is independent of the choice of the representative. Now we
have

(g N E)/ _ (ad+bc\" _ (ad+bc)'bd — (ad + bc)(bd)
b d) T bd B b2d?2 B

(d'd+ad +Vc+bc)bd — (ad + be)(b'd+ bd') a'b—ab Jdd—cd
b2 R R

(g ' f)/ _ (a_C)’ _ (ac)'bd — ac(bd)’  (a’c+ ac’)bd — ac(b'd + bd')
b d/  \bd/ b2d? N b2d?

(a'b—ab)c + (dd—cd)a a'b—ab

c N a dd—cd
b2d d2b - b2 d b dz

a

Remark 5.1.3. If A is a commutative ring with no zero divisors endowed
with a derivation and S is a multiplicative system of A, following the same
steps as in the proof of Proposition 5.1.2, we can prove that the derivation
of A extends to the ring S~1A in a unique way.

5.2. Differential rings

Definition 5.2.1. A differential ring is a commutative ring with identity
endowed with a derivation. A differential field is a differential ring which is
a field.

Example 5.2.2. Every commutative ring A with identity can be made into
a differential ring with the trivial derivation defined by d(a) = 0,Va € A.

Over Z and over Q, the trivial derivation is the only possible one, since
d(1) =0, and by induction, d(n) = d((n — 1) + 1) = 0 and so d(n/m) = 0.
Example 5.2.3. The ring of all infinitely differentiable functions on the
real line with the usual derivative is a differential ring.

The ring of analytic functions in the complex plane with the usual de-
rivative is a differential ring. In this case, it is an integral domain and so
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the derivation extends to its fraction field which is the field of meromorphic
functions.

Example 5.2.4. Let A be a differential ring and let A[X] be the polynomial
ring in one indeterminate over A. A derivation in A[X]| extending that of
A should satisfy (3" a;X*)" = Y (aiX® + a;iX*"1X’). We can then extend
the derivation of A to A[X] by assigning to X’ an arbitrary value in A[X].
Analogously, if A is a field, we can extend the derivation of A to the field
A(X) of rational functions. By iteration, we can give a differential struc-
ture to A[X1,...,X,] for a differential ring A and to A(X1,...,X,) for a
differential field A.

Example 5.2.5. Let A be a differential ring. We consider the ring A[X;] of
polynomials in the indeterminates X;,7 € NU {0}. By defining X = X1,
a unique derivation of A[X;] is determined. We change notation and write
X = Xo,X™ = X,,. We call this procedure the adjunction of a differential
indeterminate and we use the notation A{X} for the resulting differential
ring. The elements of A{X} are called differential polynomials in X. (They
are ordinary polynomials in X and its derivatives.) Iterating the process,
we define the ring of differential polynomials in n differential indeterminates
X], e ,Xn over A by A{Xl, e ,Xn} = A{Xl, e ,Xn_l}{Xn}.

If A is a differential field, then A{X;,...,X,} is a differential integral
domain and its derivation extends uniquely to the fraction field. We denote
this fraction field by A(X1,...,X,); its elements are differential rational
functions in Xi,...,X, .

Example 5.2.6. If A is a differential ring, we can define a derivation in
the ring Mpxn(A) of square n X n matrices by defining the derivative of
a matrix as the matrix obtained by applying the derivation of A to all its
entries. Then for n > 2, M, «,(A) is a noncommutative ring with derivation.

In any differential ring A, the elements with derivative 0 form a subring
called the ring of constants and denoted by Cy4. If A is a field, so is C4.
The ring of constants C'4 contains the image of the ring morphism Z — A,
1 — 1. In the sequel, Cx will denote the constant field of a differential
field K.

Definition 5.2.7. Let I be an ideal of a differential ring A. We say that
is a differential ideal if a € I = o' € I, that is, if d(I) C I.

If I is a differential ideal of the differential ring A, we can define a
derivation in the quotient ring A/I by d(@) = d(a). It is easy to check that
this definition does not depend on the choice of the representative in the

coset and indeed defines a derivation in A/I.
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Definition 5.2.8. If A and B are differential rings, amap f: A —» Bisa
differential morphism if it satisfies

(1) f(a+b) = f(a) + f(b), f(ab) = f(a)f(b), Va,b € A; f(1) = 1.
(2) f(a) = f(a'), Va € A.

If I is a differential ideal, the natural morphism A — A/I is a differ-
ential morphism. The meanings of differential isomorphism and differential
automorphism are clear.

Proposition 5.2.9. If f : A — B is a differential morphism, then Ker f is
a differential ideal and the isomorphism f : A/ Ker f — Im f is a differential
isomorphism.

Proof. For a € Ker f, we have f(a’) = f(a) = 0, so o’ € Ker f. Hence
Ker f is a differential ideal.

For any a € A, we have (f(a))’ = (f(a)) = f(a) = f(d) = f(@), 50 f
is a differential isomorphism. O

5.3. Differential extensions

If A, B are differential rings, A a subring of B, we say that A C B is an
extension of differential rings if the derivation of B restricts to the derivation
of A. If S is a subset of B, we denote by A{S} the differential A-subalgebra
of B generated by S over A, that is, the smallest subring of B containing
A, the elements of S and their derivatives. If K C L is an extension of
differential fields, S a subset of L, we denote by K (S) the differential subfield
of L generated by S over K. If S is a finite set, we say that the extension
K C K(S) is differentially finitely generated.

Proposition 5.3.1. If K is a differential field, K C L a separable algebraic
field extension, the derivation of K extends uniquely to L. Moreover, every
K -automorphism of L is a differential one.

Proof. If K C L is a finite extension, we have L = K(a), for some a,
by the primitive element theorem. If P(X) is the minimal polynomial of
a over K, by applying the derivation to P(a) = 0, we obtain P@(a) +
P'(a)a! = 0, where P denotes the polynomial obtained from P by deriving
its coefficients and P’ the derived polynomial. So, o/ = —P@(a)/P'(a) and
the derivation extends uniquely.

Let us now look at the existence. We have L ~ K[X]/(P). We can
extend the derivation of K to K[X] by defining X’ := —P@(X)h(X) for
h(X) € K[X] such that h(X)P'(X) = 1(mod P). If h(X)P'(X) = 1+
k(X)P(X), we have
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d(P(X)) = P9(X)+P(X)d(X)
PO(X) + P'(X)(—P9(X)h(X))
PE(X)(1 - P'(X)h(X))
= —P@(X)k(X)P(X).
Therefore (P) is a differential ideal and the quotient field K[X]/(P) is a
differential ring.

The general case K C L algebraic is obtained from the finite case by
applying the Zorn lemma.

Now, if ¢ is a K-automorphism of L, ¢~ 1do is also a derivation of L
extending that of K and by uniqueness, we obtain o 'doc = d, and so
do = od, which gives that ¢ is a differential automorphism. O

5.4. The ring of differential operators

Let K be a differential field with a nontrivial derivation. A linear differential
operator L with coefficients in K is a polynomial in the variable D,

L=apD"+an_1D" ' +--- 4+ a1D + ap, with a; € K.

If a, # 0, we say that £ has degree n. If a, = 1, we say that L is
monic. The ring of linear differential operators with coefficients in K is
the noncommutative ring K[D] of polynomials in the variable D with co-
efficients in K where D satisfies the rule Da = a’ +aD for a € K. We
have deg(L£1L3) = deg(L1) + deg(L2) and then the only left or right invert-
ible elements of K[D] are the elements of K \ {0}. A differential operator
acts on K and on differential ring extensions of K with the interpretation
D(y) = d(y), for d the derivation in the ring. To the differential operator
L =anD"+apn_1D" 1+ .-+ a1 D + ag, we associate the linear differential
equation

LY) =0 Y™ +a, YO 4o 4 a1V +aY =0.

Just as for the polynomial ring in one variable over the field K, we have
a division algorithm on both left and right.

Lemma 5.4.1. For L1,Ly € K[D] with Ly # 0, there exist unique differ-
ential operators Q, Ry (resp. Qr, R, ) in K[D] such that

Li=QiLy+ Ry and degR; < deg Lo
(resp. L1 = LoQr + R, and  degR, < degLy).

The proof of this fact follows the same steps as in the polynomial case.
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Corollary 5.4.2. For each left (resp. right) ideal I of K[D), there exists an
element L € K[D], unique up to a factor in K \ {0}, such that I = K[D|L
(resp. I = LK[D]).

Taking into account this corollary, for two linear differential operators
L1, Lo, the left greatest common divisor will be the unique monic generator
of K[D]L, + K[D]L2 and the left least common multiple will be the unique
monic generator of K[D]L£1NK[D]Ly. Analogously, we can define right GCD
and LCM. We can compute left and right GCD with a modified version of
Euclid’s algorithm.

5.5. Homogeneous linear differential equations

From now on, K will denote a field of characteristic zero.

We consider homogeneous linear differential equations over a differential
field K, with field of constants C"

LOY):=Y® g, ;YO D o a1V +a0Y =0,0; € K.

If K C L is a differential extension, the set of solutions of L(Y) =0in L is
a Cp-vector space, where C, denotes the constant field of L. We want to
see that its dimension is at most equal to the order n of L.

Definition 5.5.1. Let y1,%2,...,yn be elements in a differential field K.
The determinant

n Y2 Yn
Y Ya Yn
W:W(ylay2a"'ayn) = : : :
-1 -1 -1
A S y Y
is the wroriskian (determinant) of y1,y2,.. ., Yn.

Proposition 5.5.2. Let K be a differential field with field of constants C,
and let y1,...,yn € K. Then yi,...,yn are linearly independent over C if

and only if W(y1,...,yn) # 0.

Proof. Let us assume that yi,...,y, are linearly dependent over C and

let Y7, ciyi = 0,¢; € C not all zero. By differentiating n — 1 times this

equality, we obtain ) ;- ; ciyz(k) =0,k=0,...,n— 1. So the columns of the
wronskian are linearly dependent; hence W (y1,...,yn) = 0.

Reciprocally, let us assume W (y1, ..., y,) = 0. We then have n equalities

o ciy(k) =0,k=0,...,n—1, with ¢; € K not all zero. We can assume
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¢ =1 and W(ys,...,yn) # 0. By differentiating equality k, we obtain

o qy(kﬂ) + 3, cgyfk) = 0 and subtracting equality (k + 1), we get

i cgyz(k) =0,k=0,...,n—2. We then obtain a system of homogeneous
linear equations in ¢, ...,c, with determinant W (ya,...,yn) # 0, s0 ¢, =
- =}, =0, that is, the ¢; are constants. a

Taking this proposition into account, we can say “linearly (in)dependent
over constants” without ambiguity, since the condition of (non)cancellation
of the wronskian is independent of the field.

Proposition 5.5.3. Let L(Y) = 0 be a homogeneous linear differential
equation of order n over a differential field K. If y1,...,Ynt1 are solutions
of L(Y) = 0 in a differential extension L of K, then W(y1,...,Yn+1) = 0.

Proof. The last row in the wronskian is (ygn), o ,y,(:_?l), which is a linear

combination of the preceding ones. O

Corollary 5.5.4. L(Y) = 0 has at most n solutions in L linearly indepen-
dent over the field of constants. m]

If £L(Y') = 0 is a homogeneous linear differential equation of order n over
a differential field K, y1,...,yn are n solutions of L(Y') = 0 in a differential
extension L of K, linearly independent over the field of constants, we say
that {y1,...,yn} is a fundamental set of solutions of L(Y) = 0 in L. Any
other solution of £(Y) = 0 in L is a linear combination of y1,...,y, with
constant coefficients. The next proposition can be proved straightforwardly.

Proposition 5.5.5. Let L(Y) = 0 be a homogeneous linear differential
equation of order n over a differential field K and let {yi1,...,yn} be a basis
of the solution space of L(Y) = 0 in a differential extension L of K. Let
zj =3 i 1Gii¥%, j =1,...,n, with c;j constants. Then

W(z1,...,2,) = det(cij) - W(y1,...,Yn)-
5.6. The Picard-Vessiot extension

We now define the Picard-Vessiot extension of a homogeneous linear differ-
ential equation which is the analogue of the splitting field of a polynomial.

Definition 5.6.1. Given a homogeneous linear differential equation £(Y) = 0
of order n over a differential field K, a differential extension K C L is a
Picard- Vessiot extension for L if

1. L = K{(y1,...,Yn), where y1,...,yn is a fundamental set of solutions of
L(Y)=0in L.



128 5. Picard-Vessiot Extensions

2. Every constant of L lies in K, i.e. Cf = Cg.

Remark 5.6.2. Let k be a differential field, K = k(z), with 2/ = 2, and
consider the differential equation Y/ —Y = 0. As z is a solution to this
equation, if we are looking for an analogue of the splitting field, it would
be natural to expect that the Picard-Vessiot extension for this equation
would be the trivial extension of K. Now, if we adjoin a second differential
indeterminate and consider L = K(y), with y' = y, the extension K C L
satisfies condition 1 in Definition 5.6.1. But we have (y/z)’ = 0, so the
extension K C L adds the new constant y/z. Hence condition 2 in the
definition of the Picard-Vessiot extension guarantees its minimality.

In the case when K is a differential field with algebraically closed field
of constants C, we shall prove that there exists a Picard-Vessiot extension
L of K for a given homogeneous linear differential equation £ defined over
K and that it is unique up to differential K-isomorphism.

The idea for the existence proof is to construct a differential K-algebra
containing a full set of solutions of the differential equation

LOY)=Y® 4a, ,YOD 4o 40V +a0Y =0

and then to make the quotient by a maximal differential ideal to obtain an
extension not adding constants.

We consider the polynomial ring in n? indeterminates

K[Y;;,0<i<n-1,1<j<n]
and extend the derivation of K to K[Y;;] by defining

Y«,:;':yvi-l‘-l,j’ 0<i<n-2

5.1
( ) §= —an_lYn_l,j — e = a1Y1j - aonj.

Note that this definition is correct, as we can obtain the preceding ring
by defining the ring K{Xj,...,X,} in n differential indeterminates and
making the quotient by the differential ideal generated by the elements

XJ(n) + an_lx}"_l) + ... +a1XJI- —I—aoXj, 1<j<n,

that is, the ideal generated by these elements and their derivatives. Let
R := K[Y;;][W~!] be the localization of K[Y;;] in the multiplicative system
of the powers of W = det(Y;;). The derivation of K[Y;;] extends to R in a
unique way. The algebra R is called the full universal solution algebra for L.

From the next two propositions we shall obtain that a maximal differ-
ential ideal P of the full universal solution algebra R is a prime ideal, hence
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R/P is an integral domain, and that the fraction field of R/P has the same
field of constants as K.

Proposition 5.6.3. Let K be a differential field and K C R be an exten-
sion of differential rings. Let I be a maximal element in the set of proper
differential ideals of R. Then I is a prime ideal.

Proof. By passing to the quotient R/I, we can assume that R has no proper
differential ideals. Then we have to prove that R is an integral domain. Let
us assume that a, b are nonzero elements in R with ab = 0. We claim that
d*(a)b**! = 0,Vk € N. Indeed ab = 0 = 0 = d(ab) = ad(b) + d(a)b and,
multiplying this equality by b, we obtain d(a)b? = 0. Now, if it is true for ,
0 = d(d*F(a)b**!) = d**+1(a)bF*! + (k + 1)d*(a)b*d(b) and, multiplying by b,
we obtain d**+1(a)b*+2 = 0.

Let J now be the differential ideal generated by a, that is, the ideal
generated by a and its derivatives. Let us assume that no power of b is zero.
By the claim, all elements in J are then zero divisors. In particular J # R
and, as J contains the nonzero element a, J is a proper differential ideal of
R, which contradicts the hypothesis. Therefore, some power of b must be
zZero.

As b was an arbitrary zero divisor, we have that every zero divisor in R
is nilpotent, in particular a™ = 0, for some n. We choose n to be minimal.
Then 0 = d(a") = na"'d(a). As K C R, we have na™ ! # 0 and so d(a)
is a zero divisor. We have then proved that the derivative of a zero divisor
is also a zero divisor and so a and all its derivatives are zero divisors and
hence nilpotent. In particular, J # R, so J would be proper and we obtain
a contradiction, proving that R is an integral domain. O

Proposition 5.6.4. Let K be a differential field, with field of constants
C, and let K C R be an extension of differential rings, such that R is an
integral domain, finitely generated as a K-algebra. Let L be the fraction field
of R. We assume that C is algebraically closed and that R has no proper
differential ideals. Then, L does not contain new constants, i.e. Cp = C.

Proof. 1. First we prove that the elements in Cf, \ C cannot be algebraic
over K. If a € Cy, is algebraic over K, by Exercise 5, it is algebraic over C,
so belongs to C.

2. Next we have Cf, C R. Indeed for any b € Cr,, we have b = f/g, with
f,g9 € R. We consider the ideal of denominators of b, J/ = {h € R : hb € R}.
We have h € J = hb € R = (hb) = h'b € R = W' € J. Then J is
a differential ideal. By hypothesis, R does not contain proper differential
ideals, so J = R; hence b=1.b € R.
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3. Here we show that for any b € C,, there exists an element ¢ € C such
that b — c is not invertible in R. Then the ideal (b — c)R is a differential
ideal different from R, and is therefore zero. Thus b=ce€ C.

We now use some results from algebraic geometry. Let K be the alge-
braic closure of K, R= R®k K. If the element b®1 —c®1=(b—¢c)®1
is not a unit in R, then the element b — ¢ will be a nonunit in R. So we can
assume that K is algebraically closed. Let V' be the affine algebraic variety
with coordinate ring R. Then b defines a K-valued function f over V. By
Chevalley’s theorem (Theorem 2.2.21), its image f(V) is a constructible set
in the affine line A! and hence either a finite set of points or the comple-
ment of a finite set of points. In the second case, as C is infinite, there exists
c € C such that f(v) = c, for some v € V so that f — ¢ vanishes at v and so
b — c belongs to the maximal ideal of v. Hence b — ¢ is a nonunit. If f(V)
is finite, it consists of a single point, since R is a domain and therefore V is
irreducible. So f is constant and b lies in K, hence in C. g

Theorem 5.6.5. Let K be a differential field with algebraically closed con-
stant field C. Let L(Y) = 0 be a homogeneous linear differential equation
defined over K. Let R be the full universal solution algebra for L and let
P be a mazimal differential ideal of R. Then P is a prime ideal and the
fraction field L of the integral domain R/ P is a Picard- Vessiot extension of
K for L.

Proof. R is differentially generated over K by the solutions of £L(Y) = 0
and by the inverse of the wronskian, so R/P as well. By Proposition 5.6.3,
P is prime. As P is a maximal differential ideal, R/P does not have proper
differential ideals, so by Proposition 5.6.4, C, = C. Moreover, the wroriskian
is invertible in R/P and so in particular is nonzero in L. We then have that
L contains a fundamental set of solutions of £ and is differentially generated
by it over K. Hence L is a Picard-Vessiot extension of K for L. O

In order to obtain uniqueness of the Picard-Vessiot extension, we first
prove a normality property.

Proposition 5.6.6. Let Ly, L2 be Picard-Vessiot extensions of K for a ho-
mogeneous linear differential equation L(Y) = 0 of order n and let K C L
be a differential field extension with C, = Cx. We assume that o; : L; — L
are differential K-morphisms, 1 = 1,2. Then 01(L1) = o2(L2).

Proof. Let V; ;= {y € L; : L(y) = 0},1 = 1,2, V:={y € L: L(y) =
0}. Then V; is a Ck-vector space of dimension n and V is a Ck-vector
space of dimension at most n. Since o; is a differential morphism, we have
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oi(Vi) € V,i=1,2andso, 01(V1) = 02(V2) = V. From L; = K(V;),1 = 1,2,
we get 0‘1(L1) = 0'2(L2). ]

Corollary 5.6.7. Let K C L C M be differential fields. Assume that L
s a Picard- Vessiot extension of K and that M has the same constant field
as K. Then any differential K-automorphism of M sends L onto itself. O

Corollary 5.6.8. Let K be a differential field, C its field of constants. As-
sume C' 1is algebraically closed. If L is an algebraic Picard-Vessiot extension
of K, then L is a normal algebraic extension of K.

Proof. Let M be an algebraic extension of K. Then, by Proposition 5.3.1,
M is a differential extension of K and every K-automorphism of M is dif-
ferential. By Exercise 5, the extension C' C C)y is algebraic as well and so,
Cym = C. We can now apply Corollary 5.6.7. a

In the next theorem we establish uniqueness up to K-isomorphism of
the Picard-Vessiot extension.

Theorem 5.6.9. Let K be a differential field with algebraically closed field
of constants C. Let L(Y) = 0 be a homogeneous linear differential equa-
tion defined over K. Let L1, Ly be two Picard-Vessiot extensions of K for
L(Y) = 0. Then there ezists a differential K-isomorphism from Lj to Lo.

Proof. We can assume that L; is the Picard-Vessiot extension constructed
in Theorem 5.6.5. The idea of the proof is to construct a differential exten-
sion K C F with Cg = C and differential K-morphisms L; — E, Ly — E
and apply Proposition 5.6.6. We consider the ring A := (R/P)®p L2, which
is a differential ring finitely generated as an Lg-algebra, with the derivation
defined by d(z®y) = dz®y+z®dy. Let Q be a maximal proper differential
ideal of A. Its preimage in R/P by the map R/P — A defined by a —» a®1
is zero, as R/P does not contain proper differential ideals, and it cannot
be equal to R/P, as, in this case, @ would be equal to A. So R/P injects
in A/Q by a — a® 1, and the map Ly — A/Q given by b — 1 ®b is also
injective. Now by Proposition 5.6.3, @ is prime and so A/Q is an integral
domain. Let F be its fraction field. Now we can apply Proposition 5.6.4 to
the Lo-algebra A/Q and obtain Cg = Cr, = Ck. By applying Proposition
5.6.6 to the maps L; — F, extension of R/P — A/Q, and Ly — A/Q — E
we obtain that there exists a differential K-isomorphism L; — Ls. O

We now state together the results obtained in Theorems 5.6.5 and 5.6.9.

Theorem 5.6.10. Let K be a differential field with algebraically closed field
of constants C and let L(Y) = Y 4a, YOD 4. 461V +a0Y =0 be
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defined over K. Then there exists a Picard-Vessiot extension L of K for L
and it is unique up to differential K -isomorphism.

Remark 5.6.11. We have obtained the existence and uniqueness of the
Picard-Vessiot extension for a homogeneous linear differential equation de-
fined over a differential field with an algebraically closed field of constants.
Seidenberg [Se] gives an example of a differential field F' and a homogeneous
linear differential equation defined over it such that any extension of F' con-
taining a nontrivial solution of the equation adds constants. (See Exercise
25.) For an example in which uniqueness fails, see Exercise 26 or see [Dy]
for a more detailed account of the situation.
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Exercises

(1) Prove Leibniz’s rule from the definition of a derivation d.

(2) Provide an example of a ring with derivation containing an element a
such that (a?)’ # 2ad’.

(3) Provide an example of a differential field K and an inseparable field
extension K C L such that the derivation of K cannot be extended to
L and an example in which the extension of the derivation of K to L is
not unique.

(4) Given a differential field K and a separably generated field extension
K C L, prove that the derivation of K can be extended to L, giving L a
differential field structure, and that for any algebraic field extension F'
of K contained in L the differential field structure induced by the one
in L is unique.

(5) Let K be a differential field with field of constants C, L a differential
ring extension of K. Prove that if a constant a € L is algebraic and
separable over K, then it is algebraic over C.

(6) Provide a proof of Lemma 5.4.1.

(7) Find out what is obtained by applying the Maple instructions
rightdivision, leftdivision, GCRD, LCLM, DFactor to differential op-
erators. Work out some examples. Check that the left and right factors
of a differential operator are generally different.

(8) Let A be a differential ring, I a radical differential ideal in A.
a) For a,b elements in A, prove ab€ I = ab' € I and d'b € I.
b) Let S be any subset of A. Let T := {z € A: zS C I}. Prove that T
is a radical differential ideal in A.

(9) Let A be a differential ring.

For a subset S of A, we denote by {S} the smallest radical differential
ideal containing S. (Note that the intersection of radical differential
ideals is a radical differential ideal.)

a) Let a € A, S C A. Prove a{S} C {aS}.
b) Let S, T be subsets of A. Prove {S} {T'} C {ST}.

(10) A Ritt algebra is a differential ring which is also an algebra over the field
Q of rational numbers.
a) Let I be a differential ideal in a Ritt algebra A and let a be an element
in A. Provea” € I = (/)" ! € L.
Hint: Prove a® *(a’)?*~1 € I by induction on k.
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b) Prove that in a Ritt algebra the radical of a differential ideal is a
differential ideal.

(11) Let A be a differential ring.

a) Let T' be a multiplicatively closed subset of A. Prove that a maximal
element in the set of radical differential ideals I of A with INT =
is a prime ideal.

b) Prove that a radical differential ideal I of A is an intersection of prime

differential ideals.
Hint: Given xz & I, consider a maximal radical differential ideal con-
taining I and not containing x.

(12) Let K be a differential field, A a differential K-algebra, ay,...,an arbi-
trary elements of A. Prove that there is a unique morphism of differen-
tial K- algebras € : K{Y1,...,Y,} = A such that e(¥;) = a;,1 < i <,
where K{Y3,...,Y,} denotes the ring of differential polynomials in n
differential indeterminates.

(13) Let K C L be a differential field extension. The differential degree of
transcendence of K C L, difftransdeg(L|K), is either defined as 0 or the
supremum of all integer numbers n > 1 such that there exists a differen-
tial subextension K C F' with F' differentially K-isomorphic to the field
K(Xy,...Xy) of differential rational functions in n indeterminates. If
difftransdeg(L|K) = 0, we say that L is differentially algebraic over K.
Prove that K C L is differentially algebraic if and only if for each a € L,
there exists a differential polynomial f € K{X} such that f(a) =0.

(14) Let A be a differential ring, I an arbitrary ideal of A. Prove that

F={acl:a™el, foralln>1}
is the greatest differential ideal contained in I.

(15) Let B a ring, B|[[T]] the ring of power series over B. We consider in
B([T]] the derivation given by

/
b T | = nb, L
> >

n>0 n>1

If A is a differential ring, B a Ritt algebra, o : A — B a ring morphism,
we define the Taylor morphism T, : A — BJ[[T]] associated to o by

(n)
o(a
To(a) =) o(a™) ' ),
=
Prove the following properties of the Taylor morphism.
a) Ty is a morphism of differential rings. Its kernel is (Ker o)".
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b) T, is a morphism of C4-algebras.
¢) If B is a reduced ring, then (Kero)! is a radical ideal.
d) If B is a domain, then (Kero)! is a prime ideal.

(16) Let A be a Ritt algebra. Prove that
a) If I is a proper radical ideal of A, then I is a radical ideal.
b) If I is a prime ideal of A, then I! is a prime ideal.
¢) Minimal prime ideals over differential ideals are differential.
d) Forall S C A, we have {S} = 1/[S], where [S] denotes the differential
ideal generated by S, i.e. the intersection of all differential ideals of
A containing S, and {S} was defined in Exercise 9.

(17) Provide a proof of Proposition 5.5.5.

(18) We consider the field of rational functions C(z) with the usual derivation
d/dz and the differential operator D := z(d/dz).
a) Prove the equality of differential operators

dar dr—l dr
= - > 1.
dzr ° T Tt +zdz” rzl
Deduce by using induction
dT
(5.2) zE—;—D(D—l)...(D—r+1), r>1.
b) We consider a differential equation
(5.3) Y™ a1 (2) Y™ D 4. gy 1(2)Y 4 an(2)Y =0

with a;(z) € C(z) and where the derivation is d/dz. Multiplying (5.3)
by 2™ and using (5.2), we obtain a differential equation in the form

D™ +by(2)D"YY + -+ bp_1(2) DY + by(2)Y = 0.

Give the expression of the rational functions b;(z) in terms of the
ai(z). Prove that the two following conditions are equivalent

1. lim, 0 2%a;(2) exists and is finite for alli =1,...n

2. bi(z) is holomorphic in a neighborhood of 0 for all: =1,...n

(19) Gauss hypergeometric function is defined by

F(a,b,c;2) = Z (@)n(b)n 2"

(¢)nn!

for a,b,c € R,c & Z<p, z € C, where the Pochhammer symbol (z), is
defined by
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(z)o =1
@) =2z(z+1)...(z+n—1).
a) Prove that the radius of convergence of the series is 1, except when a
or b are nonpositive integers in which case the series is a polynomial.
b) Prove that Gauss hypergeometric function satisfies the differential
equation

s (@+bdb+1)z—c_, ab
_ Y vy
Yo z(z—1) Yo+ z(z—1) 0

where the derivation is d/dz.

(20) Reduction of order. If L is a linear differential operator of degree n with
coeflicients in a differential field K and y € K satisfies £L(y) = 0, prove
that there exists a linear differential operator £, of degree n — 1 with
coefficients in K such that

/

y
L=Ly(D-=).
1( y)

Prove that we can obtain a fundamental set of solutions of £L(Y) = 0
containing y from a fundamental set of solutions of £1(Y) = 0.

(21) Let S be aring, K a subfield of S. Let L; and Ly be K-vector subspaces
of S. Prove that the following conditions are equivalent.

1. Whenever z1,zs,...,z, are elements of L; which are linearly inde-
pendent over K and y1,¥2,...,Ym are elements of Ly which are lin-
early independent over K, then the mn products z;y; are also linearly
independent over K.

2. Whenever z1,z3,...,T, are elements of L; which are linearly inde-
pendent over K, then these elements are also linearly independent
over L.

3. Whenever v, 92, ...,ym are elements of Ly which are linearly inde-
pendent over K, then these elements are also linearly independent
over L.

If these equivalent conditions are satisfied, we say that L; and Lo are
linearly disjoint over K.

(22) Let S be a differential ring, K a differential subfield of S. Prove that
the field K and the subring of constants Cs of S are linearly disjoint
over the field of constants Cx of K.

(23) Let K be a differential field with field of constants the field Q of ra-
tional numbers (e.g. K = Q(t), with derivation given by t' = 1).
We consider the field K(Y) of rational functions in the variable Y and
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extend derivation by Y’/ =Y. Prove that the extension K(Y)|K(Y?3)is a
finite differential field extension which is Picard-Vessiot but not normal.

(24) Consider the differential field K := Q(t), with derivation given by ¢’ = 1.
Prove that the extension K(¥/t)|K, n > 2, is a finite differential field
extension which is Picard-Vessiot but not normal.

(25) We consider the field R of real numbers with the trivial derivation and
the ring R{X} of differential polynomials in one indeterminate over R.
Let A be the differential ring obtained as the quotient of R{X} by the
differential ideal generated by X” 4+ 4X. Put « the class of X in A.

a) Prove that the ideal I of A generated by o/2 4+ 4a? + 1 is a prime dif-
ferential ideal. Let F' be the fraction field of A/I with the derivation
extended from the one in A/I. Prove that the field of constants of F
is R.

b) Let n be a nonzero solution of the differential equation Y” +Y =0
in a field containing F' and let L := F(n). Prove that the field of
constants of L is not R.

Hint: Show that the elements v1 := 0%+ 1'% and v := an? + o'y’ —
an'? are constants and that v, is not zero. If y1,72 € R, set ¢ =
Y2/71 and observe that { := 1’/ is a root of the quadratic polynomial
(c+a)Z%—a'Z +c— a whose discriminant is a negative real number.

(26) We consider the field R of real numbers with the trivial derivation and
the ring R{X} of differential polynomials in one indeterminate over R.
Let A be the differential ring obtained as the quotient of R{X} by the
differential ideal generated by X” + X. Put « the class of X in A.
Prove that the ideal I; (resp. I3) of A generated by o + a? — 1
(resp. o2 +a?+1) is a prime differential ideal. Let F (resp. F») be the
fraction field of A/Iy (resp. A/I;) with the derivation extended from
the one in A/I; (resp. A/I3). Prove that F} and F3 are nonisomorphic
Picard-Vessiot extensions for the equation Y” +Y = 0 over R.

(27) A linear differential equation in matriz form over a differential field K
is an equation of the form

(5.4) Y' = AY,

where A is an n X n matrix with entries in K and Y is a vector of length

n. A solution to this equation is an element y € L™, for L a differential

field extension of K, satisfying y' = Ay, where 3’ is the vector obtained

from y by derivation of each component.

a) Let y1,...,y- € L™ be solutions to (5.4). Prove that y1,...,y, de-
pendent over L = v, ...,y, dependent over Cf.
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b) Prove that the set of solutions to (5.4) in L™ is a C-vector space of
dimension < n.

c) A fundamental matriz for (5.4) is a matrix B € GL(n, L) satisfying
B’ = AB, where B’ is the matrix obtained from B by derivation of
each entry. Prove that two fundamental matrices for (5.4) differ by
a factor in GL(n,CL).

d) To a differential operator £ = D"+a,_1 D" 1+ - .+a3;D+ag € K|[D],
we associate the matrix

0 1 0 0 0\
0 1 0 0
Ap =
0 0 0o ... 0 1
\ —ay —aiy —az2 ... —Qap-2 —0Aanp-1 }

Write down a fundamental matrix for Y/ = A,Y in terms of a fun-
damental set of solutions for £(Y) = 0.

(28) Let K be a differential field, D := K[D] the ring of differential oper-
ators over K. A differential module over K (or D-module) is a finite
dimensional K-vector space which, moreover, is a left D-module. For a
differential module M, ey, ..., e, a K-basis of M, we write

De; = — Zaﬁej, where A = (a;;) € Matyxn(K).
J

a) For u € M, prove Du = 0 < v/ = Au (where we identify M with
K™ by means of the chosen basis).

b) A morphism of differential modules is a K-linear map commuting
with D. Let M, M3 be differential modules with bases (ey,...,ey),
(v1,...,vm), respectively. Let A; € M(n,K), Ay € M(m, K) be the
matrices defining the D-module structures in the chosen bases. Prove
that the K-linear map from M; to My with matrix U € Mpyxn(K)
in the chosen bases is a morphism of differential modules if and only

if
U' = AU —UA;.
c¢) Prove that if m = n and U defines an isomorphism from M; to Mg,
then

A =U1AU - UV
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We say that the differential equations Y/ = A,Y,Y’ = A.Y are
equivalent if A; = U~ AU — U~U’, for some invertible matrix U
with entries in K, i.e. if the associated D-modules are isomorphic.

d) If Mj, My are differential modules, we can define a differential mod-
ule structure on Homg (Mj, M3) by

(Dy)(w) = D(pu) — ¢(Du),
for ¢ € Homg(M;y, M3),u € M;. Prove that ¢ € Homg(Mi, Ma)
is a morphism of differential modules if and only if Dy = 0.

e) Giving to K a differential module structure by D1 = 0, we de-
fine the dual differential module M* of a differential module M as
Hompg (M, K) with the differential structure as in d). If A is the
matrix giving the differential module structure to M in a given ba-
sis, find the matrix giving the differential module structure to M* in
the dual basis.

(29) Let M be a differential module over a differential field K. Let n =
dimg M. A cyclic vector is an element v € M such that (v, Dv,...,
D™ 1) is a K-basis of M.

Assume that the differential field K contains an element x such that

' =1. Let (egp,...,en—1) be a K-basis of M. For a € Ck, we consider

the element v, in M given by

S @ =0~y
Vo i= Y Z(—l)p( )Dp(ej_,,).
j=0 A — P
Let us define inductively ¢(z,5) € M by

o0, 1) = j=0(_1)P(i)DP(ej_p) for j<n-1
) 0 for j>n
and
e(i+1,5) = D(e(i, 5)) + (i, j +1).
a) Prove
. n—1 (:U _ a)j
D'(vg) = Z <6, J)
0 J:
J
and

J
c(i,j) = Z(—l)p< )D”(eiﬂ-_p), for i+j5<n-1

J
p=0 P
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b) Let T be an indeterminate and let

0
so that e;(z — a) = D%(v,) and e;(0) = e; for all i. We can write the
preceding equalities in matrix form

n—1 s
eiT) = 3 el )
j=

€0 (T) €0
: =C(@) |
en—1(T) €n—1
for a matrix C(T) whose entries are polynomials in 7. Prove that
there is at most n(n—1) elements of the form z —a such that C(z—a)

is not invertible. Conclude that there exists a set S C Ck with at
most n(n—1) elements such that, for a € Cx\ S, v, is a cyclic vector.

(30) Let K be a differential field containing at least one nonconstant element.
a) Prove that any differential module over K contains a cyclic vector.
b) Prove that every linear differential equation in matrix form Y’ = AY
is equivalent to a differential equation Y’ = A,Y associated to some
differential operator L.
Hint: For M the differential module associated to the system Y' =
AY, use that the dual module M* has a cyclic vector.



Chapter 6

The Galois Correspondence

In this chapter we define the differential Galois group of a homogeneous
linear differential equation and prove that it has a structure of linear alge-
braic group over the field of constants of the differential field over which the
equation is defined. We establish the fundamental theorem of differential
Galois theory, which gives a bijective correspondence between intermediate
differential fields of a Picard-Vessiot extension and closed subgroups of its
differential Galois group. We characterize differential equations which are
solvable by quadratures as those having a differential Galois group with a
solvable identity component.

6.1. Differential Galois group

Definition 6.1.1. If K C L is a differential field extension, the group
G(L|K) of differential K-automorphisms of L is called differential Galois
group of the extension K C L. In the case when K C L is a Picard-
Vessiot extension for the differential equation £(Y') = 0, the group G(L|K)
of differential K- automorphisms of L is also referred to as the Galois group
of L(Y) = 0 over K. We shall use the notation Galg (L) or Gal(L) if the
base field is clear from the context.

We want to see now that if K C L is a Picard-Vessiot extension, then
the subfield of L fixed by the action of G(L|K) is equal to K. This fact will
be obtained as a corollary of the next proposition. The reader can compare
these results with the analogous property of Galois extensions in classical
Galois theory.

Proposition 6.1.2. Let K be a differential field with an algebraically closed
field of constants.

141
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a) If K C L is a Picard- Vessiot extension for L(Y) =0 and z € L\ K, then
there ezists a differential K -automorphism o of L such that o(z) # x.

b) Let K C L C M be extensions of differential fields, where K C L and
K C M are Picard-Vessiot. Then any o € G(L|K) can be extended to a
differential K -automorphism of M.

Proof. a) We can assume that L is the fraction field of R/P with R the full
universal solution algebra for £ and P a maximal differential ideal of R. Let
z = a/b, with a,b € R/P. Then z € A := (R/P)[b~!] ¢ K. We consider
the differential K-algebra T := AQg ACLQ®k L. Let z=21—-1Qzx €
T. Since z ¢ K, we have z # 0, 2/ # 0 (if 2 was a constant, it would
be in K) and z is not nilpotent. (2™ = 0, for a minimal n would imply
nz" 12/ = 0; hence 2/ = 0.) We localize T at z and pass to the quotient
T[1/2]/Q by a maximal differential ideal @ of T'[1/z]. Since z is a unit, its
image Z in T'[1/2z]/Q is nonzero. We have maps 7; : A — T[1/2]/Q,i = 1,2,
induced by w = w ® 1,w — 1 ® w. The maximality of P implies that
R/P has no nontrivial differential ideals, so neither has A; hence the 7; are
injective. Therefore they both extend to differential K-embeddings of L
into the fraction field E of T[1/2]/Q. By Proposition 5.6.4, E is a no new
constants extension of K, so by Proposition 5.6.6, 71(L) = 72(L). On the
other hand, 71(z) — 72(z) = Z # 0, so 71(z) # 72(z). Thus 7 = 7, 'rp is a
K-differential automorphism of L with 7(z) # z.

b) As L C M is Picard-Vessiot (for the same differential equation £ as
K C M, seen as defined over L), we can assume that M is the fraction field
of R /P, where R; = L®k R with R the full universal solution algebra for £
and P a maximal differential ideal of R;. Then the extension of o € G(L|K)
to M is induced by o ® Idg. a

Corollary 6.1.3. Let K be a differential field with algebraically closed field
of constants. If K C L is a Picard-Vessiot extension with differential Galois
group G(L|K), we have LK) = K i.e. the subfield of L which is fized
by the action of G(L|K) is equal to K.

Proof. The inclusion K ¢ LEIK) is clear from the definition of G(L|K);
the inclusion LE(K) ¢ K is given by Proposition 6.1.2 a). O

Now we see that the differential Galois group of a Picard-Vessiot exten-
sion is a linear algebraic group. We first see that the Galois group of a ho-
mogeneous linear differential equation of order n defined over the differential
field K is isomorphic to a subgroup of the general linear group GL(n, C) over
the constant field C of K. Indeed, if y1,v2, ..., ¥n is a fundamental set of so-
lutions of L(Y') = 0, for each o € Gal(£) and for each j € {1,...,n}, o(y;) is
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again a solution of £(Y) = 0, and so o(y;) = > i, ¢;¥i, for some ¢;; € Ck.
Thus we can associate to each ¢ € Gal(£) the matrix (¢;;) € GL(n,C).
Moreover, as L = K(yi,...,Yn), a differential K-automorphism of L is de-
termined by the images of the y;. Hence, we obtain an injective morphism
Gal(£) = GL(n, C) given by o + (c;;). We can then identify Gal(£) with a
subgroup of GL(n, C), which is determined up to conjugation. Indeed, if we
choose a different fundamental set of solutions of £(Y') = 0, the matrix as-
sociated to o € Gal(£) differs from (c;;) by conjugation by the basis change
matrix. We shall see in Proposition 6.2.1 below that Gal(£) is closed in
GL(n,C) with respect to the Zariski topology (which is defined in Section
1.1). First, we look at some examples.

Example 6.1.4. We consider the differential extension L = K(a), with
o/ = a € K such that a is not a derivative in K. We say that L is obtained
from K by adjunction of an integral. We shall prove that o is transcen-
dental over K, K C K(a) is a Picard-Vessiot extension, and G(K(a)|K) is
isomorphic to the additive group of C = Ck.

Let us assume that a is algebraic over K and write P(X) = X™ +

T 1 biX™" its irreducible polynomial over K. Then 0 = P(a) = o™ +
Z?=1 ba" "t = 0 = na™ la + b'loz”_1 + terms of degree < n— 1 = na +
by = 0= a = (—bi/n)’ which gives a contradiction.

We now prove that K (o) does not contain new constants. Let us assume
that the polynomial ) 7", b;a™ "¢, with b; € K, is constant. Differentiating,
we obtain 0 = b{a™ + (nboa + by)a™! + terms of degree < n — 1 = b =
nboa + by = 0 = a = b} /nby = (—b1/nby)’, contradicting the hypothesis.
Let us assume that the rational function f(c)/g(e) is constant, with g monic,
of degree > 1, minimal. Differentiating, we obtain

o_ f@9(@)a—f(@g(@)a _ fe) _ f(a)

9()? g(a) — g(e)’

with g(a)’ a nonzero polynomial of lower degree than g, since g(a) is not a
constant and ¢ is monic. This is a contradiction.

/
We observe that 1 and o are solutions of Y — Ly’ = 0, linearly inde-

a
pendent over the constants, so K C K(a) is a Picard-Vessiot extension.

A differential K-automorphism of K(a) maps a to a + ¢, with ¢ € C
and a mapping a — a + ¢ induces a differential K-automorphism of K(a),
for each c € C. So

G(K(0)|K) ~ C =~ {( o )} C GL(2,C).
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Example 6.1.5. We consider the differential extension L = K({(a), with
o /a=a€ K\ {0}. We say that L is obtained from K by adjunction of
the ezponential of an integral. It is clear that K(a) = K(a) and a is a
fundamental set of solutions of the differential equation Y’ — aY = 0. We
assume that C; = Ck. We shall prove that if « is algebraic over K, then
o™ € K for some n € N. The Galois group G(L|K) is isomorphic to the
multiplicative group of C = Ck if « is transcendental over K and to a finite
cyclic group if « is algebraic over K.

Let us assume that « is algebraic over K and let P(X) = X"+a,_1 X" 1+
.+ 4 ag be its irreducible polynomial. Differentiating, we get 0 = P(a)’ =
P9 () + P'(a)a’ = PD(a) + P'(a)ac = ana™ + Y 72s(al + akag)a®.
Then P divides this last polynomial and so aj + akar = anay = a) =
a(n — k)ag,0 < k <n — 1. Hence (¢ */az)’ = 0. In particular, o™ = cag
for some ¢ € Cp, = Ck. Then P(X) divides X™ — cap € K[X] and so
P(X)= X" — cap.

For o € G(L|K), we have o(a) = o(d/) = o(aa) = ac(a) = (c(a)/a) =
0 = o(a) = ca for some ¢ € C, = Ck. If a is transcendental over K, for
each ¢ € Ck, we can define a differential K-automorphism of L by a — ca.
If o™ =b € K, then o(a)” = o(a™) = o(b) = b = c" =1 = ¢ must be an
nth root of unity and Gal(L|K) is a finite cyclic group.

Example 6.1.6. We consider a differential field K with algebraically closed
field of constants C, an irreducible polynomial P(X) € K[X] of degree n
and a splitting field L of P(X) over K. We shall see that K C L is a Picard-
Vessiot extension. We know by Proposition 5.3.1 that we can extend the
derivation in K to L in a unique way by defining for each root z of P(X)in L,
' = —P@(z)h(z) for h(X) € K[X] such that h(X)P'(X) = 1(mod P).
Moreover by reducing modulo P, we can obtain an expression of z’ as a
polynomial in x of degree smaller than n. By deriving the expression ob-
tained for z’, we obtain an expression for z” as a polynomial in z which
again by reducing modulo P will have degree smaller than n. Iterating the
process, we obtain expressions for the successive derivatives of z as poly-
nomials in z of degree smaller than n. Therefore z,z’, ...,z are linearly
dependent over K. If we write down this dependence relation, we obtain a
homogeneous linear differential equation with coefficients in K satisfied by
all the roots of the polynomial P. Now, let us assume that, while comput-
ing the successive derivatives of a root x of P, the first dependence relation
found gives the differential equation



6.2. The differential Galois group as a linear algebraic group 145

(6.1) Y® fap  YED 4o 40 Y +a)Y =0,a; € K,k < 1.

Then, there exist k roots z1,...,z¢ of P with W(z,,...,zx) # 0 since we
would otherwise have found a differential equation of order smaller than &
satisfied by all the roots of P. Hence L is a Picard-Vessiot extension of K
for the equation (6.1) and by Proposition 5.3.1 the differential Galois group
of K C L coincides with its algebraic Galois group. Note that, as C is
algebraically closed, Cr, = C.

6.2. The differential Galois group as a linear algebraic group

From now on, we assume that the constant field C = Ck of K is alge-
braically closed.

Proposition 6.2.1. Let K be a differential field with field of constants C,
L=K(y1,...,Yn) @ Picard-Vessiot extension of K. There exists a set S of
polynomials F(X;;),1 < 1,5 < n, with coefficients in C such that

1) If o is a differential K -automorphism of L and o(y;) = > i, Cij¥i, then
F(Cij) =0,VF e S.

2) Gwen a matriz (ci;) € GL(n,C) with F(cij) = 0,VF € S, there exists a
differential K -automorphism o of L such that o(y;) = > i, Cij¥i-

Proof. Let K{Z,...,Z,} be the ring of differential polynomials in n in-
determinates over K. We define a differential K-morphism ¢ from the ring
K{Z\,...,Zy} in L by Z; — y;. Then I" := Ker ¢ is a prime differential
ideal of K{Z,...,Z,}. Let L[X;;],1 < 4,5 < n be the ring of polynomials
in the indeterminates X;; with the derivation defined by Xj; = 0. We de-
fine a differential K-morphism % from K{Z,...,Z,} to L[X;;] such that
Zi v 3ot Xijyi. Let A = ¢(T'). Let {wy} be a basis of the C-vector
space L. We write each polynomial in A as a linear combination of the wy
with coefficients polynomials in C[X;;]. We take S to be the collection of
all these coefficients.

1. Let o be a differential K-automorphism of L and o(y;) = > ie; ¢ij¥i- We
consider the diagram
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Zj F— Yj
- @
K{Z\,..., %0} L
P o
> Xijys LX) L

Xij pP— cj

It is clearly commutative. The image of I by o o ¢ is 0. Its image by v o
is A evaluated in X;; = c;;. Therefore all polynomials of A vanish at c;;.
Writing this down in the basis {wy}, we see that all polynomials of S vanish
at Cij.

2. Let us now be given a matrix (c;;) € GL(n,C) such that F(c;;) = 0 for
every F' in S. We consider the differential morphism

K{Zl,...,Zn} — K{yl,...,yn}
Zj = Yt
It is 9 followed by v in the diagram above. By the hypothesis on (c;;), and
the definition of the set .S, we see that the kernel of this morphism contains
I" and so we have a differential K-morphism

o: K{yi,...,yn} — K{v1,...,Yn}
Yj = )G
It remains to prove that it is bijective. If u is a nonzero element in the
kernel I, then u cannot be algebraic over K, since in this case, the constant
term of the irreducible polynomial of u over K would be in I and then I
would be the whole ring. But if u is transcendental, we have

trdeg[K{y1,...,yn} : K] > trdeg[K{oy1,...,oyn} : K].
On the other hand,

trdeg[K{y;,o0y;} : K] = trdeg[K{y;,ci;} : K| = trdeg[K{y;} : K]

and analogously we obtain trdeg(K{y;,oy;} : K] = trdeg[K{oy;} : K],
which gives a contradiction. Since the matrix (c;;) is invertible, the image
contains yi, ..., Y, and so o is surjective.
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Therefore we have that o is bijective and can be extended to an auto-
morphism

o:Kyi,...,yn) = K{y1,...,yn)-
O

This proposition gives that G(L|K) is a closed (in the Zariski topology)
subgroup of GL(n,C) and then a linear algebraic group. (See Section 3.1.)

Remark 6.2.2. The proper closed subgroups of GL(1,C) ~ C* are finite
and hence cyclic groups. So for a homogeneous linear differential equation
of order 1 the only possible differential Galois groups are C* or a finite cyclic
group, as we saw directly in Example 6.1.5 above.

Remark 6.2.3. In Example 6.1.4 above, the element « is a solution of the
nonhomogeneous linear equation Y’ — a = 0 and we saw that K C K(a) is
a Picard-Vessiot extension for the equation

Y” — i/Y' =0.
a

More generally, we can associate to the equation

LY)=Y™ 4a, YO 4o 40V +agY =b,

the homogeneous equation £(Y) = 0, where

b/
L=(d->)L.
(@--)
It is easy to check that if yi,...,yn is a fundamental set of solutions of
L(Y) =0 and yp is a particular solution of £(Y) = b, then yo,¥1,...,¥Yn is

a fundamental set of solutions of £(Y') = 0.

Remark 6.2.4. The full universal solution algebra R = K[Y;;][W~1] con-
structed before Proposition 5.6.3 is clearly isomorphic, as a K-algebra, to
K ®c¢ C[GL(n,C)], where C[GL(n,C)] = C[X11,...,Xnn, 1/ det] denotes
the coordinate ring of the algebraic group GL(n,C). (See Example 3.1.3.)
The isomorphism is given by

K[Y;]W™1] = K ®&c C[GL(n,C)]
Yi; — Xit1,5 0<i<n—-11<j<n.

If we let GL(n, C) act on itself by right translations, i.e.
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GL(n,C) x GL(n,C) — GL(n,C)
(9,h) = hgTh

the corresponding action of GL(n, C) on C[GL(n,C)] is

GL(n,C) x C|GL(n,C)] — C[GL(n,C)]
(9, f) = pg(f) k= flhg).

(See (3.2).) If we take f to be the function X;; sending a matrix in GL(n, C)
to its entry ij, we have pg(Xi;)(h) = Xij(hg) = (h9)ij = D1 hik9k;-

Now GL(n, C) acts on K ®c C[GL(n,C)] by acting on the second factor
and via the K-algebra isomorphism above we can make GL(n,C) act on
the full universal solution algebra R = K[Y;;][W~!]. If P is the maximal
differential ideal of R considered in Theorem 5.6.5 and y;; denote the images
of the elements Y;; in the quotient R/P, to an element ¢ € G = G(L|K)
such that o(yi;) = > gkjYik, We associate the matrix (gs;) € GL(n,C).
Then both actions are compatible and the Galois group G(L|K) can be
defined as {o € GL(n,C) : o(P) = P}. So the Galois group G(L|K) is
the stabilizer of the C-vector subspace P of R. Using C-bases of P and of
Ann(P) := {w € Hom(R,C) : w(P) = 0}, we can write down equations
for G(L|K) in GL(n, C). This gives a second proof that G(L|K) is a closed
subgroup of the algebraic group GL(n,C).

Proposition 6.2.5. Let K be a differential field with field of constants C.
Let K C L be a Picard-Vessiot extension with differential Galois group G.
Let T be the K-algebra R/P considered in Theorem 5.6.5. We have an
isomorphism of K|[G]-modules K ®x T ~ K ®c C|[G], where K denotes the
algebraic closure of the field K.

Proof. We shall use two lemmas. For any field F', we denote by F'[Y;;, 1/ det]
the polynomial ring in the indeterminates Y;;,1 < 4,5 < n localized with
respect to the determinant of the matrix (Y;;). a

Lemma 6.2.6. Let L be a differential field with field of constants C. We
consider A := L[Y;;,1/det] and extend the derivation on L to A by setting
Y, = 0. We consider B := C[Yj;,1/det] as a subring of A. The map
I — IA from the set of ideals of B to the set of differential ideals of A is a
bijection. The inverse map is given by J — J N B.

Proof. Choose a basis {vs}ses, of L over C, including 1. Then {v,}ses, is
also a free basis of the B-module A. The differential ideal I A consists of the
finite sums ), \sv; with all A\; € I. Hence JANB = 1.

We now prove that any differential ideal J of A is generated by I = JNB.
Let {us}ses be a basis of B over C. Any element b € J can be written
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uniquely as a finite sum ) psus, With ps € L. By the length I(b) we will
mean the number of subindices s with us # 0. By induction on the length
of b, we shall show that b € TA. When [(b) = 0, 1, the result is clear. Assume
[(b) > 1. We may suppose that ps, = 1 for some s; € S and us, € L\ C
for some s; € S. Then b’ = ) pius has a length smaller than [(b) and so
b € IA. Similarly (u;,'b)’ € TA. Therefore (u!)'b = (u;'b) — pz v’ € IA.
Since C is the field of constants of L, one has (u;;') #0andsobe IA. O

Lemma 6.2.7. Let K be a differential field with field of constants C. Let
K C L be a Picard-Vessiot extension with differential Galois group G(L|K).
We consider A := L[Y;5,1/ det], B := K[Y;;,1/det]. The map I — IA from
the set of ideals of B to the set of G(L|K)-stable ideals of A is a bijection.
The inverse map is given by J — J N B.

Proof. The proof is similar to that of Lemma 6.2.6. We have to verify that
any G(L|K)-stable ideal J of A is generated by I = J N B. Let {us}ses be
a basis of B over K. Any element b € J can be written uniquely as a finite
sum ) psus, with s € L. By the length [(b) we will mean the number of
subindices s with us; # 0. By induction on the length of b, we shall show
that b € TA. When [(b) = 0,1, the result is clear. Assume I(b) > 1. We
may suppose that pus, = 1 for some s; € S. If all u; € K, then b € IA. If
not, there exists some sp € S with ps, € L\ K. For any o € G, the length
of ob — b is less that I(b). Thus ob —b € I A. By Proposition 6.1.2 a), there
exists a o with o, # fis,. As above, one finds o (u;;!b) — ;' € TA. Then
(opzt—ps )b = o(u;,tb) —plb—o(u;,}) (ob—b) € TA. Asop}—pg} € L¥,
it follows that b € I A. a

Proof of Proposition 6.2.5.

We consider the K-algebra R = K[Y;j,1/det] with derivation defined
by

K;=K+I,J>OSZS77'_2)
Yo 1;=—an-1Yn-1,; — - — a1Y1; — aoYo;

as in (5.1). We consider as well the L-algebra L[Y;;,1/ det] with derivation
defined by the derivation in L and the preceding formulae. We now consider
the C-algebra C[Xt, 1/ det] where Xg,1 < s,t < n are indeterminates, det
denotes the determinant of the matrix (Xst) and recall that C[X, 1/ det]
is the coordinate algebra C[GL(n,C)]| of the algebraic group GL(n,C). We
consider the action of the group G on GL(n,C) by translation on the left,
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i.e.

G x GL(n,C) — GL(n,C)
(9, 1) = gh

which gives the following action of G on C[GL(n, C)]

G x C[GL(n,C)] — C[GL(n,C)]
(9,f) = Ag(f) the f(g7 h).

If we take f to be X, the action of an element o of G on X§; is multiplication
on the left by the inverse of the matrix of o as an element in GL(n, C). We
consider C[Xt, 1/ det] with this G-action and the inclusion C[X, 1/ det] C
L[Xst,1/det]. Now we define the relation between the indeterminates Y;;
and X to be given by (Yi;) = (Tab)(Xst), where rgp are the images of the
Yeap in the quotient R/P of the ring R by the maximal differential ideal P.
We observe that the G-action we have defined on the X; is compatible with
the G-action on L if we take the Y;; to be G-invariant. Now, the definition
of the derivation for the Y;; and the 4 gives X}, = 0. We then have the
following rings

1 1 1
Ky, de t] < L[Y”’ ] L[Xst, Q] D C[Xst, d—et]’

each of them endowed with a derivation and a G-action which are com-
patible with each other. Combining Lemmas 6.2.6 and 6.2.7, we obtain a
bijection between the set of differential ideals of K[Y;;,1/det] and the set
of G(L|K)-stable ideals of C[Xs,1/det]. A maximal differential ideal of
the first ring corresponds to a maximal G(L|K)-stable ideal of the second.
So, @ = PL[Y;;,1/ det]) N C[ X, 1/ det] is a maximal G(L|K)-stable ideal of
the ring C[X,,1/det]. By its maximality, @ is a radical ideal and defines
a subvariety W of GL(n,C), which is minimal with respect to G(L|K)-
invariance. Thus W is a left coset in GL(n, C) for the group G(L|K) seen as
a subgroup of GL(n, C). Now, by going to the algebraic closure K of K, we
have an isomorphism from G to W% and, correspondingly, an isomorphism
K ®¢ C[G] ~ K ®c C[W] between the coordinate rings.

On the other hand, we have ring isomorphisms

1
LT = LQ®g (K[Yz’j,@]/P)

~ L[Yy, (PL[Yy, ~ L®c (C[Xst, é]/@)

3ot/ s )

and so L®g T ~ L ®c C[W].
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We then have L ®x T ~ L ®c C[W], for L the algebraic closure of L.
This corresponds to an isomorphism of affine varieties V ~ W1, where we
denote by V the affine subvariety of GL(n, K) corresponding to the ideal P of
K|Yi;,1/ det]. But both W and V are defined over K and so, by Proposition
1.1.29, we obtain V& ~ W. Coming back to the corresponding coordinate
rings, we get K @ T ~ K ®c C[W]. Composing with the isomorphism
obtained above, we have K ®x T ~ K ®¢ C[G], as desired. O

Corollary 6.2.8. Let K C L be a Picard-Vessiot extension with differential
Galois group G(L|K). We have

dim G(L|K) = trdeg[L : K].

Proof. The dimension of the algebraic variety G is equal to the Krull di-
mension of its coordinate ring C[G]. (See Section 1.1.) It can be checked
that the Krull dimension of a C-algebra remains unchanged when tensoring
by a field extension of C. Then Proposition 6.2.5 gives that the Krull di-
mension of C[G] is equal to the Krull dimension of the algebra T' (where T
denotes, as in Proposition 6.2.5, the K-algebra R/P considered in Theorem
5.6.5), which by Noether’s normalization lemma (Proposition 1.1.8) is equal
to the transcendence degree of L over K. O

Remark 6.2.9. Proposition 6.2.5 can be deduced as a corollary from the
fact that the maximal spectrum V of the ring T is a G-torsor. (See [P-S1],
Theorem 1.28.) In fact, the proposition states that Vi is a trivial Gg-torsor.

6.3. The fundamental theorem of differential Galois theory

The aim of this chapter is to establish the fundamental theorem of Picard-
Vessiot theory, which is analogous to the fundamental theorem in classical
Galois theory.

If K C L is a Picard-Vessiot extension and F' an intermediate differential
field, i.e. K C F C L, it is clear that F' C L is a Picard-Vessiot extension
(for the same differential equation as K C L, viewed as defined over F) with
differential Galois group G(L|F) = {0 € G(L|K) : o)p = Idr}. If H is a
subgroup of G(L|K), we denote by L¥ the subfield of L fixed by the action
of H,ie. L ={z € L:0(z) =z, VYo € H}. Note that L is stable under
the derivation of L.

Proposition 6.3.1. Let K C L be a Picard-Vessiot extension, G(L|K) its
differential Galois group. The correspondences

H— L | Fw G(LIF)
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define inclusion inverting mutually inverse bijective maps between the set of
Zariski closed subgroups H of G(L|K) and the set of differential fields F'
with K C F C L.

Proof. It is clear that for Hj, Hy subgroups of G(L|K), we have Hy C
Hy = L1 5 LH2 and that for Fy, F intermediate differential fields, F1 C
= G(LlFl) D) G(L|F2).

It is also straightforward to see that, for a subgroup H of G, we have
the equality LOEIL™) = LH and, for an intermediate field F', we have
G(L|ILCWF)Y = G(L|F).

We have to prove that LEEIF) = F for each intermediate differential
field F of K C L and H = G(L|L¥) for each Zariski closed subgroup H of
G(L|K). The first equality follows from the fact observed above that FF C L
is a Picard-Vessiot extension and from Corollary 6.1.3. For the second equal-
ity, it is clear that if H is a subgroup of G(L|K), the elements in H fix L
elementwise. We shall now prove that if H is a subgroup (not necessar-
ily closed) of G = G(L|K), then H' := G(L|L¥) is the Zariski closure of H
in G. Assume the contrary, i.e. that there exists a polynomial f on GL(n,C)
(where C' = Ck and L|K is a Picard-Vessiot extension for an order n dif-
ferential equation) such that fjz = 0 and fizr # 0. If L = K(y1,...,Yn),
we consider the matrices A = (yy))OSiSn—l,lSanv B = (uy))OSiSn—l,lﬁjSm
where uy,...,u, are differential indeterminates. We let the Galois group
act on the right, i.e we define the matrix M, of 0 € G(L|K) such that
(0(y1)s.-.,0(yn)) = (¥1,---,Yn)M,. We note that, as W(y1,...,yn) # 0,
the matrix A is invertible and we define the polynomial F(uj,...,un) =
f(A71B) € L{uy,...,u,}. It has the property that F(c(y1),.-,0(¥yn)) =0,
for all o € H but not all 0 € H'. Assume we are taking F' among all poly-
nomials with the preceding property having the smallest number of nonzero
monomials. We can assume that some coefficient of F' is 1. For 7 € H, let
TF' be the polynomial obtained by applying 7 to the coeflicients of F'. Then
(TF)(o(y1),...,0(yn)) = T(F((r7 1o (1), ..., 7 to(yn))) =0, for all o € H.
So, F—7F is shorter than F and vanishes for (o(y1),...,0(yn)) forallo € H.
By the minimality assumption, it must vanish for (o(y1),...,0(yn)), for all
o € H'. If F —7F is not identically zero, we can find an element a € L
such that F'— a(F — 7F) is shorter than F' and has the same property as F'.
So F —7F =0, for all 7 € H, which means that the coefficients of F' are
H-invariant. Therefore, F' has coefficients in L =14 Now, for o € H',
F(o(y1),...,0(yn)) = (¢F)(0(%1),---,0(¥n)) = o(F(y1;---,yn)) = 0. This
contradiction completes the proof. u

Proposition 6.3.2. Let K C L be a differential field extension with differ-
ential Galois group G = G(L|K).
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a) If H is a normal subgroup of G, then L is G-stable.

b) If F is an intermediate differential field of the extension, which is G-
stable, then G(L|F) is a normal subgroup of G. Moreover the restriction
morphism

G(LIK) — G(F|K)
(o = O\F
induces an isomorphism from the quotient G/G(L|F) into the group of
all differential K -automorphisms of F' which can be extended to L.

Proof. a) For 0 € G, a € L¥, we want to see that ca € L¥. If T € H, we
have Toa = ga < 0~ 700 = a and this last equality is true as a € L¥ and
o~ 170 € H, by the normality of H.

b) To see that G(L|F') is normal in G, we must see that for 0 € G, 7 €
G(L|F), 0170 belongs to G(L|F), i.e. it fixes every element a € F. Now
o~ lr0a = a & Toa = ca and this last equality is true since ca € F
because F' is G-stable. Now as F' is G-stable, we can define a morphism
¢ : G(L|K) = G(F|K) by 0 — o|p. The kernel of ¢ is G(L|F) and its
image consists of those differential K-automorphisms of F' which can be
extended to L. d

Definition 6.3.3. We shall call an extension of differential fields K C L
normal if for each z € L\ K, there exists an element o € G(L|K) such that

o(z) # .

Proposition 6.3.4. Let K C L be a Picard- Vessiot extension, G := G(L|K)
its differential Galois group.

a) Let H be a closed subgroup of G. If H is normal in G, then the differential
field extension K C F := L¥ is normal.

b) Let F' be a differential field with K C F C L. If K C F is a Picard-
Vessiot extension, then the subgroup H = G(L|F') is normal in G(L|K).
In this case, the restriction morphism

G(LIK) — G(FIK)
o — O|F

induces an isomorphism G(L|K)/G(L|F) ~ G(F|K).

Proof. a) By Proposition 6.1.2, for z € F'\ K, there exists o € G such that
oz # z. By Proposition 6.3.2 a), we know that F' is G-stable; hence o is
an automorphism of F'

b) By Corollary 5.6.7, F is G-stable. Then by Proposition 6.3.2 b), H =
G(L|F) is a normal subgroup of G = G(L|K).
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For the last part, taking into account Proposition 6.3.2 b), it only re-
mains to prove that the image of the restriction morphism is the whole group
G(F|K) which comes from Proposition 6.1.2 b). O

The next proposition establishes the most difficult part of the funda-
mental theorem, namely that the intermediate field F' corresponding to a
normal subgroup of G is a Picard-Vessiot extension of K. This result is not
proved in Kaplansky’s book [K], which refers to a paper by Kolchin [Ko2].
In fact, Kolchin establishes the fundamental theorem for the larger class of
strongly normal extensions and characterizes Picard-Vessiot extensions as
strongly normal extensions whose differential Galois group is a linear alge-
braic group. Our proof is inspired by [P-S1] and [Z], but not all details of
it can be found there. The proof given in [M] uses a different algebra T'.

Proposition 6.3.5. Let K C L be a Picard-Vessiot extension, G(L|K) its
differential Galois group. If H is a normal closed subgroup of G(L|K), then
the extension K C L is a Picard- Vessiot extension.

Proof. Let us first explain the idea of the proof. Assume that we have a
finitely generated K-subalgebra T of L satisfying the following conditions.

a) T is G-stable and its fraction field F'r(T) is equal to L.

b) For each ¢t € T, the C-vector space generated by {ot : 0 € G} is finite
dimensional.

c¢) The subalgebra TH = {t € T : ot = t,Vo € H} is a finitely generated
K-algebra.

d) F:= L¥ is the fraction field Fr(TH) of TH.

With all these assumptions, let us prove that T is generated over K
by the space of solutions of a homogeneous linear differential equation with
coefficients in K. First let us observe that, as H < G, TH is G-stable, i.e.
7(TH) = TH, for all 7 € G. Indeed, let t € TH 7 € G. We want to see
that 7t € TH. For o € H, we have o7t = 7t < (7 107)t = t and the last
equality is true as the normality of H implies 7107 € H. Thus TH is a
G-stable subalgebra of T and the restriction of the action of G to TH gives
an action of the quotient group G/H on TH,

We now take a finite-dimensional subspace V; C TH over C which gen-
erates TH as a K -algebra gnd which is G-stable. Note that such a V; exists

by conditions b) and ¢). Let z1,..., 2y, be a basis of V;; then the wroniskian
W(z1,...,2m) is not zero. The differential equation in Z
W(Z,z1,...,2m) _0

W(z1,...,2m)



6.3. The fundamental theorem of differential Galois theory 155

is satisfied by any z € V;. Now, by expanding the determinant in the
numerator with respect to the first column, we see that each coefficient of the
equation is a quotient of two determinants and that all these determinants
are multiplied by the same factor det oy, under the action of the element
o € G. So these coefficients are fixed by the action of G and so, by using
Corollary 6.1.3, we see that they belong to K. Thus T = K(V;), where
V1 is the space of solutions of a linear differential equation with coefficients
in K. Therefore F = L = Fr(TH) is a Picard-Vessiot extension of K.

We can assume that L is the Picard-Vessiot extension constructed in
Theorem 5.6.5. Let T be the K-algebra R/ P considered in the construction.
We shall prove that T satisfies the conditions stated above.

a) By construction G acts on T and the fraction field Fr(T) of T is equal
to L.

b) Taking into account Remark 6.2.4, we can apply Lemma 3.4.2a) and
obtain that the orbit of an element £ € T' by the action of G generates a
finite dimensional C-vector space.

c) We consider the isomorphism of G-modules given by Proposition 6.2.5
and restrict the action to the subgroup H. The group H acts on both
K ®k T and K ®¢ C|[G] by acting on the second factor. We then have
K ®x TH ~ K ®c C[G)H. By Proposition 3.7.8, C[G]? ~ C[G/H]
as C-algebras. Now C[G/H] is a finitely generated C-algebra and so
K @k TH is a finitely generated K-algebra. Now we apply the following
two lemmas to obtain that T is a finitely generated K-algebra.

Lemma 6.3.6. Let K be a field, K an algebraic closure of K and A
a K-algebra. If K ®x A is a finitely generated K -algebra, then there
ezists a finite extension K of K such that K @k A is a finitely generated
K-algebra.

Proof. Let {vs}scs be a K-basis of K and let {\; ® a;}i=1,..» generate
K ®K A as a K-algebra. If we write down the elements ); in the K-basis
of K, only the v}s with s in some finite subset S’ of S are involved. We
take K = K ({vs}ses’). Then the elements {vs ® ai}ses i=1,. n generate
K ®x A as a K-algebra. a

Lemma 6.3.7. Let K be a field, A a finitely generated K-algebra, and
let U be a finite group of automorphisms of A. Then the subalgebra AY
of A fized by the action of U, i.e. AV ={a € A:0a=a,Vo €U}, isa
finitely generated K -algebra.

Proof. For each element a € A, let us define
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d)

a)=%20a,

oeU
where N = |U|, and let us consider the polynomial

N
PT) = [[(T = 0a) =TN +> (-1)'a; TN

oeU =1
The coefficients a; are the symmetric functions in the roots of P,(T)
and by the Newton formulae can be expressed in terms of the S(at), i =
.,N.Let ui, ..., un now generate A as a K-algebra. We consider the
subalgebra B of AV generated by the elements S(u}),i = 1,...,m,j =
.,N. We have P, (u;) = 0 and so ufv can be written as a linear
combination of 1,... ,uzN ~1 with coefficients in B. Hence each monomial
uf’ ... u%" can be written in terms of monomials u{! ... u2m, with a; < N
and coefficients in B. Therefore each element a € A can be written in

the form

a= E  Pay.am Uit - U
a; <N

with ¢q4,.. 4., € B. Now, ifa € AV we have

=Y GaramS@S .. ulm).

a;<N
Thus AV can be generated over K by the finite set

{S(ur* .. up) <N U {S(u-{\r)}i:l,...,m-
O

Now by applying Lemma 6.3.6 to K®g TH, we obtain that K K TH
is a finitely generated K-algebra for some finite extension K C K and
then also a finitely generated K-algebra. Now we can assume that the
extension K C K is normal and consider the Galois group U = Gal(K|K)
acting on K ®k A on the left factor. By applying Lemma 6.3.7, we can
conclude that TH ~ K @ TH ~ KU R TH ~ (K Rk THV is a finitely
generated K-algebra.

We now prove that L is the fraction field of TH.

Let a € L \ {0}. We want to write a as a quotient of elements in
TH. We consider the ideal J = {t € T : ta € T} of denominators of a.
Since a is H-invariant, J is H-stable, i.e. HJ = J. Let s € J \ {0}.
Taking into account Remark 6.2.4, we can apply Lemma 3.4.2a) and
obtain that the elements 7s,7 € H generate a finite dimensional vector
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space E over C. Let s1,...,5, be a basis of E and w = W (sy, ..., sp) be
the wronskian. By expanding the determinant with respect to the first
row, we see that w € J. We have 7w = det(7|g) - w, for all 7 € H. We
note that 7 +— det(7)g) defines a character x of H; hence w is a semi-
invariant with weight x. (See Section 3.6.) Let t = wa. It belongs to
T, because w € J, and is a semi-invariant with the same weight as w,
because a is H-invariant. So a can be written as t/w the quotient of two
semi-invariants. If we find a semi-invariant u with weight 1/x, then we
would have a = (tu)/(wu) the quotient of two invariants as desired. We
consider the subalgebra of T' consisting of the semi-invariants of weight
1/x, that is, Ty, = {t € T : 7t = t/x(7), V7 € H}. We want to prove
Ty # 0.

To this end, we first consider the action of H on the coordinate ring
C|G] of the algebraic group G and prove C[G], # 0, for each character 7
of H. Let us denote X(H) the character group of the group H. Let Hy
be the intersection of the kernels of all characters of H. It is a normal
subgroup of H and contains the commutator subgroup of H, so H/Hj is
commutative. By Theorem 4.3.6, H/H is isomorphic to the direct prod-
uct of its closed subgroups (H/Hg)s = {h € H/Hj : h is semisimple} and
(H/Hyp)y = {h € H/Hy : h is unipotent}. By Lemma 4.3.5, (H/Hy),, is
conjugate to a subgroup of the upper triangular unipotent group U(n, C).
Hence by Exercise 10 in chapter 3, (H/Hgp), does not have nontrivial
characters. We then have X (H) = X(H/Hy) = X((H/Hp)s). We write
H' for (H/Hp)s. If n is a character of H', we have n € C[H'] and
moreover, for each z,y € H', we have (z.n)(y) = n(zy) = n(z)n(y)
which gives z.n = n(x)n, so n is a semi-invariant of weight n and we
get C[H'l, # 0. Now the inclusion H' < G/Hp corresponds to an
epimorphism between the coordinate rings 7 : C|G/Hp] — C[H']. We
want to see that mcig/m), : CIG/Holy — C[H'], is also an epimor-
phism. Let a be a nonzero element in C[H'],,. Let a € C[G/Hp] such
that m(a) = a. By Lemma 3.4.2a), there exists a finite dimensional
H'-stable subspace F; of C[G/Hp| containing a. As H' is semisimple
and commutative, it is diagonalizable, i.e. conjugate in the general lin-
ear group to a subgroup of the group of diagonal matrices (cf. Lemma
4.3.5). Therefore the representation of H' on E; diagonalizes in a certain
basis a4, -+ ,ap. We can choose it such that ai, - ,a;, with I <p are a
basis of Ey NKerm. We have a = 3%_; cjo; = 7(a) = 328, ¢;nj(T)ay,
then m(7(a)) = 3¥_; ¢jn;(T)m(e;) and, on the other hand, m(r(a)) =
7(n(a)) = 7(a) = n(r) 35_; cjm(a;). We have c; # 0 for some j > I and
so m;(r) = n(r) which gives that o; is a semi-invariant with weight 7.
We then obtain 0 # C[G/Hgl, C C[G]s,.
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Now we again consider the isomorphism of G-modules given by Propo-
sition 6.2.5 with action restricted to the subgroup H. As the group H acts
on both K ® T and K ®¢ C[G] by acting on the second factor, we have
ClGliyy #0 = (K®c C[G))1)x #0 = (K ®k T)1/y # 0= Ty # 0.
To obtain the last implication, we use the fact that if ¢ € K®y T, we
have t € K Qi T, for some finite extension K of K. We can assume
that K C K is a normal extension and take U = G(K|K). Then, if
t e (K ®k T)1/y, the element -, ;; ot is a semi-invariant with weight
1/x (as H acts in K ® T by acting on the right factor and U by acting
on the left factor, both actions commute) and belongs to K @ T' ~ T.

g

Now Propositions 6.3.1, 6.3.4, and 6.3.5 together establish the funda-
mental theorem of Picard-Vessiot theory.

Theorem 6.3.8 (Fundamental Theorem). Let K C L be a Picard-Vessiot
extension, G(L|K) its differential Galois group.

(1) The correspondences

HeL? | Fe GU|F)
define inclusion inverting mutually inverse bijective maps between
the set of Zariski closed subgroups H of G(L|K) and the set of
differential fields F with K C F C L.
(2) The intermediate differential field F is a Picard- Vessiot extension
of K if and only if the subgroup H = G(L|F') is normal in G(L|K).
In this case, the restriction morphism

G(LIK) — G(F|K)
o — O|F
induces an isomorphism G(L|K)/G(L|F) ~ G(F|K).

6.4. Liouville extensions

The aim of this chapter is to characterize linear differential equations solv-
able by quadratures. This is the analogue of the characterization of algebraic
equations solvable by radicals.

Definition 6.4.1. A differential field extension K C L is called a Liouwille
extension if there exists a chain of intermediate differential fields K = F; C
F, C ... C F,, = L such that F;; is obtained from F; either by adjunction
of an integral or by adjunction of the exponential of an integral.
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Proposition 6.4.2. Let L be a Liouville extension of the differential field
K, having the same field of constants as K. Then the differential Galois
group G(L|K) of L over K 1is solvable.

Proof. We assume that the extension K C L has a chain of intermediate
differential fields as in Definition 6.4.1. From Examples 6.1.4 and 6.1.5, we
obtain that K C F5 is a Picard-Vessiot extension with commutative differ-
ential Galois group. By Corollary 5.6.7, every K-differential automorphism
of L sends F» onto itself. By Proposition 6.3.2 b), G(L|F3) is a normal
subgroup of G(L|K) and G(L|K)/G(L|F3) is a subgroup of G(F3|K), hence
commutative. By iteration, we obtain that G(L|K) is solvable. O

The next proposition is the first step for a converse of Proposition 6.4.2.
In fact we shall consider generalized Liouville extensions, also admitting
algebraic extensions as constructing blocks.

Proposition 6.4.3. Let K C L be a normal extension of differential fields.
Assume that there exist elements ui,...,u, € L such that for every differ-
ential automorphism o of L we have

(6.2) ouj = a15ur + o+ a1, U-1 + U5, J =1, m,

with a;; constants in L (depending on o). Then K(uy, ..., us) is a Liouville
extension of K.

Proof. The first of the equations (6.2) is ou; = ajju;. Differentiating, we
obtain ou} = aj1u] and so v} /u; is invariant under each 0. (We can assume
u; # 0 for otherwise it could simply be suppressed.) By the normality
of K C L, we obtain u}/u; € K. Hence the adjunction of u; to K is the
adjunction of an exponential. Next we divide each of the next n—1 equations
by the equation cu; = aj1u; and differentiate. The result is

/ / / /
uj az; (u aj—1; ((wj— a;j; [u;
U(J)=ﬁ<1)++7—13<7_1)+ﬂ<_7>
U1 ail \u1 a1 U1 ain \u1
This is a set of equations of the same form as (6.2) in the elements (u;j/u1)’,
with j = 2,...,n. By induction on n, the adjunction of (u;/u1)’ to K yields

a Liouville extension. Then adjoining u;/u; themselves means adjoining
integrals. a
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6.5. Generalized Liouville extensions

Definition 6.5.1. A differential field extension K C L is called a generalized
Liouville extension if there exists a chain of intermediate differential fields
K =F, CF, C---CF, =L such that either F;;; is obtained from F; by
adjunction of an integral or by adjunction of the exponential of an integral
or Fi4; is algebraic over F;.

A solution of a differential equation defined over the differential field K
is called Liouvillian if it is contained in a generalized Liouville extension
of K.

Theorem 6.5.2. Let K be a differential field with algebraically closed field
of constants C. Let L be a Picard-Vessiot extension of K. Assume that the
identity component Gy of G = G(L|K) is solvable. Then L can be obtained
from K by a finite normal extension followed by a Liouville extension.

Proof. Let F = LS. We know by Proposition 3.2.1 that Gy is a normal
subgroup of G of finite index. Then K C F is a finite normal extension
and G(L|F) ~ Go. Then by Lie-Kolchin Theorem 4.4.6, we can apply
Proposition 6.4.3 and obtain that F' C L is a Liouville extension. O

To prove an inverse to this theorem we shall use the following lemma.

Lemma 6.5.3. Let K be a differential field with algebraically closed field of
constants C. Let L be a Picard-Vessiot extension of K. Let Ly = L(z) be
an extension of L with no new constants. Write K1 = K(z). Then K1 C Ly
s a Picard- Vessiot extension and its differential Galois group is isomorphic
to G(LILN Kj).

Proof. It is clear that K1 C L; is a Picard-Vessiot extension as both fields
have the same field of constants and the extension is generated by the solu-
tions of the differential equation associated to the Picard-Vessiot extension
K c L. By Corollary 5.6.7, any K-differential automorphism of L; sends
L onto itself. Thus restriction to L gives a morphism ¢ : G(L1|K1) —
G(L|K). An automorphism of L; in Ker ¢ fixes both K; and L and so is
the identity. Hence ¢ is injective and G(L1|K}) is isomorphic to a closed
subgroup of G(L|K). The corresponding intermediate field of the exten-
sion K C L is L N K; and by the Fundamental Theorem 6.3.8 we get
G(LllKl) ’1G(L|LOK1) O

Theorem 6.5.4. Let K be a differential field with algebraically closed field
of constants C. Let L be a Picard-Vessiot extension of K. Assume that L
can be embedded in a differential field M which is a generalized Liouville
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extension of K with no new constants. Then the identity component Gy of
G = G(L|K) is solvable (whence by Theorem 6.5.2, L can be obtained from
K by a finite normal extension, followed by a Liouville extension).

Proof. We make an induction on the number of steps in the chain from
K to M. Let K(z) be the first step. Then, by induction, the differential
Galois group of L(z) over K (z) has a solvable component of the identity. By
Lemma, 6.5.3, this group is isomorphic to the subgroup H of G corresponding
to L N K(z). Assume that z is algebraic over K. Then, H has finite index
in G. In this case, by Proposition 3.2.1 b), G = HO, hence solvable. If
z is either an integral or the exponential of an integral, by Examples 6.1.4
and 6.1.5, K (z) is a Picard-Vessiot extension of K with commutative Galois
group. Thus all differential fields between K and K (z) are normal over K.
In particular, L N K(z) is normal over K with a commutative differential
Galois group. Thus H is normal in G with G/H commutative. So by Lemma
4.4.4, the identity component G° of G is solvable. O
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Exercises

(1) Given the differential equation L(Y) = Y™ 4q, ;YD ... a1 Y+
apY = 0, prove that the change ¥ = vZ, where v is a solution of
nv' + an_y = 0, gives a differential equation £(Z) = 0 without term in
Z(=1) Prove that all solutions to £(Y") = 0 are Liouvillian if and only
if all solutions to £(Z) = 0 are Liouvillian.

(2) Let L(Y) := Y™ 40,1 YD ... +0;Y" 4+ aoY and let W denote the
wronskian determinant of a fundamental set of solutions of L(Y) = 0.
Prove that if a,—1 = 0, then W is constant and Gal(L) is contained in
the special linear group.

(3) Give an example of a finite Galois extension of differential fields (with
nonalgebraically closed field of constants) which is not Picard-Vessiot.

(4) Prove the claims in Remark 6.2.3.

(5) Determine the differential Galois group of the extension C C C(t), where
the derivation in C(t) is given by t' = 1.

(6) Determine the differential Galois group of a homogeneous linear differ-
ential equation with coefficients in C
a) over C(t) (with derivation given by ¢’ = 1),

b) over C.

(7) Let Ky be a differential field with field of constants C. Let L :=
Ko(y1, ..., yn) be the field of differential rational functions in the differ-
ential variables y1, ..., yn over Ko. The action of a matrix o € GL(n,C)
on the vector (yi,...,yn) extends to an action on L by differential Kj-
automorphisms. Let K := LCUC) be the field fixed by this action.
Prove that K C L is a Picard-Vessiot extension with differential Galois
group GL(n,C).

(8) Let £ € K[D] be a monic differential operator of degree n and consider
the differential equation £(Y) = 0. Let L be a Picard-Vessiot extension
for L(Y) = 0 and G = G(L|K) its differential Galois group. If V is
the Ck-vector space of solutions to £(Y) = 0 in L, then G acts on V,
giving a faithful representation of order n of G over Cg. Prove that this
representation has an invariant subspace of dimension m if and only if
L has a right factor in K[D] of degree m.

Hint: If U is an invariant subspace of dimension m, y1,...,Ym a Ck-
basis of U, prove that

W(Y,y1,..,Ym)

=0
W(yl" ,ym)

L£1(Y) =
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is a differential equation with coefficients in K and use right division of
differential operators.

(9) A Bernouilli equation is an ordinary differential equation of the form

(6.3) Y +pY =qY"

with n # 0, 1. Show that the change Z = Y~ (1) transforms (6.3) into
a first order linear differential equation and give the expression of the
general solution of the Bernoulli equation.

(10) A Riccati equation is an ordinary differential equation of the form

(6.4) Y=g¢+qaY +gY>2

a) Prove that, if g2 # 0, the change Z = ¢2Y gives a Riccati equation
of the form

Z'=po+m Z + Z°.
b) Prove that if u is a solution of the second order linear differential
equation

U'—p1U +pyU =0,
then y = —u//qou is a solution of (6.4).

c) Prove that, if a particular solution y; of (6.4) is known, the substi-
tution Y = y; + U leads to a Bernouilli equation in U and so we can
obtain the general solution of the Riccati equation.

(11) Taking into account Exercise 20 in chapter 5, prove that if a homoge-
neous linear differential equation of order 2 has a Liouvillian solution,
then all its solutions are Liouvillian.






Chapter 7

Differential Equations
over C(z)

In this chapter we consider linear differential equations over the field C(z) of
rational functions in the variable z over the field C of complex numbers. We
give some classical results related to local solutions of differential equations
defined over C(z). In the last part, we present Kovacic’s algorithm which
determines explicitly the Liouvillian solutions to differential equations of
order 2.

We assume that the reader is familiar with the basic concepts of complex
analysis in one variable, as presented in [Al].

7.1. Fuchsian differential equations

For a linear differential equation

(7.1) Y™ 4 a1(2) YO D 4o 1(2) Y 4 an(2) Y =0,

with a;(z) € C(z), a point P in C is called regular if the functions a; have no
pole in P; otherwise P is called singular. To consider whether oo is a regular
or singular point, we make the substitution z = 27! in (7.1). If z =01is a
regular (resp. singular) point for the new equation, then z = oo is a regular
(resp. singular) point for (7.1).

Definition 7.1.1. If P € C (resp. P = 00) is a singular point for (7.1), we
consider the limit lim,_,p(z — P)%a;(2) (resp. lim,—c0 2a;(2)). If this limit
exists and is finite for ¢ = 1,...,n, the point P is a regular singular point
for (7.1).

165
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The equation (7.1) is called Fuchsian if all points in P}(C) are regular
or regular singular.

Proposition 7.1.2. For a Fuchsian differential equation with regular sin-
gular points P,..., P, in C, the coefficients a;(z) are of the form
Ai(z)
a;(2) = =5—————,
G = e-py

where A;(z) is a polynomial of degree < i(v — 1). In particular

where Ais are constants.
Proof. By the definition of regular singular points, we have

14
w(z) =[] (=~ P) 7 Au(2),
s=1
where A;(z) is an entire function of 2, as there are no other singular points in
C. We now consider the behavior of these coefficients at infinity. The point
at infinity is at most a pole of a;(2); consequently, A;(z) is a polynomial in 2z
and lim,—,o, 2%a;(2) finite implies that its degree is < i(v —1). In particular

a1(2) = [[(z — Ps) M A1(2) = D ((z — P.) ' Ass),
s=1 s=1
with Als = Al(Ps)/ Ht;és(PS — Pt). O

Let us now assume that 0 is a regular singular point for Equation (7.1).

We write the equation in terms of the differential operator D = Z We
have
(7.2) L D1y (D=r+1)

' dzm

and obtain a differential equation of the form

(7.3) F(D,2)(Y) := DY +by(2)D" Y + -+ + bp_1(2) DY +bn(2)Y =0,

where the functions b;(z) are holomorphic in a neighborhood of z = 0. (See
Exercise 18 in chapter 5.)
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We shall now see that we can obtain formally the solutions of the differ-
ential equation (7.1) as power series in the neighborhood of a regular point.
By a change of variable, we can assume that this point is 0.

Theorem 7.1.3 (Cauchy theorem). Let 0 be a regular point of (7.1). Then
there exist n power series in 2z, fi,...,fn , which are solutions of (7.1),
linearly independent over C, with positive convergence radius. Moreover,
every power series which is a solution of (7.1) is a linear combination of
fiy- ..y fn with coefficients in C.

Proof. We look for a solution in power series y = Zkzo cxz®. Multiplying
(7.1) by 2™ and using (7.2), we obtain

D(D—1)---(D—n+1)Y+zn:zia,~(z)D(D—1)---(D—(n—z’)+1)Y =0.

i=1

We write z%a;(z) = PR aij7’ and, for each j > 1, we set

J
Qi(X) =) a;X(X —1)-- (X — (n—i)+1).
=1

By substituting y in the equation, we obtain the recurrence relation

k
k(k—1)-(k—n+1)ck+ Y Qj(k)cg—; = 0.
j=1
As Qj(k—j) =0, for 1 < j <k < n, the recurrence is trivial for k < n—1. So
we can fix cg,- -+ ,cp—1 arbitrarily and the coefficients cx with k& > n are de-

termined by the recurrence relation. We then obtain n linearly independent
solutions of (7.1) which are a basis of the vector space of solutions.

It remains to be seen that every solution in power series has a positive
radius of convergence. To this end, we choose C > 1, satisfying the following
conditions.

(1) |Q;(k)| < Cik™! for all 4, k,
(2) lejl < C¥*lfor j=0,---n—1,
(3) (k(k—=1)---(k—n+1))"! < C/k™ for all k > n.

We prove by induction over k that |cx| < C?**1. For k < n, it is true
by the choice of C. From the recurrence relation, we obtain the inequality

C
|ex| < EZC%"—H%_]-L
j=1
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Using the induction hypothesis,

k
j=1

Hence the coefficients ¢, are exponentially bounded and the power series has
a positive radius of convergence. O

We shall now see how to obtain formally the solutions in the neighbor-
hood of a regular singular point. Let us assume that 0 is a regular singular
point of the equation (7.1). We look for solutions of the form

(7.4) y=2") cpz".

k>0

We develop the coefficients of (7.3) in Taylor series, b;(2) = 3 72 bijz’ and
set

Fo(D) = D™+4bioD™ ! +byD™ 24+ +bpo
F](D) = blan—l + szDn—2 + -+ bnj for 7>0.

The equation can then be written as
m .
F(D,2)(Y) =) ZFj(D)(Y)=0
3=0
and substituting y, we obtain
F(D,2)(y) = Y320 25207 Fj(D)(ciz?*)
= TR o+ i)

= Yilo#"t* [Zf:o Fi—i(p + i)ci] =0.

This expression vanishes identically if the coefficients c; satisfy the relations

k
(7.5) Y Fei(p+i)ei=0 (k>0).
=0

In particular, to obtain co # 0, p must be a root of the polynomial equation
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Fo(X)=X"+b1oX" 14 4 bpo= X"+ b0,(0) X" 1+ +5,(0) = 0.

This equation is called indicial equation. Its roots are called local exponents
at the singular point z = 0.

From (7.2), we obtain that the indicial equation at a regular or regular
singular point P € C in terms of the coefficients of (7.1) is

X(X-1)(X-n+1)
(7.6) + 38 lim,p(z — P)Fag(2)X - (X —n+k+1)
+ lim,—p(z — P)"an(z) = 0.

If oo is a regular or regular singular point, the indicial equation at oo is

X(X+1)-- (X+n— 1)
(7.7) + Y (= DRlim, soozFag(2) X - (X +n—k—1)
+ (= 1)™im,—s002™an(z) = 0.
Note that at a regular point the local exponents are 0,1,--- ,n—1. The

local exponents for a Fuchsian differential equation satisfy the Fuchs relation
given in the next proposition.

Proposition 7.1.4 (Fuchs’ relation). If p1(P),p2(P), - ,pn(P) are the
local exponents at a point P € P! for a Fuchsian differential equation, we
have

> (iP) +aP) -+ onP) - (3 ) = =2(),

PeP!

where only the singular points give nonzero summands.

Proof. Let us assume that P;,1 < s < v, are the singularities of the given
equation in C. Using the form for the coefficients of a Fuchsian equation
given by Proposition 7.1.2, we compute lim,,p, (2 — Ps)ai1(z) = A;s and
lim, ;00 2a1(2) = > ,_; A1s. Now by formulae (7.6), (7.7), we obtain

PR + P+ 4 palP) = () = A

and

£1(00) + p2(00) + -~ + p(00) = ()+2Ah
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Summing up for Pi,...,P; and oo, we obtain that the sum of all local
exponents is equal to (v — 1)(3), and this equality can be written as in the
statement. O

Now if two independent solutions correspond to the same exponent p, by
subtracting one from the other, we obtain another solution corresponding
to a bigger exponent p’ which is also a root of the indicial equation. Hence
each local exponent gives rise to at most one solution in power series of the
form (7.4).

If Fo(p) = 0, Fo(p + k) # 0 for every positive integer k, we can choose
co # 0 and each of the next coefficients ci is uniquely determined by the
relations (7.5). But if both p and p+k are local exponents, with k a positive
integer, the relation Zf:o Fy—_i(p +%)c; = 0 may be incompatible.

In the case in which the indicial equation has multiple roots or roots
which differ by an integer number and then we do not have a complete
system of solutions of the form (7.4), we can look for solutions in which
logarithms appear.

We distribute the local exponents in equivalent classes, obtained by
defining two local exponents to be equivalent when they differ by an in-
teger number. Let us now see how to compute the solutions corresponding
to one of these classes, formed by h distinct local exponents p; with mul-
tiplicities r;, ordered by ascendent real parts. We look for solutions of the
form

(7.8) y=2f Z up2®,
k>0

where the uy are polynomials in ¢ := log z of degree smaller than n. Taking

into account D(u;) = —Jtﬁ, we obtain

F(D,2)(y) = X202 520 2 Fi(D)(#w;)
= Y202 ie0 2P HIF(D 4 p+i)us
= ZI?;O 2Ptk [Ei;o Fr_i(D+p+ Z)’Uq,] =0,

which vanishes identically if the u; satisfy the relations
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k
Y Fi(D+p+ijus=0 (k>0).
=0

These relations can be seen as a system of linear differential equations in
the variable ¢t = log 2z, of which we are interested in the general solution in
polynomials. The first equation can be written as

Fo(D + p)(u) = Folp)uo + 13 F3() Duo + o By (p) Do + -+ = 0.
This is the generalized indicial equation. If ug is a polynomial in ¢, not iden-
tically 0, this expression is a polynomial of the same degree unless Fy(p) = 0.
To obtain a solution effectively, p must then satisfy the indicial equation.
For p = p1, we have Fo(D + p1)(uo) = G1(D)(D™ugp) with G1(0) # 0, and
so up must satisfy the equation D™ ug = 0.

Let us assume that we have found the polynomials ug, u1,--- ,ug—1. If
Fo(p1 + k) # 0, ug is uniquely determined as a polynomial whose degree
does not exceed the degree of the preceding polynomials by the symbolic
formula

_ 1 k-1 .
Up = Fo(D FRp k,‘) i=0 Fk_l(D +p1+ z)(u,)

(79) = —(Ao+A1D+ ApD?+ ) Y10 Fiey(D + p1 + i)us

= Lk(UO,Ul, to ,Uk_l).
But if £ = p; — p1, we have Fo(D + p1 + k) = Fo(D + p;) = Gi(D)D"™, with
Gi(0) # 0 and so, instead of (7.9), we have the relation
D"up,_p, = Li(ug,u1, -+ ,up—1), with k= p; —p1.

The structure of the solution is completely determined by wug,-:-,
Up,—p; 88 the remaining uy are determined by a relation of the form (7.9).
We can distinguish the h critical polynomials U; := u,,_,, and express the
remaining ones explicitly in the form

ug = Ag(U1,Ug, - -+ ,Uy),

where the U; satisfy a system of equations of the form
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DyU; = 0
f21(D)U1 + D2y =
f31(D)U1 + fs2(D)U2 + DU = 0 °

()

We then obtain Z?:l r; linear independent solutions.

We have then seen that we can obtain n independent solutions to the
differential equation in the neighborhood of a regular singular point having
either the form (7.4) or the form (7.8). It can be proved that they have a
positive radius of convergence. (See [Po], V.17.)

Remark 7.1.5. A Fuchsian homogeneous linear differential equation of or-
der two with three singular points is completely determined by its singular
points and the local exponents at each singular point.

Example 7.1.6. The Gauss hypergeometric equation

(a+b+1)z—cy,+ ab Y =0

(7.10) Yo z(z—1) z2(z—1)

has three singular points 0, 1, 0o which are regular singular. We write down
the local exponents in the Riemann scheme:

0 1 00
(7.11) 0 0 a .
l—-¢c c—a-—b b

The solution relative to the singular point z = 0 and the local exponent 0
is developable in the series

= (@)n(D)n
E:()()z

(¢)nn!

n=0
denoted as F(a,b,c;z). (See Exercise 19 in chapter 5.) It may be verified
that the series converges for |z| < 1, whenever c is not a negative integer
and diverges for |z| > 1. If a,b, c are real, the series converges for z = 1 if
¢ > a+ b and diverges if ¢ < a + b; it converges for z = —1ifc+1>a+b
and divergesif c+1 < a+b.

The solution relative to z = 0 and the local exponent 1 — ¢ is

2 CFla—c+1,b—c+1,2—c¢2).
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The two solutions at z =1 are
F(a,b,a+b—c+1;1—2),

(1-2)*F(c—a,c—bc—a—b+1;1—2).

The two solutions at z = co are
z7%F(a,a—c+1l,a—b+1;271),

z°F(b,b—c+1,b—a+1;271).

The domain of convergence is 0 < |z| < 2 for the series in 1 — z and

z > 1 for the series in z71.

Since the equation cannot have more than two linearly independent so-
lutions, there must be dependence relations between the six solutions we
have found. It can be proved that

T'(c)T(c—a—0)
T'(c—a)l'(c—0)

F(a,b,c;2) = F(a,bya+b—c+1;1-2)

F(e)I'(a+b—c)
I'(a)T'(b)

where I' denotes the Gamma function. (See [K12].)

(1-2)%bF(c—a,c—bc—a—b+1;1-2),

7.2. Monodromy group

Any analytic solution of (7.1) in the neighborhood of a regular point can be
analytically continued along any path in C not passing through any singular
point. Let S be the set of singular points of (7.1), zp € P*\'S. Let fi1,..., fa
be linearly independent analytic solutions in the neighborhood of z. Let
v € m (P! \ S, 2). By analytic continuation along 7, we obtain fi,..., fn
which are solutions of (7.1) as well. We then have a matrix M () € GL(n,C)
such that

A fi
=M |
f fn

The mapping

p: m(P\S) — GL(n,C)
g = M(y)
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is a group morphism. Its image M is called monodromy group of (7.1). It
is determined up to conjugation. Since an element of the differential Galois
group of the differential equation (7.1) is determined by the images of a
fundamental set of solutions, we can see M as a subgroup of the differential
Galois group of the differential equation.

For a Fuchsian differential equation, we have the following relation be-
tween the differential Galois group and the monodromy group.

Proposition 7.2.1. Let us assume that (7.1) is a Fuchsian differential equa-
tion. Let G be its differential Galois group, M its monodromy group. Then
G is the Zariski closure of M.

Proof. Let L be a Picard-Vessiot extension for (7.1) over C(z) and let F
denote the subfield of L fixed by M. Then G(L|F) = M. (See the proof of
Proposition 6.3.1.) Thus, by the fundamental theorem of differential Galois
theory (see Proposition 6.3.1), it is enough to prove that F' = C(z). Now
suppose that f(z) is an element in L fixed by each element of M. It follows
that f(z) is a single valued analytic function on P!(C) whose singularities
belong to the set {Py,...,Ps} of singular points of (7.1). Since each P,
is a regular singular point, f(z) approaches a limit as z approaches P;.
Consequently, f(z) has no essential singularities, so it must be meromorphic
on P!(C) and therefore a rational function of z. O

Remark 7.2.2. We note that Proposition 7.2.1 may fail when (7.1) is not
a Fuchsian equation. For example, the monodromy group of the equation
Y’ =Y is trivial because the solution y = e* is single valued, but the
differential Galois group is G,,. (See Example 6.1.5.) Note that oo is a
nonregular singularity of the equation.

Example 7.2.3. Let us again consider the hypergeometric equation

(a+b+1)z—c_, ab

7.12 Yy” Y+ —Y =
(7.12) My oY =0
and its Riemann scheme

0 1 00
(7.13) 0 0 a .

l1—-¢c c—a-b b

Let P be a regular point of the equation. With origin in P, we draw
three loops in the complex plane g, 91,900, around 0, 1,00, respectively,
with gog1900 = 1. (See Figure 1.) The corresponding monodromy matrices
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Figure 1. The three loops go, 91, goo -

My, My, My, satisfy MoMij My = 1 and My, My, generate the monodromy
group.

From the values of the local exponents given in the Riemann scheme, we
have that the eigenvalues of My are 1, e2mi(1-) those of M, 1,e2mi(c—a=b)
and those of M, €27, g2,

Remark 7.2.4. Any Fuchsian equation of order two with three singular
points can be transformed in a hypergeometric equation by means of

b
- a Mobius transformation S(z) = Z::__ d,ad — bc # 0 which sends the

singular points to 0,1,00. We then obtain an equation with a Riemann
scheme of the form

0 1 00
o B v,
al ;3, ,yl

where a + 8+ v+ o + 8’ +4' = 1 by Fuchs’ relation.
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- multiplication of the solutions by z2~%(1 — 2)™#. The obtained Riemann
scheme corresponds to a hypergeometric equation with adequate parame-
ters.

7.3. Kovacic’s algorithm

The aim of this section is to present Kovacic’s algorithm for computing Li-
ouvillian solutions of linear differential equations of order 2 defined over the
rational function field in one variable over the field of complex numbers given
in [Kov]. We give some examples of application of this algorithm which are
different than the ones given in [Kov]. In particular, the differential equa-
tions whose differential Galois group is isomorphic to 244,254, or 245 are
taken from [C-H2].

By Exercise 1 in chapter 6, we can assume that the equation considered
has the form Y” = rY for some r € C(z). Hence the differential Galois
group of the equation is an algebraic subgroup of SL(2,C). (See Exercise
2 in chapter 6.) The starting point of the algorithm is the determination
of the closed subgroups of SL(2,C) given in Theorem 4.6.1. We recall that
if a second order homogeneous linear differential equation has a Liouvillian
solution, then all its solutions are Liouvillian. (See Exercise 11 in chapter
6.)

It is worth noting that Kovacic’s algorithm is essential in the effective
application of Morales-Ramis criterion to nonintegrability of Hamiltonian
systems. (See 3. in chapter 8.) It has been applied in [D-L] to parametric
families of differential equations, in particular to hypergeometric ones, in
order to determine when these have Liouvillian solutions.

7.3.1. Determination of the possible cases. We shall consider a differ-
ential equation

(7.14) Y" =rY, where r € C(z).

We take r ¢ C to avoid triviality. Regarding the existence of a (nonzero)
Liouvillian solution of (7.14), the possible cases are given by the next theo-
rem.

Theorem 7.3.1. There are precisely four cases that can occur.

1. The differential equation (7.14) has a solution of the form e/ “, where
w € C(z).

2. The differential equation (7.14) has a solution of the form e/“, where w
is algebraic of degree 2 over C(z) and case 1 does not hold.
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3. All solutions of the differential equation (7.14) are algebraic over C(z)
and cases 1 and 2 do not hold.

4. The differential equation (7.14) has no Liowvillian solution.

Proof. Let (y1,y2) be a fundamental set of solutions of (7.14) and L =
C(2)(y1,y2). Let G C SL(2,C) be the differential Galois group of (7.14)
relative to the basis (y1,y2). We shall consider the four cases in Theorem
4.6.1.

1. If G is triangularizable, we may assume that G is triangular. Hence for
each 0 € G, we have o(y1) = c,y1 which implies o(y}) = coy; and so
w =i/ € L = C(2).

2. If G is conjugate to a subgroup of DT, we may assume that G is a
subgroup of Dt. Then, for o € G, we have either o(y;) = coy1, 0(y2) =
cgly2 or o(y1) = —c;'ya, 0(y2) = coy1. Hence for w =y} /y1, w2 = y3/y,
we have either ow = w, owy = wa or ow = wy, owy = w, So w is quadratic
over C(z).

3. If G is finite, L has only a finite number of C(z)-differential automor-
phisms, o1,...,0,. The elementary symmetric functions of o1(y1),. ..,
on(y1) are then invariant by G, hence belong to C(z) and y; is algebraic
over C(z). Similarly, ys is algebraic over C(z); then L is a finite extension
of C(z) and all solutions of (7.14) are algebraic over C(z).

4. Assume G = SL(2,C). If (7.14) had a Liouvillian solution, then all its
solutions would be Liouvillian; hence C(z) C L would be a generalized
Liouvillian extension. But G® = SL(2,C) is not solvable. (See Exercise
12 in chapter 4.) Hence C(z) C L is not Liouvillian (cf. Proposition
6.5.4).

a

Next Kovacic establishes necessary conditions for each of the three first
cases in Theorem 7.3.1 to hold. These conditions give a sufficient condition
for case 4 to hold, namely that all necessary conditions for cases 1, 2, and 3
fail.

Since r is a rational function, we may speak of the poles of r, by which
we shall always mean the poles in the finite complex plane C. If r = s/t,
with s,t € C[z] relatively prime, then the poles of r are the zeros of ¢ and
the order of the pole is the multiplicity of the zero of ¢. By the order of r
at 0o, we shall mean the order of co as a zero of r; thus the order of r at 0o
is degt — degs.

Theorem 7.3.2. The following conditions are necessary for each of the
respective cases in Theorem 7.3.1 to hold.
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Case 1. Every pole of r must have even order or else have order 1; the order
of r at co must be even or else be greater than 2.

Case 2. v must have at least one pole that either has odd order greater than
2 or else has order 2.

Case 3. The order of a pole of r cannot exceed 2 and the order of r at co
must be at least 2. If the partial fraction expansion of r is

a; B;
T:Z——(Z—ci)2 —}—Zj:z—]dja

2

then \/1+4a; € Q for each 1, Zj:@j =0, and ify = Y, 05 +
Zj Bjd;, then \/1+ 4y € Q.

Proof. We examine the different cases.

Case 1. In this case, (7.14) has a solution of the form y = e/“, where
w € C(z). Since 3" = ry, w satisfies the Riccati equation w’ + w? = r. Both
w and r have Laurent series expansions around any point of the complex
plane. To simplify notation, we consider the Laurent series expansion of w
and r at z = 0.

w= Zmzuamzm,m € Z,am € C,a, #0,

r = any bnz™,m € Z,b, € C,b, # 0.

By substitution in the Riccati equation, we obtain

(7.15) papz* 4 a2 e = b2+

As we need to show that every pole of r either has order 1 or else has even
order, we may assume that v < —3. Since b, # 0, —3 > v > min(u — 1, 2u).
It follows that u < —1 and 2 < p— 1. Since ai # 0, we have 21 = v which
implies that v is even.

Now consider the Laurent series expansion of w and r at co.

w = ZmSuamzm,m € Zyam € C,a, #0,

r= Znsybnz",n € Z,b, € C,b, #0.

As we must show that either the order of r at co is > 3 or else is even,
we may assume that v > —1. By substitution in the Riccati equation, we
obtain
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(7.16) pa 2t 4 @k = b2

Just as above, —1 < v < max(u —1,2u), u > —1,2u > p — 1. Since a2 # 0,
2u = v, so v is even. We have then obtained the necessary conditions for
Case 1.

Case 2. In this case, by Theorem 7.3.1, the differential Galois group of
(7.14) must be conjugate to a subgroup G of D*, which is not triangular-
izable. (Otherwise case 1 would hold.) Let y;,y2 be a fundamental system
of solutions of (7.14) relative to the group G. For every o € G, either
oY1 = Coy1,0Y2 = C; Yz Or oY1 = —C;'yz,092 = Coy1. Clearly y7y3 is in-
variant by G, hence belongs to C(z). Moreover y1y2 & C(z), for otherwise
G would be a subgroup of the diagonal group, which is included in case 1.

Writing

viv3 = [[(z — «)% (ei € Z),

we have that at least one exponent e; is odd. Without loss of generality, we
may assume that

| (Y
and that e is odd. Let

1 1
0 = (n192)'/ (v192) = 5(1/%1/%)'/(1/%31%) = 5e? 1y

where the dots represent terms of nonnegative order in z. Since yf = ry;
and y5 = ryz, we have

0" + 306" + 6% = 4r6 + 2r'.

Let r = any b, 2", where n € Z,b, # 0, be the Laurent series expansion of
r at 0. From the equation above, we obtain

1
(e — %ez + §e3)z_3 +-o=2b(e+ )2 4L

If v > —2, then 0 = 8¢ — 6e? + €% = e(e — 2)(e — 4). This contradicts the
fact that e is odd. Therefore v < —2. If v < —2, then e+ v = 0, so v is odd.
We have then obtained the necessary conditions for case 2.

Case 3. In this case, (7.14) has a solution y which is algebraic over C(z),

hence has a Puiseux series expansion around any point in the complex plane.
We consider it at z = 0. Then y = au2* + ..., where p € Q, ay, # 0
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and the dots represent terms of order > p in z. Let r = }_ 5, bn2™,n €
Z,by, € C,b, # 0, be the Laurent series expansion of r at 0. By substitution
in (7.14), we obtain

p(p— a2t 2+ = auby 2"t + ...
It follows that v > —2, i.e. 7 has no pole of order greater than 2. If v = -2,
then p(pu — 1) =b,. As p € Q, we must have /1 + 4b, € Q.

So far we have shown that the partial fraction expansion of r has the
form

where P € C[z] and /1 + 4a; € Q for each 3.
Next we consider the series expansions around oo,

y = stuamzm)m E Q,am E (C,ap, ;é 0,

7= <, bnz" n € Z,by € C b, #0.

By substituting in (7.14), we obtain

p(p—1auz* "2+ = vbyau 2" ™ ...

Just as above, we obtain v < —2 and therefore P = 0. But

r:Z o) Z : Zﬂ] Vpyz2 4.,

where v =) . a; + Zj Bjd;. Therefore } . 3; = 0 and pu(u — 1) = 7. Since
reQ Vvi+dyeQ u

Example 7.3.3. 1. Consider the Airy equation

Y" = 2Y.

As r = z has order —1 at oo and no poles in the finite complex plane,
we have that none of the cases 1, 2, 3 can hold. Hence the Airy equation
has no Liouvillian solution.
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2. Consider the Chebyshev differential equation
Z oy a?
22 -1 22 -1
We can make a change of variable eliminating the first order term (see

Exercise 1 in chapter 6) and obtain the equation

Y/l +

Y =0,a €R.

a?—1/4)22 —a? -1/2
(=17
The coefficient r of Y in this equation is a function which has poles 1, —1

of order 2 and its order at oo is 2, for a # +1/2. Hence cases 1, 2, and
4 can occur for any a # +1/2. The partial fraction expansion of r is

Y//:( Y

8’ +1  8*+1 3 3
16(z—1) 16(z+1) 16(z—1)2 16(z+1)?
Hence case 3 can occur if @ € Q\ {£+1/2}.
If o = +1/2, the order at oo is 4, and all four cases are possible.

3. Consider the differential equation Y” = rY, where

__ 101813
 48(1+ 322)%°

The poles of r are +i/ v/3 of order 2 and the order of r at oo is 2; hence
the necessary conditions for cases 1 and 2 are fulfilled.
The partial fraction expansion of r is

—37+/3i N 3TV3i 2 B 2
288(z —i/v/3)  288(z+i/V3) 9(z—i/V3)2 9(z+i/V3)?

Hence the necessary conditions for case 3 are also fulfilled.

4. Consider the differential equation Y” = rY’, where

_ —1282% + 155z — 135
T B7622(z —1)2
The poles of r are 0, 1 of order 2 and the order of 7 at infinity is 2, so the

necessary conditions for cases 1 and 2 are fulfilled. The partial fraction
expansion of r is

_us 15 153
576z ' 576(z —1) 6422  16(z— 1)%°

Hence the necessary conditions for case 3 are also fulfilled.
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5. Consider the differential equation Y” = rY, where

3(252% — (8/v/5)z + 19)
16(522 — 1)2 '
The poles of r are 1/ \/5 of order 2 and the order of r are oo is 2, so the

necessary conditions for cases 1 and 2 are fulfilled. The partial fraction
expansion of 7 is

21v5 25 21 B 6
160(z —1/4/5)  160(z+1/v/5) 100(z —1/v/5)2  25(z +1/v/5)?

Hence the necessary conditions for case 3 are also fulfilled.

Once we have determined which of the cases given in Theorem 7.3.2
may occur for (7.14), we try to find a solution of the form given by Theorem
7.3.1. We now describe the algorithm for each of the cases.

7.3.2. The algorithm for case 1. The goal is to find a solution of (7.14) of
the form y = Pe/?, where P € C[2] and 9 € C(z). Since Pe/? = ef(%“’),
this is of the form given in Theorem 7.3.1 for case 1, with w = %’ +9. If
the partial fraction expansion of a rational function g is

(7.17) g:Q+ZZCﬁ,

c j=1
with @ € Cl[z], then

Ve

Z (z—1c)

Jj=1

is the sum of the negative degree terms of the Laurent series expansion of g
at the pole c. We shall refer to it as the partial fraction expansion of g at c.
The sum of the nonnegative degree terms of the Laurent series expansion of
g at oo is equal to the polynomial @ in (7.17). The local conditions given
by Theorem 7.3.2 allow us to determine the partial fraction expansion of w
at each of the poles of r and at infinity. Then these expansions are “glued”
together to form a candidate for ©¥. The polynomial P will take account of
the poles of w which are not poles of .

If g = Zm>u am(z — ¢)™,m € Z, is the Laurent series expansion of a
meromorphic function g at a pole ¢, we shall use, following Kovacic, the
notation
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[g]c = ZMSmS—Z am(z - C)m’
(7.18) ac = a—_; (the residue of g at ¢),
e = 2Zm>0am(z—c)™.

Ifg=>%,.< i am 2™, m € Z,is the Laurent series expansion of a meromorphic
function g at oo, we set

[g]oo = ZOSmS# am2z™,
(719) Qoo = G-1,
9o = Zm§—2 amz™.

Let us observe that —a_; is the residue at oo of the differential form gdz.

Let I denote the set of poles of r in the complex plane. The first step of
the algorithm will be determining the possible values for [w]. and Res(w, c)
for each ¢ € I'U {oo}. The second step discards some of the combinations
of local data by using the relation between the residues of a meromorphic
function at its different poles. For the remaining possibilities, the third step
is trying to find a suitable polynomial P.

Proposition 7.3.4. Let r € C(z) satisfy the necessary conditions for case
1 given in Theorem 7.3.2. Let I' denote the set of poles of r in the complex
plane.

Step 1. For each ¢ € T'U {oo}, we define a rational function [w]. and two

complex numbers af , o as described below.

(c1) If ce T and c is a pole of order 1, then

Wle=0, of=a; =1

(c2) If ce T and c is a pole of order 2, then

1
We=0, of= o %\/1 + 4b,

for b the coefficient of (z—c) ™2 in the partial fraction expansion

forr.
(c3) If c€ T and c is a pole of order 2v > 4, then

wle = £l o =3 (ié ; ) ,

where a is the coefficient of (z — ¢)™¥ in [\/r]c and b is the
coefficient of (z — c)™V"1 in r — [\/7)2.
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(001) If the order of r at co is > 2, then

Woo =0, af =0, ay =1
(002) If the order of r at oo is 2, then

1,1
W =0, of = 5 E 5\/1 + 4b,

where b is the coefficient of 1/2? in the Laurent series expan-

sion of r at 0o.
(003) If the order of T at 0o is —2v < 0, then

oo = 27l @ =3 (£2-7),

where a is the coefficient of z¥ in the Laurent series expansion
of \/T at co and b is the coefficient of 2! in r — [\/7]%.
Step 2. For each family s = (s(c))ceru{oo}, where s(c) = + or —, let

dy = a3 — Z o),
cel

If ds is a nonnegative integer, let

cys(c)
bs = XE; (s(c)[w]c +— | + ().
C!
Step 3. For each of the 9 considered in step 2, search for a polynomial P,
of degree ds satisfying the differential equation

(7.20) P! 4+ 29,P. + (9, + 9% — )P, = 0.

If such a polynomial exists for some s, then y = Pel? is a solution
of (7.14) with P = Ps,9 = ¥s.

If ds is not a nonnegative integer for any of the families s considered in
step 2 or there is no polynomial solution to (7.20) for any of the families s
retained for step 3, then (7.14) has no solution of the form y = eJ ¥, with
w € C(2).

Proof. We shall first prove that, if y = e/“ is a solution to (7.14), then the
partial fraction expansion y;_; a;/(z —c)* of w at ¢ for ¢ € T (resp. ¢ = o),
has the form described in step 1 of the statement for each case. If (7.14) has
a solution of the form y = e/, then w satisfies the Riccati equation, i.e.

o Fw=r
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Let c € I'. By a change of variable, we may assume that ¢ = 0 and drop the
subscript.

(c1)

(c3)

(7.21) 2

(c4)

Suppose that 0 is a pole of  of order 1 , then » = b/z + ..., where
b # 0. The Riccati equation becomes

va, a2 b
_zy+1+...+ﬁ+..._;+..._

Since a, # 0, ¥ < 1 and |[w] = 0. Substituting w = a/z + @ into the
Riccati equation, we have

a? 2a b

o — =2
—gtWt 5+ WHW =

z z z z
Therefore —a +a® =0, s0 & = 0 or a = 1. But, for a = 0, the point
0 would be an ordinary point for the left-hand side of this equation, so
a=1.
If 0 is a pole of r of order 2, then 7 = b/2% + ..., where b # 0. As in
(c1), [w] = 0 and —a + a? = b. Thus the partial fraction expansion of
w at 0 is

a:t + 1 1
—, where « =§:I:§\/1+4b.
z

If 0 is a pole of r of order 2v > 4, then 0 is a pole of w of order v, as we
saw in the proof of Theorem 7.3.2 from (7.15). We put 7 = /7 — [/T].
We then have r = [/7]? + 27[\/r] + 72. This equality, together with

w = [w] + — + @ and the Riccati equation, gives
z

a? 2
(1) + VA - (o] = W) = =Ll + 55 ~ & = 22
~2f] - %5 - %%-w? + 2 + 2.

We may observe that the right-hand side of this equation does not
have terms in 27¢, for i > v+ 2 as v > 1. Now ([w] + [v/7) + ([w] —
[v/r) = 2[w]. Hence at least one of the factors in the left-hand side of
the equation has a term in z7%. If the other factor were not zero, it
would have some term in 2%, for 4 > 2, which would contradict the
observation above. We then obtain [w] = %[/7].

The coefficient of 277! in the right-hand side of (7.21) is tva F
2aa + b, where a is the coefficient of 27" in [\/r] and b is the coefficient

1
of 2771 in 27[/r] + 72 = r — [\/7]. Therefore a* = g(j:b/a +v).

Finally we consider what happens when 0 is an ordinary point of r. As
in (c1), [w] = 0 and —a + a? = 0. Contrary to the situation in (cl1),
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we cannot conclude that o # 0. Hence the component of the partial
fraction expansion of w at 0 is either 0 or 1/z.

We collect together what we have proved so far. Let I' be the set of
poles of r. Then

s(c) n
w=Z<s(c)[w]c ) +Zz_

cel

where R € C[z],s(c) = + or — and [w]e, 02 are as in the statement of the

proposition. We now consider the Laurent series expansion of w at co. Then
R will be determined by [w]eo

by,
(0ol) If r has order v > 2 at oo, then r = 7., — ot The Riccati equation

implies that [w]e = 0 and —aeo + a2, = 0, 50 aee = 0 or 1.

by,
(002) If r has order 2 at oo, then r = sz . The Rlccatl equation implies

that [w]eo = 0 and —aeo + ago = by, S0 Qoo = 5 + 5\/1 + 4bo.

(003) In the other cases, the order of r at oo must be even, by the necessary

conditions in Theorem 7.3.2. Reasoning as we did in (c3), we find
1/,b
that [w]eo = £[v/T]oo) o0 = 2 <:|:E - V), where a is the coefficient

of 2” in [/2]e and b is the coefficient of 27! in r — [{/7]2,.

We now know that the partial fraction expansion of w has the form

s(c) n
w=2 ( (Ao + ) 00) <)oo

cel

Now we apply the residue theorem (see e.g. [F], 10.21) to the 1-form
wdz. Its residue at a point ¢ of the complex plane is a. and its residue at oo
I8 —0i0o. We then obtain ) . oc +n — 00 = 0; hence ago — ) cp e € N.

Let

as(c)
9= <s(c)[w]c + - < c) + 5(00)[w]oo

cel

and
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Then w = ¥ + P'/P. Again, using the Riccati equation, we obtain

P" 4+ 20P' 4 (¢ +92 —r)P = 0.

Conversely, if P satisfies this equation, then w = 9 + P’/P satisfies the
Riccati equation. Hence y = Pel? is a solution of the differential equation
(7.14). 0

Example 7.3.5. 1. Let us again consider the Chebyshev differential equa-
tion

2 _ 2 _ 2
(7.22) v — (a* —1/4)2° —a* —1/2 v
(7 -1
We shall now determine if it admits a solution of the form y = e/ ¥, with
w € C(z).
We have
3 _ _ 1
Wwh =]l-1=0,0f =af, = M Tea=gy

For a # +1/2,

1 1

+

W|oo = =—-+ —.
[ ]oo 0,05, 2 2\/5

For a = +1/2,

[W]eo = 0,0k = 0,0, = 1.

Hence d = o™ — ai(l) - oz‘i(l_ Yis a nonnegative integer only when
a = *+1/2 for s(—1) = —s(1),s(c0) = — and in this case d is 0. So
the differential equation (7.22) has no solution of the form e/*, with
w € C(2) for o # +£1/2. The candidates for ¥ in the case @ = +1/2 are

_ 34 14, 14 34

z—1 z+1 2 2-1 " z+1
As d = 0, we just need to check if ¥ satisfies the Riccati equation

9

-3/4
@17
We obtain that both candidates for ¥ do, so the differential equation

+ 9 =

-3
" __
Yh= 4(22 - 1)2 Y

admits the independent Liouvillian solutions
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y1=(z— D4+ D)4, o= (2 - )Yz + 1)

We observe that both are algebraic over C(z) and satisfy y1y2 € C(z).
The differential Galois group of the differential equation is the cyclic
group Cy.

2. Let us again consider the equation in Example 7.3.3.3. The poles of r are
c1 =1/V3,c0 = —i/ v/3 of order 2. We then have, following the notations
in Proposition 7.3.4, [w]e; = [w]e, = 0,0f = of =2/3,0; = a;, =1/3;
[Weo = 0,0k = 5/8,as, = 3/8. Then ds = 03(*) —af;ﬁcl) —a2§°2) is never
an integer. Hence case 1 is not possible.

3. Let us again consider the equation in Example 7.3.3.4. The poles of r are
0,1 of order 2. We then have [w]o = [w]; = 0,af =5/8,05 = 3/8,a; =
1,07 =0; [w]eo =0,ak =2/3,a5, =1/3. Thend; = aggw)—ag(o)—ai(l)
is never an integer. Hence case 1 is not possible.

4. Let us again consider the equation in Example 7.3.3.5. The poles of r are
c1=1/v5,c2 = —1//5 of order 2. We then have [w]¢, = [W]e, = 0,a} =
7/10,0,, = 3/10,0f, = 3/5,0;, = 2/5; (W] = 0,0, = 3/4,a, = 1/4.
Then d; = a&(;oo) - ai?” - aiz(,cz) is never an integer. Hence case 1 is not
possible.

7.3.3. The algorithm for case 2. The goal is to find a solution of (7.14)
of the form y = efw , where w is quadratic over C(z). As in case 1, we will
collect local data at the poles of r and at co. From these, some will be
retained and used to form candidates for a rational function 9. For each
of these candidates, we shall search for a polynomial P € C[z] of a certain
degree satisfying a differential equation. If no such polynomial exists for any
family, then case 2 cannot hold. If such a polynomial does exist, then w will
be obtained as a root of a quadratic equation whose coefficients are given in
terms of the rational function ¢ =9 + %’.

Proposition 7.3.6. Let r € C(z) satisfy the necessary conditions for case
2 giwven i Theorem 7.8.2. Let I' denote the set of poles of r in the complex
plane.

Step 1. For each c € T'U {oo}, we define a set E; as described below.
(c1) If c €T and c is a pole of order 1, then

E. = {4}.
(c2) If ceT and c is a pole of order 2, then

E.={2+4+kv1+4b: k=0,£2}NZ,
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Step 2.

Step 3.

(7.23)

(7.24)

for b the coefficient of (z—c)~2 in the partial fraction expansion

forr.
(c8) If c € T and c is a pole of order v > 2, then

E.={v}.
(001) If the order of r at oo is > 2, then

Eoo = {0,2,4}.
(002) If the order of r at oo is 2, then

Eow={2+kVvV1+4b: k=0,£2} NZ,

where b is the coefficient of 1/2% in the Laurent series expan-

sion of  at oo.
(008) If the order of r at oo is v < 2, then

Ey = {v}.
We consider the families (ec)ceruco With ec € E.. Those families, all
of whose coordinates are even, may be discarded. For each remaining
family, let

1
d= 5(600 - ZCC).

cel
If d is a nonnegative integer, let

1 éc
19_§Zz—c'
cel

For each of the ¥ considered in step 2, search for a polynomial P of
degree d satisfying the differential equation

P" +9P" + (39% + 3¢ — 4r) P’
+(9" + 399 + 9% — 4r9 — 2r')P = 0.

If such a polynomial exists for some (ec), then set ¢ = 9 + P'/P
and let w be a solution of the quadratic equation

w2+¢w+(%¢'+%¢2—r):0.

Then y = e/ ¥ is a solution to (7.14).
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If d is not a nonnegative integer for any of the families (e;) considered
in step 2 or there is no polynomial solution to (7.23) for any of the families
(ec) retained for step 8, then (7.14) has no solution of the form y = el v,
with w quadratic over C(z).

Proof. In case 2, the differential Galois group G of the differential equation
(7.14) is conjugate to a subgroup of

D+:{<(c) cgl)wec,c;éo}u{(_g_l 8):c€C,c;éO}

which is not triangularizable as case 1 does not hold. Let y1,y2 be a
fundamental set of solutions of (7.14) corresponding to the subgroup of
D*. For any differential automorphism o of C(z)(y1,y2) over C(2), either
oY1 = cy1,0y2 = ¢ Ly or oy = —c lya, 0y2 = cy1, for some ¢ € C,c # 0.
We then have o(y?y2) = y?yZ, for all o; hence y?y2 € C(z). Moreover,
y1y2 € C(2), as G is not triangularizable and so o(y1y2) = —y1y2, for some
o € G. We write

(wiv)? = [J(z - o= [ (= - )",
cel i=1

where I' is the set of poles of r and the exponents e, f; are integers. Our
goal is to determine these exponents. Let

p= ) WIAY L~ e INN i
Y1Y2 2yty; 2 wriTc 2iga—di

As ¢ =y /y1 + y5/y2, it follows that

(7.25) "+ 3p¢ + ¢% = drp+ 2r'.
We first determine e, for ¢ € I'. In order to simplify the notation, we assume
that ¢ = 0.
(c1) Let us assume that O is a pole of r of order 1. The Laurent series
expansions of r and ¢ are of the form
r=b_1z71+...(b_1 #0)
1
¢=§ez'1+f+...(e€Z,f€(C).

Substituting these series in (7.25) and retaining all those terms that
involve 272 and 272, we obtain the following



7.3. Kovacic’s algorithm 191

3 1
ez 3 40— §ezz"?‘—§efz_2+-'-—l-gez3,z‘3+%fz_2+...

4
= b_1€Z—2+ e — 2b_1z—2 + ...
3

1
Therefore e — 262 + §63 =0,s0e =0,2,4. Also —;ef + 462f =
2b_1e —2b_1. As b_; # 0, e # 0,2. Hence e must be 4.

(c2) Assume that 0 is a pole of 7 of order 2 and let

r=b_gz7%2+...(b_g #0)

1
¢: 562_14-....

Equating the coefficients of z=3 on the two sides of (7.25), we obtain

32,13
—_— —_— :2_—— —_9.
e 4e+8e eb_g — 4b_o

The roots of this equation are e = 2,e = 2+2+/1 + 4b_5. Of course, the
latter two roots may be discarded in the case that they are nonintegral.

(c3) Assume that 0 is a pole of r of order v > 2. Then

r=b_y,z7V+...(b—, #0)

1
¢=§ez_1+....

Equating the coefficients of z=¥~! on the two sides of (7.25), we obtain

0=2eb_, —2vb_,.
Hence e = v.
(c4) Finally, if 0 is an ordinary point of r, as in (c1), we obtain f; = 0,2,4.
We can of course exclude the possibility f; = 0.

We have shown so far that

vivs = [[(z — o) P?,
cel’

where e, € E; and P € C[z]. Set

SO
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The next step of the proof is to determine the degree d of P. By the
residue theorem (applied to the differential 1-form ¢dz), we obtain e, =
Y cer €c + 2d, for e, the coefficient of z in the Laurent series expansion of
¢ at 0o. We discuss the different cases according to the order of r at oco.

(0col) Assume that the order of 7 at 0o is 1. Asin (c1) we find that e = 0,2
or 4.

(002) Assume that the order of 7 at co is 2. As in (c2) we find that e, =
2,2+ 2,/1 + 4b_y, where b_5 is the coefficient of z~2 in the Laurent
series expansion of ¢ at co and e, must be integral.

(003) Assume that the order of r at 0o is . As in (c3) we find that eqo = v.

Note that at least one of the e;(c € I') is odd since y;y; & C(2).
Using (7.25) and the equation ¢ =¥ + P’/P, we obtain

(7.26) P" +39P" +(30% +30' — 4r)P' + (9" + 399 +93 —4r0 — 2r')P = 0.

/ / /2 /2 / /
Now we have ¢ = &-l—& and ¢' = 2r—y—12—y27 :2r—¢2+2ﬂ.&.
n Y2 Y1 Y Y1 Y2
vy _ 1, 1 : :
Hence y_y_ ==¢' + §¢2 —r. Let w be a root of the quadratic equation
1 Y2
2 1L, 1,
(7.27) w —¢w+§¢ +§¢ —r=20.

To complete the proof we need to show that y = el is a solution of the
differential equation (7.14). From (7.27), we obtain by differentiation

(30— P! = oo — 54 — 64 + 1.

The factor (2w — ¢) cannot be zero. Indeed, if ¢ = 2w, then (7.27) would
givew +w? —r =050y = e/ would be a solution of (7.14). But then

w= §¢ € C(z), which is excluded, as we are assuming case 1 fails. Using
(7.27) and (7.25), we have

2(2w — ¢)(W +w? — 1) = —¢" — 3¢’ — % +4rp +2r' = 0.

Thus o' +w? = r so y = e/ is a solution of the differential equation (7.14).
a

Example 7.3.7. 1. Let us again consider the Chebyshev differential equa-
tion
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a?—1/4)22 —a? —-1/2
-1y

(7.28) yr = Y,

with o # £1/2. We shall now determine if it admits a solution of the
form y = e/, with w quadratic over C(z). We have
E1=E_1={1,2,3}, Ey,=2.

The unique triple (e1,e—_1, €x), not having all components even, satisfy-
ing that d = (e — €1 — e—1)/2 is a nonnegative integer is (1,1,2) and
gives d = 0. We then have

1/ 1 1
ﬂ_§<z—1+z+1)'

As d=0, we look for w satisfying the quadratic equation

1

w2+19w+(2

1
’l9l+'2-’l92—7‘)=0.

The root

z+2avz22 -1
2(22 - 1)

satisfies the Riccati equation. Hence

y=elv= (2 - 1)z + V22 - 1)

is a solution to the Chebyshev differential equation.

2. Let us again consider the equation in Example 7.3.3.3. The poles of r are
=i/ V3,co=—i /v/3 of order 2. Following the notations in Proposition
7.3.6, we obtain F., = E., = FE,, = {2}, so the only possible value of
d = (eco — €c; — €c,)/2 is negative and case 2 is not possible.

3. Let us again consider the equation in Example 7.3.3.4. The poles of r
are 0,1 of order 2. We obtain Ey = {2}, F1 = {1,2,3}, Ex = {2}, so
d = (eco — €¢; — €c,)/2 is always negative and case 2 is not possible.

4. Let us again consider the equation in Example 7.3.3.5. The poles of r
are ¢; = 1/v/5,c; = —1/+/5 of order 2. We have E. =FE;, ={2},Ee =
{1,2,3}, 50 d = (€00 — €¢; — €c,)/2 is always negative and case 2 is not
possible.
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7.3.4. The algorithm for case 3. In this section, we describe the algo-
rithm for case 3. Taking into account Theorem 4.6.1 and Proposition 4.6.10,
in this case the differential Galois group of the differential equation is either
the tetrahedral group, the octahedral group, or the icosahedral group. The
aim of the algorithm is to find an irreducible polynomial A € C(2)[T] such
that if w is a root of A, then y = el @ is a solution to (7.14).

The next proposition indicates how we can find the coefficients of the
polynomial A. We recall that y = e/“ being a solution to Y” = rY is
equivalent to w being a solution to the Riccati equation w’ + w? = r.

Proposition 7.3.8. Let w satisfy w’' + w? = r and let

n—1

D DY I

1=0

be the minimal polynomial of w over C(z). Then the coefficients a; satisfy

(n—14)(i + 1)rai+1 + ai—1 + a; + sa; =0,

where s = a,—1 and we put a, = —1,a_7 = 0.
Proof. Put A=3"" ( ) ——T*, with a, = —1. Consider the polynomial
A A
B = %(T—T2)+a—+(nT+s)A

where s = a,_j. The coefficient of 7"t in B is —na,, + na, = 0 and the
coefficient of T" in B is

—(n—1)ap—1+a, +na,—1 + sap = ap_1 — s =0,

since a, = —1 and s = a,—1. Therefore B has degree < n in T. But
__0A 9 OA _d B
B(w) = o5 @)(r—w)+5-(w)+H(nw+s)A(w) = —(Aw))+(w+s) Aw) = 0.

Hence B = 0. The coefficient of 7% in B is

/
A;—1 a;

n—1—9)  (n=2)!

0 = (z+1)ﬁr—(i—1)(

Szz—l !

+ngn—1—z) +e (n —z)'

= ——[(n—19)@E+ 1)rai41 + ai—1 + a} + sag,

(n—1)!
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where a_; = 0, which gives the relations in the statement. O

Our aim is now to establish a converse of the preceding proposition. To
this end, we consider the following recursive differential equation

ap, = -1

(729) a1 = _a;_sai_(n_i)(i+1)rai+l,izn,...,o

and define a solution of (7.29) as an element s in C(z) such that when
Gn, . ..,a—1 are defined as above, then a_; is identically 0.

Proposition 7.3.9. Let s be a solution of (7.29) for some n and let w be
any root of the polynomial

A= Z(n—z

Then y = el ¥ is a solution of the differential equation Y =rY .

Proof. We claim that

ak:+1A 9 6k+1A 8kA 8k—1A

TR+ (T°- = 57", ((n—2k)T+s)(9 =+k(n— k+1)aTk_1, k=0,1,....
For k = 0, we have
0A '_
(T - =k - )'T’ (T2 - 1)
= na, T 4 Yt -t w1 (4 Drass gy
=nTA-Y" 01 (—%Tz+1 _ 7_1-_—01 ( —1)(1 +‘ Yrai+1 i
(n —1)! = (n=9)
=nTA->7, (:i__li)lTl _ Z?:_ol (n— Z()él;i—i;')T’ai+1 Ti
- ! |
= ('nT + S)A - Z?:O m(sai —+ a;—1 + (n — 7,) ('L + 1),rai+1)Tz
= (nT+s)A+Zi:0 (n—i)!T = (nT+3)A+ 5

If we now assume that the equality holds for k, i.e. that we have

kA kA ak*lA 9%—24
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taking in both sides the derivative with respect to 7', we obtain

oA, ok A o+ 4 514
el — )+ W@T) = 57#g, T (M —2k+ 2) st
8’°A ak——lA

+((n — 2k +2)T +s) (k—1)(n—-k+2)

aT* + oT* 1’
which gives the equality for k + 1.

To show that y = e/ ¢ is a solution of (7.14) is equivalent to show that
w' + w? = r. We assume that w’ +w? — r # 0 and force a contradiction.

Since A(w) = 0, we have

0A , O0A B
8—T(w)w + 5;(0.)) = 0.
Therefore
04 Vo +w?—r) =24 94 =
ﬁ(w)(w tw—r)=— P (w) + (nw + s)A(w) + P (w)=0.

Hence (0A/0T)(w) = 0. We want to prove (0¥A/0T*)(w) = 0 for all k. We
have A(w) = (0A/9T)(w) = 0. Let us assume that

914 kA
a1 @) = gpe @) = 0.
We then have
okt A , HAk+1
TR W+ grig, (@) =
Thus
8k+1A . ) 6k+1A 8k+1A
o W T =) = =, () F g (<)

o*A o514
+((n — 2k)w + S)W(w) +k(n—k+ I)W(w) =0,

so (0¥t A/0T**+1)(w) = 0. But

oA
= —nl
aTn ((IJ) n: # 07

so we have reached a contradiction which proves the proposition. O
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The next two propositions give information on the degree n of the min-
imal polynomial over C(z) of an element w = y/y for y a solution of the
differential equation.

Proposition 7.3.10. Let y be a solution of (7.14) and w = y'/y. Let G
denote the differential Galois group of the equation.

a) If G is the tetrahedral group, then degc(,)w = 4 and we have equality for
some solution y.

b) If G is the octahedral group, then degc(,)w > 6 and we have equality for
some solution y.

¢) If G is the icosahedral group, then degg(,w = 12 and we have equality
for some solution y.

Proof. With the notations in Proposition 4.6.10, we observe that the matrix
—D is an element of order 6 in 244, F is an element of order 8 in 254, and
DBF is an element of order 10 in 2A45. Let y be an eigenvector of each of
these matrices. Then w is fixed by a cyclic subgroup G; of G of order 6, 8,
or 10 respectively, hence has degree < 4,6, or 12 over C(=z).

Now, for any solution y of the differential equation, let G be the sub-
group of G fixing w. Completing y to a basis y, y2 of the space of solutions
and substituting G by a conjugate so that G is the Galois group of the
differential equation relative to the basis y, y2, we have that all matrices in

d

G1 have the form 1) If G; has order m, then c is an mth root

c
0
of unity. We want to see that G is cyclic. If not, take A a matrix in G
of maximal order n and conjugate G to make A diagonal. If B is another

element in G, its order must be a divisor of n and, if B were not diagonal,

G1 would contain a matrix of the form contradicting its finiteness.

1 d
01
So G is cyclic and G /{£1} is a cyclic subgroup of A4, Sy, or As; hence its
order is < 3,4, or 5. So |G1] < 6,8,10 and degg(,yw > 4,6, 12. O

Proposition 7.3.11. a) Suppose that (7.29) has a solution s € C(z) for
n = 4. Then the polynomial

4 aq i
-5 :(4_i)!T € C(2)[T]
is irreducible over C(z).

b) Suppose that (7.29) has a solution s € C(z) for n = 6. Then the polyno-
mial
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76~ G ‘i"i)!Ti € C(2)[T]

is irreducible over C(z).

c) Suppose that (7.29) has a solution s € C(z) for n = 12 and has no
solution in C(z) for n =4 and n = 6. Then the polynomial

11

T2 %" ﬁ:r € C(2)[T]
1=0

is irreducible over C(z).

Proof. By Proposition 7.3.9, any root w of one of the three polynomials in
the statement satisfies that e/* is a solution to Y” = rY. By Proposition
7.3.10, this implies degg(,)w > 4. We then obtain the irreducibility of the
polynomial in a) and b). Now, for c), if the polynomial had some factor of
degree < 12, then, by Proposition 7.3.10 again, the differential Galois group
of the equation Y” = rY would either be the tetrahedral or the octahedral
group. But then, by Proposition 7.3.8, (7.29) would have a solution for
n=4orn=_6. O

Our aim is now to find a solution to (7.29) in an effective way.

Proposition 7.3.12. Let F' be any homogeneous polynomial of degree n in
solutions of (7.14). Then s = F'/F is a solution of (7.29) for n.

Proof. First we prove that if F1, F5 are elements in a differential extension
of C(z) such that s, := F|/F) and s3 := F;/F, are solutions of (7.29) for n,
then s3 := (c1F1 + c2F»)' /(c1 F1 + c2F2) is a solution of (7.29) for n for any
c1,c2 € C. Let al, a?, a},i=mn,n—1,... denote the sequences determined

by (7.29) for s1, s2, s3 respectively. We claim that

(aFy+ cng)ai3 = 01F1a% + c2F2a?.

This is clear for i = n, since a, = —1,j = 1,2, 3. By induction

(e F1 + caF)ad ) = (a1 Fy + coFy)[—ad + szl — (n — i) (i + 1)ra,)]
= ~[(ctF1 + caFp)ad) — (n — i) (i + Vr(c1 [y + c2F2)aly,

= —[c1F1a} + coFpa?) — (n —1)(i + )r(c1Fiaiy1l + caFaa2,,)

= 01}7'1ai1_1 + cngaiz_l.

Therefore
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(cLFy + coF2)a | = ¢y Fial | + coFpa?;.

Hence a®, = 0.

Now, to prove the proposition, we may assume that

n
F= Hyi,
i=1

where y1,¥2,...,yn are solutions of (7.14). Let w; = y;/y; and denote by
Omk the kth symmetric function of ¥, ..., yn. First we claim that

opk = (m+1—k)romk—1— Om1Omk + (k + 1)0m k+1-

For m = 1, the formula is clear since 011 = wi,0190 = 1 and w; satisfies

wj =7 — w?. Assuming it true for m — 1,

= (Um—l,k + Um—l,k—lwm)l

= (M—=k)rom_1k-1—0m-110m-1% + (k+ 1)om_1k+1
Hm+1—-k)rom—1k-2 — 0m-1,10m-1,k-1 + kOm—1k|wm
+om—1,k-1(" — w%q,)

= (m+1-k)r(om-1k-1+ Om-1k—2Wm)
—(om—-1,1 + Wm)(Om-1,k + Om—1k—1Wm)
+(k + 1)(om-1,k+1 + Om—1,kWm)

= (m +1- k)"'am,k—l — OmlOmk + (k + 1)0'm,k+1:

which completes the induction.
Next we use induction on ¢ to prove that

a; = (=1)" " (n — )lopni.

For i =n—1, we have ap_1 = s = F'/F =)' | w; = 0n1. Using (7.29), we
have

ai—1 —a; —sa; — (n—1)(i + L)raiy1

= (-)"*(n—1)lop g +.on1(—1)”_i(n —i)lonn—i
—(n - Z)(Z +1 T(—l)”_z(n —-1- i)!o'n,n—l—i

( /
(
(

—l)n_z:(n — )M [onn_i + onionn-i — (i + 1)ronn-1-i]
—1)" " (n—i){(n — i+ 1)onn—it1
—1)""(71, -1+ 1)!Un,n—'i+1'
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Hence

a_1 = (-1)"(n+ 1)!lopnt1 =0.
g

The next proposition gives invariants of the groups 244,254, and 24s.

Proposition 7.3.13. Let G be the Galois group of (7.14) and let y1,y2 be
a basis of the solution space relative to the group G as given in Proposition
4.6.10.

a) If G is the tetrahedral group, then (yi + 2v/—3y3y2 + y3)3 € C(2).
b) If G is the octahedral group, then (y3y2 — v193)? € C(2).
c) If G is the icosahedral group, then

a(yf +2vV=3y2y2 + v3)® + Bniye (v — v3))? € C(2),

where

o = —5(1+14) +V5(=1+1), 8 = (30V3+22v5)(1 +1) + (22 — 6V15)(1 —3).

Proof. With the notations in 4.6.10, one can check that y{ +2v/—3y?y2 +v3
is invariant by the action of the matrix B and multiplied by a cubic root of
unity by the action of the matrix D. Hence (y§+2v/—3y?y2 +y3)? is fixed by
2A4, so belongs to C(z). Analogously, ¥9y2—v1%5 is invariant by the action of
D and changes sign under the action of E, so (yfyg—ylyg )2 is fixed by 254, so
belongs to C(z). Finally y1y2 (v —v3) is invariant under the action of both B
and D, so a(yf +2v/=3y2y2 +v5)2 + B(y1y2(vi —v3))? is also for all o, B € C.
Now it can be checked that a(yf + 2v/=3y?y2 + v3)® + B(v1y2(v — v3))? is
also invariant by the action of F' for the values of @ and  in the statement,
hence fixed by 245, so belongs to C(z). U

From these invariants, we obtain in each case a particular solution of
(7.29) suitable for explicit determination.

Proposition 7.3.14. a) If G is the tetrahedral group, then (7.29) has a
solution s = u' Ju, where u® € C(z), for n = 4.

b) If G is the octahedral group, then (7.29) has a solution s = u'/u, where
u? € C(2), forn =6.

c¢) If G is either the tetrahedral group, the octahedral group or the icosahedral
group, then (7.29) has a solution s = u'/u, where u € C(z), for n = 12.
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Proof. This follows from Propositions 7.3.12 and 7.3.13. O

We now write

ut?/m = H(z —¢)% € C(2),
ceC
where n = 4,6, or 12 and e, € Z. As in the other cases, the algorithm
determines the possible values for e. using local conditions, then decides
which families give a global solution. We describe the algorithm in the
following proposition.

Proposition 7.3.15. Let r € C(z) satisfy the necessary conditions for
case 3 giwen in Theorem 7.3.2. Let I' denote the set of poles of v in the
complex plane. Let n be the degree of the polynomial equation for w we are
looking for.

Step 1. For each c € I'U {00}, we define a set E. as described below.
(c1) If c € T and c is a pole of order 1, then

= {12}.
(c2) If c € T and c is a pole of order 2, then

12k
= {6+ ——VI+4: k=0,i1,i2,...,:tg}ﬂz,

for b the coefficient of (z—c)~2 in the partial fraction ezpansion
forr.
(001) If the order of r at co is 2, then

m—{6+%\/1+4 kzO,:i:l,:l:Z,...,:tg}ﬂZ,

where b is the coefficient of 1/2% in the Laurent series expan-
ston of r at co.
(002) If the order of r at oo is > 2, then

m_{6+% k=0,il,i2,...,ig}ﬂZ.

Step 2. We consider the families (ec)ceruco with ec € E.. For each such
family, let

d= ﬁ(eoo - Zec).

cel’
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Step 8.

(7.30)

If d is a nonnegative integer, the family is retained; otherwise it
is discarded. If no families are retained, then w cannot satisfy a
polynomial equation of degree n with coefficients in C(z).

For each family retained from step 2, let

0=%Zze_cc, S=H(z—c).

cel’ cel’
Nezxt search for a polynomial P € C(2) of degree d such that when
we define polynomials Py, Pp_1, ..., P_1 recursively by the formulas
below, then P_; is identically zero.

1= —SP+ ((n—14)8 — 8)P, — (n—i)(i + 1)8%r Py,
(i:n,n—l,...,O).

If such a polynomial ezists for some (e.), let w be a Toot of the
polynomial

StP,
(n—1)!

n .
T =0.
i=0

Then y = e/ ¥ is a solution to (7.14).

If no polynomial P is found for any family retained from step 2, then
(7.14) has no solution of the form y = el @, with w algebraic of degree n
over C(z).

Proof.

We first determine the sets F. of possible values of e. in step 1. For

ease of notation we assume ¢ = 0 and write e = ¢y. We use the Laurent
expansions for

o n (u12/n)/ n

_——= — = — -1
v 12 a2 129 T

S =

and for r, namely

with b_

r= b_22_2 +b_1z7 4., ,

2,b_1 € C. Note that by the necessary conditions in Proposition

7.3.2, 7 has no pole of order > 2. The proof is more involved than in the
other cases. We split it in several lemmas.

Lemma 7.3.16. Ifb_o =0 and b_1 # 0, then e = 12.
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Proof. We write

_n_ -
§ = 1562 +f+...

and treat e and f as indeterminates. Then, using (7.29), we can write

(7.31) ai = A2+ B2V 4 Cif M L
where A;, B;, C; are polynomials in e with coefficients in C satisfying the

following recursive relations.

. n
An:—l, Ai_l—(n—z—ﬁe)A,,

BnZO, Bi—l = (n—i—l—%e)Bi—(n—i)(i—Fl)b_lAiH,

Co=0, Cii=(n—i—1——¢)C;—A;

12
for i =n,...,0. The solution to these equations is given by
n—i—1 n
4 = - 11 (- 5¢)
7=0
n—i—2 n—i—2 n
B, = b Z (G+1)(n—3J) (k_ﬁe)
7=0 k=0
k#j
n—i—2 n
C; = (n—1) ]]_1 (] —ﬁe) ,i=mn,...,0.

Since0=a_;1=A_1z7" '+ B_12"—C_1fz—™ +..., we obtain

7=0
and
0 = B1+C.if
n—1 n—1 n-l
= G+ DM - [T (k- me) + D T (k- T5e).
7=0 k=0 k=0

k#j
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The first equation implies that

e= El,
n
for some [ = 0,...,n. Suppose that [ # n. Then the second equation gives
n—1
0=b10+1)(n-0)][k-1),
=

which implies that b_; = 0. This contradiction shows that [ = n and there-
fore e = 12. g

Lemma 7.3.17. If b_y # 0, then e is an integer chosen from among
a) 6+ ky/1+4b_3, k=0,£3,26 if n=4

b) 6+ ky/1+4b_g, k =0,+2,+4,46 if n = 6,

c) 6+ky/1+4b_g, k=0,%1,...,46 ifn =12.

Proof. Writing again a; as in (7.31) and using (7.29), we obtain

A, = -1,

n Ny
A = (n —i— ﬁe) Ai—(n—1)(i+ 1)b_2A;41.

If y is a solution to (7.14), y = z#+. .. its Puiseux series expansion, we have
(e — 1) = b_y. Assuming b_o # 1/4, the differential equation has Puiseux
series solutions of the form

y1=2zM+4... where p = (1++/1+4b_2)/2,
ya =224+ ... where pp = (1—+/1+4b_3)/2.

By Proposition 7.3.12, (viy53 %)/ (viyy ") is a solution of (7.29) for n. Since

\/
(ylzyzn z) (ilj’l‘i‘(n—’i)uz)z—l—{—. p— (g _ (g —Z) \/m) z_1+.”

Y1Yo

the polynomial A_; must vanish for

n n n .
(7.32) Se=2- (5 . 1,) 1+ b,

a) For n = 4 and b_3 # 1/4, we obtain from (7.32), e = 6 + k+/1 + 4b_o,
k =0,£3,£6. If b_y = —1/4, by direct computation we obtain A_; =
(e — 6)5/243.
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b) For n = 6 and b_3 # 1/4, we obtain from (7.32), e = 6 + k+/1 +4b_o,
k = 0,£2,44,+£6. If b_y = —1/4, by direct computation we obtain
A_1 = (e - 6)7/128

c) For n = 12 and b_2 # 1/4, we obtain from (7.32), e = 6 + k+/1 + 4b_o,
k =0,%1,...,46. If b_y = —1/4, by direct computation we obtain
A_1 = (e - 6)13.

d

Lemma 7.3.18. Ifb_o =b_1 =0, i.e. at an ordinary point of r, we have
that (n/12)e is an integer.

Proof. As in the proof of Lemma 7.3.16, we obtain

12
e=—I,
n

for some | =0,...,n. O

Let I" denote the set of poles of r. For ¢ € T', let b, denote the coefficient
of (z — ¢)™2 in the partial fraction expansion for 7. Until now, we have
proved the following.

(1) In the tetrahedral case, (7.29) has a solution s = u'/u, for n = 4,
where

u® = P? H(z —c)%,

cel’
PcClz] and e, € {6+ ky/T+4b, : k = 0,43, +6} N Z.

(2) In the octahedral case, (7.29) has a solution s = u'/u, for n = 6,
where

u? = P? H(z — )%,

cel
PeClz]and ec € {6 + kv/1+4b. : k =0,£2,+4,£6} N Z.

(3) In either the tetrahedral case, the octahedral case, or the icosahe-
dral case, (7.29) has a solution s = u’/u, for n = 12, where

u= PH(z — )%,

cel
PeClz]and ec € {6 + kv/1+4b.: k =0,%1,...,£6} N Z.
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Let d be the degree of the polynomial P. Then the Laurent series for s
at oo has the form

n 12 -1
s—i—2-<;d+z:ec)z +...

cel’

and the Laurent series for r at oo has the form

r= fyz”2 +...
since by the necessary conditions in Proposition 7.3.2, the order of r at co

is at least 2.
If we let

12
o = —d+ Zec’
n cel’

then it can be proved as in Lemma 7.3.17 that e, satisfy the conditions in
the statement of Proposition 7.3.15. Also

d:% <eoo—Zec>

cel
must be a nonnegative integer. This is the justification of step 2 of the
algorithm.

We shall complete the proof of the algorithm by showing that the recur-
sive relations of step 3 are identical with (7.29). Let

sel’

= €e = _
0_12C€ZFZ_C and S H(z c).

Then s = u//u = P'/P + 0. Also set P, = S"*Pa,;. Using (7.29), we have

P, = —-P
P = Sn—H'lPai_l
= S"Hlp(—al —sa; — (n—4)(i + 1)rait1)
= —8(S"'Pa;) + (n —1)S" 'S Pa; + S"H1 Plg;
—S(P' 4+ PO)(S™%a;) — (n —14)(i + 1)S?r(S" "1 Pa;y1)
= —SP/+((n—14)— SO)P;, — (n—i)(i+ 1)S*rPiy1.

This is exactly (7.30) in step 3 of the algorithm. Finally the equation
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d

Example 7.3.19. The computations in these examples have been made
with Maple.

1. Let us again consider the equation in Example 7.3.3.3. The poles of r are
c =1t/ \/3, co = —i/ v/3 of order 2. Following the notations in Proposition
7.3.15, with n = 4, we obtain E., = E., = {4,5,6,7,8}, Exx = {3,6,9}.
The only nonnegative integer value of d = (ex — €¢; — €c;)/3 is 0, with
eco = 9,{€c;,ec,} = {4,5}. We choose e, = 5,¢e., =4 and put

92 +1i/v3
322+1
We obtain that the differential equation has a solution of the form
n= el , for w a root of the irreducible polynomial

4S¢H
2ol

6 = , S=2241/3.

=0
where
Py=-1
P3—3Z+%
I 27 4\[@ 1
2=y 9 36
P ——z3+—\/: +E \/_Z
1773 8 2167~ 216
o 2434 3\/_z _£2+13\/§iz_i
0~ 732 T4 ° T 132 972 864"

The second choice of e, e., gives the conjugate of this polynomial by
V3 = —i/3.
2. Let us again consider the equation in Example 7.3.3.4. The poles of r

are 0,1 of order 2. Following the notations in Proposition 7.3.15, with
n = 4, we obtain Ey = {6},E1 = {3,6,9} and Ex = {4,5,6,7,8},
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50 d = (eco — €c; — €c,)/3 is always negative. For n = 6, we obtain
Ey = {5,6,7},FE1 = {3,4,5,6,7,8,9} and E, = {4,6,8}, so the only
nonnegative integer value of d = (e, — €¢, — €c,)/2 is 0 which occurs for
eo = 5,e1 = 3,ex = 8. We then put

_ 82-5

C 22(2—1)’
and obtain that the differential equation has a solution of the form
n= el @ for w a root of the irreducible polynomial

S=2(z-1)

— ! ’
— (6 i)!
where
Ps=-1
5
P5 =4z — 5
Py = _4_0 9 , 1595 165

35 1Y 96 * " 32
320 , 19085 , 11815 135
=—2"— z°+

P _ ¢
3T g 288 288 ° 16
p,_ 040 , 705, 250795 , 154405 5265
27779 4 1536 2304 512
p 2560 5 5275 , 1664435 , 6136255 , 4895 8505
1= o7 18 4608 27648 72 1024
p 5120 g 18950 ; 4973285 , 300462455 , 179120705 ,
0= TT81 81 13824 1327104 1327104

539485 54675
16384 ©~ 16384°
3. Let us again consider the equation in Example 7.3.3.5. The poles of r
are ¢1 = 1/v/5,¢co = —1//5 of order 2. With n = 4, we obtain E,, =
Ee, = {6}, Foo = {83,6,9}, 50 d = (eco — €c; — €c,)/3 is always negative.
With n = 6, we obtain E; = E;, = {6},Fsx = {3,4,5,6,7,8,9}, so
again d = (e — €, — €c,)/2 is always negative. With n = 12, we
obtain E,, = {4,6,8},E,, = {5,6,7}, Ees = {3,4,5,6,7,8,9}, so the
only nonnegative value of d = ex — €;; — €c, is 0, which occurs for
€, =4,ec, =5,e00 = 9. We put
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9z—1/\/_

0="2"175

S =2%-1/5.

We obtain that the differential equation has a solution of the form
n= el @, for w a root of the irreducible polynomial

where

Py

5P11
5.102Py
5.103Py
-10%P;
-10%P;

NN

5-106P

52.107Ps

5-109P,

52.10°P;

5-1011P,

12

SP
2(12—1 ’

-1
452 — /5

11(—337522 + 1521/5z — 5)

32.11(281252% — 1925v/522 + 1352 + /5)

32 . 11(—"7593752* + 70200v/523 — 782622 — 88v/52 + 17)
32 . 11(569531252° — 6665625+/52* + 104475023
+12794+/52% — 59232 + 79+/5)

32 . 11(—59800781252° + 8505000001/525 — 1749431252*
—1917760v/52°% + 172550522 — 47200v/52 + 2113)

33 .7.11(6407226562527 — 107641406251/52°
+27788906252° + 21714375+/52% — 3968540523
+1675317v/52% — 1514852 + 1045+/5)

33 . 7. 11(—480541992187528 + 934031250000+/527
—2932453125002% — 917550000/52° + 54430887502%
—316466320v/52° + 4338798022 — 601616+/52 + 17165)
34.7.11(240270996093752° — 5317998046875+/528
+198310781250027 — 5621062500v/528 — 444737137502°
+3354864430v/52* — 6205492602° + 12975420+/522
—7428652 + 3733+/5)

34.7.11(—1081219482421875210 4 269103515625000v/52°
—11701731445312528 + 1154857500000/527
+30025105312502% — 2838003620001/525 + 664731491902*
—18636985921/52% + 16058193722

—1619672v/5z + 38415)
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5-1012P, = 3%.7.11(162182922363281252!1 — 4493067626953125+/5210
+22447718261718752° — 39972835546875v/528
—6305509546875027 + 7315325778750/52°
—208565117025025 4 73532772890+/52*
—847590969523 + 128675127v/52% — 61367772 + 29201/5)

5-1014Py = 35.7.11(—405457305908203125212
+123979833984375000v/5211 — 70303293457031250210
+1863791015625000v/529 + 208008370195312528
—292962854250000v/527 + 9899566992250025
—4215079100720/52° + 6093519704052% — 123745290961/523
1488986667022 — 8527480+/52 + 205195).
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. ]
Exercises

(1) Consider the second order differential equation

(7.33) Y"+a1(2) Y + az(2)Y = 0.

a) Compute the coefficients of the differential equation obtained from
(7.33) by making the change of variables z = 1/z.

b) Express the conditions for z = oo to be a regular point for (7.33) in
terms of a1, as.

(2) Consider the differential equation

ary drly dY
(7.34) Fr a1(2) gttt an—l(z)—d? +an(2)Y =0
and set
d"Y drly dY

the differential equation obtained from (7.34) by making the change of
variables z = 1/x. Prove that the two following conditions are equiva-
lent.

(a) lim,—002'a; exists and is finite for all i = 1...n.

(b) limg_0x'b; exists and is finite for alls = 1...n.

(3) Consider the differential equation

_1-|—z

(7.36) ¥ v+ %Y ~0.

a) Compute the local exponents and the solutions at the regular singular
point z = 0.

b) Check that the general solution of the equation at the neighborhood
of z = 0 is holomorphic at z = 0. A singular point where the gen-
eral solution of the differential equation is holomorphic is called an
apparent singularity.

(4) Prove the claim in Remark 7.1.5.

Hint: By a change of variable, one can assume that the three singular

points of the equation are 0,1, co.

(5) Consider the Chebyshev differential equation

(1-22)Y" —2Y' + %Y =0,
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where o € R. Check that its singular points are regular. Give the local
exponents at each singular point. Find the solutions as power series in
the neighborhood of z = 0.

(6) Consider the Legendre differential equation

(1-22)Y" —22Y' +n(n+1)Y =0,
where n € N. Check that its singular points are regular. Give the local
exponents at each singular point. Find the solutions as power series in
the neighborhood of z = 0.
(7) Provide the details of the transformation of a Fuchsian differential equa-
tion of order 2 with three singular points into a hypergeometric equation
outlined in Remark 7.2.4.

(8) Using Theorem 7.3.2 determine which of the cases in Theorem 7.3.1 can
occur for Bessel’s equation
4(n? —2%) -1
n __
Y' = 4z Y,neC.
(9) Using Theorem 7.3.2 determine which of the cases in Theorem 7.3.1 can
occur for Weber’s equation
1 o

1
(Y _ - _
Y—(4z 5 n)Y, n € C.

(10) Using Theorem 7.3.2 determine which of the cases in Theorem 7.3.1 can
occur for Legendre’s equation

2z v’ n(n +1)

" _
Y+z2—1 21 Y,neN.

For the remaining exercises, the reader may consult [Kov].

(11) Apply Kovacic’s algorithm to the differential equation Y” = rY, where

1 7 5 1
_ .2
r=2z —2Z+3+;+E—-z—3 ;
(12) Apply Kovacic’s algorithm to the Bessel’s equation

4n? — 1
Y"=<n47—1))’,ne<c.

(13) Apply Kovacic’s algorithm to the differential equation Y” = rY’, where
r is a polynomial of degree 2 in z.

(14) Apply Kovacic’s algorithm to the differential equation Y” = rY’, where

po1_ 3
Tz 16227

—
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(15) Apply Kovacic’s algorithm to the differential equation Y” = rY’, where
_ 3 _ 2 n 3

1622 9(z—1)2 " 16z2(2 —1)
16 ovacic’s algorithm to the differential equation =rY, where
(16) Apply K ic’s algorith he diff ial ion Y Y, wh

rTr=

_ 5z 4 27
T 36(z—1)2






Chapter 8

Suggestions for Further
Reading

In this last chapter, we briefly describe some of the topics in differential
Galois theory and related areas in which active research is being performed.

1. In his lecture at the 1966 International Congress of Mathematicians
[Ko3], E. Kolchin raised two important problems in Picard-Vessiot the-
ory.

1. Given a linear differential equation £(Y) = 0 over a differential field
K, determine its Galois group (direct problem).
2. Given a differential field K, with field of constants C, and a linear al-
gebraic group G defined over C, find a linear differential equation defined
over K with Galois group G (inverse problem).

Regarding the direct problem, Kovacic’s algorithm, presented in Sec-
tion 7.3, determines in particular the differential Galois group of a homo-
geneous linear differential equation of order 2. An algorithm to determine
the differential Galois group of a homogeneous linear differential equation
of order 3 has been given by Singer and Ulmer in [S-U] and for order 4
by Hessinger [Hes] and later completed by Hartmann [Hal].

Singer [S] presents a very good survey on direct and inverse problems
in differential Galois theory. Later results were given by Mitschi-Singer,
who solved the inverse problem for connected linear groups, and Hart-
mann. (See [M-S1], [M-S2], [Ha2].)

2. Some interesting topics in the analytic theory of differential equations are
the Riemann-Hilbert problem, Stokes phenomenon, and generalizations
of hypergeometric equations.

215
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At the end of the 1850’s, Riemann was the first to mention the prob-
lem of the reconstruction of a Fuchsian equation from its monodromy
representation. Hilbert included it, with the following formulation, as
the 21st problem in his list of Mathematical Problems given at the 1900
International Congress in Paris.

Prove that there always ezists a linear differential equation of Fuch-
sian type with given singular points and a given monodromy group.

The interested reader can consult [Bo], [Z], and [P-S1], as well as
the bibliographies given there.

Consider a differential equation £(Y) = 0 defined over the field
C({z}) of convergent Laurent series in the variable z over the complex
field and let f € C((z)) be a solution of the equation, where C((z))
denotes the field of formal Laurent series. The main theorem of the as-
ymptotic theory of differential equations states that for a sector S at 0
with small enough opening, there exists a meromorphic function f on
S with asymptotic expansion f . The fact that uniqueness for f can be
obtained only on a sector is known as Stokes phenomenon. (See e.g.
[P-S1].)

Several authors have considered generalizations of Gauss hypergeo-
metric function in one and several variables. All of them are included in
the theory of A-hypergeometric functions due to Gel’fand, Graev, Kapra-
nov, and Zelevinsky. (See [G-K-Z].) A-hypergeometric functions are
solutions of certain partial differential systems. An independent theory
of generalized hypergeometric functions has been developed by Dwork in
[Dw].

3. At the end of the last century, Morales and Ramis used differential Ga-
lois theory to obtain nonintegrability criteria for Hamiltonian systems,
which generalize classical results of Poincaré and Liapunov as well as
more recent results of Ziglin. More precisely, they established that a
necessary condition for the integrability of a Hamiltonian system is that
the identity component of the differential Galois group of the variational
equation along a particular solution, which is a linear differential equa-
tion, is abelian. (See [Mo] and [Au].) More recently, Morales, Ramis,
and Simé [M-R-S| generalized this result by considering higher vari-
ational equations. Their criterion is being used by several authors to
obtain nonintegrability of Hamiltonian systems coming from a variety of
physical problems. An account of different concepts of integrability is
given in [Go].

4. Some interesting contributions to the theory of differential fields have
been made by model theorists. The proof of the existence of a differen-
tial closure for a differential field depends heavily on the use of methods
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of model theory. The first proof of the existence of an algorithm to deter-
mine the Galois group of a linear differential equation is model theoretical
as well. (See [Hr].) Poizat [P] presents an interesting survey on the re-
lationship between differential algebra and model theory. A more recent
account of the relationship between differential Galois theory and model
theory is given in [Pi].

5. A classical problem going back to Fuchs and Schwarz and also consid-
ered by Klein in [K11] is to determine when a given differential equation
defined over C(z) has only algebraic solutions. In [Sc], Schwarz gives a
complete answer to this question in the case of hypergeometric equations.
The work of Schwarz has been generalized by several authors. Recently,
Beukers [Be] has obtained a necessary and sufficient condition expressed
in combinatorial terms for an A-hypergeometric system of differential
equations to have a full set of algebraic solutions.

In the case when the differential equation £(Y) = 0 is defined over
Q(z), one can consider its reduction £,(Y) = 0 for almost all prime p,
defined as the differential equation obtained by reducing modulo p the
coefficients of £(Y) = 0. In the 1960’s, Grothendieck conjectured that
the equation £(Y) = 0 has a fundamental system of algebraic solutions,
linearly independent over Q if and only if Ly(Y) = 0 has a fundamental
system of algebraic solutions in Fp(z), linearly independent over Fp(zP),
for almost all prime p. This conjecture was later generalized by Katz
(see [Kal]) who proved it for rigid systems, that is, differential systems
which are determined by their local data, i.e. its singular points and local
exponents. Later, André proved it for some differential systems “coming
from geometry” [An)].

6. In the case of characteristic p > 0, one can consider iterative deriva-
tions, introduced by Hasse and Schmidt, which avoid the fact that a p-th
power is always a constant. A Picard-Vessiot theory for iterative differ-
ential fields has been developed by Okugawa. (See [O].) An analogue of
Grothendieck’s conjecture using iterative derivations has been proved by
Matzat [Mat].

7. The Picard-Vessiot theory presented here is Galois theory for linear differ-
ential equations. Kolchin, after some attempts to find a good differential
analogue of the concept of normality for algebraic extensions, introduced
the notion of strongly normal extension of differential fields. He devel-
oped a Galois theory of strongly normal extensions and associated to a
strongly normal extension of differential fields its differential Galois group
which has the structure of an algebraic group defined over the field of
constants of the base field. He characterized Picard-Vessiot extensions
as strongly normal extensions whose differential Galois group is a linear
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algebraic group. He presented an example of strongly normal extension
which is not Picard-Vessiot, the one obtained by adjoining a so-called
Weierstrass element, and proved that its differential Galois group is the
group of points of an elliptic curve over the field of constants.

More general nonlinear differential Galois theories have been pro-
posed by Umemura [U1l] and Malgrange [Mall], [Mal2]. Malgrange
theory has been further developed by Casale, who recovers the Morales-
Ramis-Simé theory in the framework of Malgrange theory [Ca]. Hei-
derich [He2] has elaborated a generalization of Umemura theory which
applies to differential, iterative differential, and difference fields. (See 6.
and 9.)

8. Picard-Vessiot theory was developed by Kolchin under the assumption
that the field of constants is algebraically closed. In [U2] Umemura
pointed out that classical Galois theory cannot be seen as the Picard-
Vessiot theory of algebraic extensions. Indeed, one can find examples of
finite Picard-Vessiot extensions which are not normal (see Exercises 23
and 24 in chapter 5) and Galois algebraic extensions of differential fields
which are not Picard-Vessiot (see Exercise 3 in chapter 6). Umemura in-
troduced the notion of automorphic extension of differential fields which
includes Picard-Vessiot extensions of differential fields and Galois alge-
braic extensions. He established a fundamental theorem for automorphic
extensions, analogous to Proposition 6.3.1. An automorphic extension
allows a finite extension of the constant fields. Umemura proves that the
strongly normal extensions are precisely those automorphic extensions
which do not add constants.

A Picard-Vessiot theory for differential fields with nonalgebraically
closed field of constants has been considered by Dyckerhoff using Galois
descent [Dy|. A Picard-Vessiot theory for formally real fields is being
developed by Sowa [So].

9. A difference field is a field K with a distinguished automorphism ¢.
A classical example is a finite field with its Frobenius automorphism.
One can consider linear difference equations, i.e. equations of the form
LY)=¢"(Y)+an-16""1(Y)+ - +aY =0, with a; € K. A Galois
theory for difference equations has been developed which parallels differ-
ential Galois theory. (See [P-S2].) Important contributions to this topic
are Di Vizio’s proof of an analogue of Grothendieck’s conjecture men-
tioned in point 5. for difference equations [Di| and the development of
an analogue of Malgrange theory mentioned in 7. for difference equations
accomplished by Granier [Gr].
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Differential Galois theory has seen intense research activity during the last decades
in several directions: elaboration of more general theories, computational aspects,
model theoretic approaches, applications to classical and quantum mechanics as
well as to other mathematical areas such as number theory.

This book intends to introduce the reader to this subject by presenting Picard-
Vessiot theory, i.e. Galois theory of linear differential equations, in a self-contained
way. The needed prerequisites from algebraic geometry and algebraic groups are
contained in the first two parts of the book.The third part includes Picard-Vessiot
extensions, the fundamental theorem of Picard-Vessiot theory, solvability by quad-
ratures, Fuchsian equations, monodromy group and Kovacic’s algorithm. Over one
hundred exercises will help to assimilate the concepts and to introduce the reader
to some topics beyond the scope of this book.
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fields.
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