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Introduction

When we are introduced to integrals in high school we learn some methods
to find primitives of functions. We may try to use these methods to integrate
very simple functions such as e*”, e¥/z or (sinz)/xz failing once and again
and wonder if we are doing something wrong and why we are unable to find
the result. The reason is that this result “does not” exist, in the sense that
there is not a “prettier” way to describe the function [ ¢**dx than f e’ dx
itself. Certainly, it can be written as an infinite series, but it cannot be
expressed as a combination of finitely many elementary functions (which we
usually understand as radical, exponential and trigonometric functions and
their inverses). Describing if an integral can be expressed in this way is what
is known as the problem of integration in finite terms.

Similarly, once we learn various methods to solve differential equations,
we may try to use them to solve simple equations like Y — 2Y = 0 with no
success. Again the problem is that this equation “does not” have a solution
in a similar sense as above. But now the impossibility is even stronger: the
solution of the equation can not be given even if we allow also integral sym-
bols in the final expression (notice that in this sense the previous problem
would trivially have a solution). This problem is studied in differential Ga-
lois theory, an analogue of classical Galois theory, that studies solutions of
homogenous linear differential equations instead of polynomial equations.

In order to be able to make more precise this problem we need to formal-
ize the concepts, which will allow us to work on an abstract setting. This
is done in Chapter [, which introduces the basic notions of what we under-
stand by a derivation and how it works in the context of an abstract ring
or field. As said before, we will be working abstractly, but, if one wishes to
go down to earth, the idea to bear in mind is that the field we are working
on is the field of meromorphic functions under the usual derivation (that
is, complex functions defined on a suitable connected open subset of C that
can be expressed by Laurent series). One may wonder why we do not work
with real functions, which seem a more natural setting, for example with the
ring of infinitely differentiable functions, C*°(R). The reason is somewhat
implicit in its name, it is just a ring. Working with differential fields makes



vi

the theory easier than with rings. Furthermore, and this is the real reason, it
does not even have a field of fractions, because it is not an integral domain.
Indeed, if

0 if 2 <0 e~1/7* if g <0
xTr) = xTr) =
/@) {el/wQ if 2 >0, 9(@) {0 if 2 >0,

f and g are infinitely differentiable non-zero functions, but fg = 0. Also,
working over complex numbers simplifies the number of functions that we
have to care about: trigonometric functions can be expressed by exponen-
tials and their inverses by logarithms.

Chapter 2 studies the first problem, namely, the existence of elementary
primitives. It does so by presenting Liouville’s Theorem, which character-
izes the functions that have elementary primitives. The rest of the chapters
develop the main aspects of differential Galois theory. Chapter [3| goes over
concepts of Algebraic Geometry that are needed for the theory, specifically it
introduces and studies algebraic groups. Chapter [4] gives the basic notions of
homogenous linear differential equations over differential fields; then Chap-
ter [5| gives the fundamental theorem of differential Galois theory (which
states a correspondence between intermediate differential fields and closed
subgroups of the differential Galois group analogously as the fundamental
theorem of classical Galois theory) and finally Chapter |§| gives the solv-
ability theorem, which states that a homogenous linear differential equation
has a solution in the sense above mentioned if and only if the connected
component of its differential Galois group containing the identity element is
solvable.

The main sources used for this dissertation are the article by Roselincht
[5] for the part about Liouville’s Theorem and the book by Crespo and Hajto
[2] for differential Galois theory. Apart from a few results this dissertation
is mostly self-contained and an effort has been made to introduce the nec-
essary concepts in order to prove that the problems we have discussed do
not have solutions. That being said, the prerequisites are notions in Algebra
learnt in the Bachelor’s Degree in Mathematics as well as basic notions in
Topology for the part of Algebraic Geometry. Being familiar with Algebraic
Geometry is recommendable but not crucial, since the necessary material is
introduced in Chapter

It is worth mentioning that this dissertation includes solved exercises in
Appendix [A] They provide some results needed to complete the theory as
well as examples that illustrate the theoretical results. They are referenced
whenever they are needed to prove the results of the theory.



Chapter 1

Basic definitions and results

1.1 Differential rings

Definition 1.1.1. Let A be a ring. A derivation in A is a map
d: A — A that satisfies the following properties:

(i) d(a+0b) =d(a) + d(b) Va,b € A;
(ii) d(ab) =d(a)b+ ad(b) Va,b € A.

d(a) is called the derivative of a and a usual notation will be a’ = d(a), as

well as a”, a"”, ..., a™ for consecutive derivatives. We set a(9) = a.

The map defined by a’ = 0 for every a in A is always a derivation and it
is called the trivial derivation.

Remark 1.1.1. Immediate properties:

(i) if Ais a unitary ring 1’ =0 (since I’ = (1-1)) =1"-1+1-1" =1"+1),
and therefore n’ = 0 for all n in the prime subring of A.

(ii) Leibniz’s rule: (ab)(™ = Z <n> a™ I (by induction on n).
i
i=0
Proposition 1.1.1. If A is an integral domain with a derivation ', then '
extends uniquely to its fraction field Fr(A).

Proof. Let b € A—{0}. Then if ' is an extension of the derivation to Fr(A),

VR S AN | Y oy _ Y
0—1_<bb _bb+b 5 = 5 =

This formula implies uniqueness of the extension since, if § € Fr(A), it must
be
a\’ a'b—ab
(6) I
And this formula does in fact define a derivation: it can be easily checked

that it is well-defined and that satisfies the two properties. O

1



2 1.2. Differential homomorphisms and extensions

Definition 1.1.2. A differential ring is a commutative and unitary ring
endowed with a derivation. A differential field is a differential ring which is
also a field.

Example 1.1.1. (i) Every commutative and unitary ring A is a differen-
tial ring with the trivial derivation.

Over Z and Q the trivial derivation is the only possible one (actually,
this is true for all prime subrings and subfields).

(ii) The ring of infinitely differentiable functions C*°(R), the ring of holo-
morphic functions on the complex plane and the field of meromorphic
functions on the complex plane with the usual derivations are all dif-
ferential rings (and the last one is a differential field). These examples
also work if we consider only the functions defined, for example, in a
connected open subset of R or C.

(iii) If A is a differential field, the derivation of A can be extended to
A[X] by assigning to X’ any element in A[X] (the usual one being
X' =1). If K is a differential field, the same method for defining a
derivation works for K(X), A[X1,...,X,], K(X1,...,X,), A[X;,i €
I and K(X;,i € I), but it requires some more work to check.

(iv) As a particular case of the previous one, Q[r] = Q[X] so, for example,
Q[n] is a differential ring with the derivation defined by 7' =1+ .

(v) If A is a differential ring we can consider the ring of differential poly-
nomials in n variables, which we denote A[X1,...,X,]) and means

AlXq, ..., X0, XY, ..., X}, ...] where Xi(j) are all indeterminates and
(X»(]))’ = XZ.(JH). If K is a field we can construct in the same way the

K
field of differential rational functions in n variables, which we denote

K(X1,...,X,).

Definition 1.1.3. Let A be a differential ring. a € A is said to be a
constant if a’ = 0. The set of these elements is a subring of A called the
ring of constants of A and is denoted C4.

If K is a field so is C'k, and in this case it is called the field of constants
of K.

Notice that, as mentioned before, C'4 always contains the prime subring
of A (and its prime subfield in case A is a field).
1.2 Differential homomorphisms and extensions

Definition 1.2.1. Let A be a differential ring and I an ideal of A. I is said
to be a differential ideal if a’ € I for all a € I.
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If Ais aring and I is a differential ideal of A then A/I is a differential
ring with the derivation defined by @ = a’. It is well defined because @ = b
is equivalent to @ — b € I and then the fact that I is differential implies
a' —b = (a—b) €1, that is, a’ = V. Tt clearly satisfies the conditions to be
a derivation.

Definition 1.2.2. Let A and B be differential rings. A homomorphism

f: A — Bis called a differential homomorphism if it commutes with the
derivation, that is, f(a)’ = f(a’) for all a € A. We refer to f as a differential
isomorphism if it has an inverse, and as a differential automorphism if in

addition A = B.

If A is a differential ring and I a differential ideal of A, the natural
homomorphism A — A/I is clearly a differential homomorphism.

Proposition 1.2.1. Let f : A — B be a differential homomorphism. Then
ker f is a differential ideal, Imf is a differential ring and the isomorphism

f:A/ker f — Imf (given by f(@) = f(a)) is a differential one.

Proof. 1t is clear that ker f is a differential ideal since if a € ker f, 0 =
0" = f(a)) = f(d'), that is, a’ € ker f. Also the map f is a differential
isomorphism because

f@) = fla) = f(a') = f(a) = f(@)"
O

Definition 1.2.3. An extension of rings A C B, where A and B are dif-
ferential rings, is called a differential extension of rings if the derivation of
B restricts to the one in A. Analogously a field extension L/K, where L
and K are differential fields, is called a differential extension of fields if the
derivation of L restricts to the one in K.

Example 1.2.1. Considering Q(X) with the usual derivation, Q(X,Y")/Q(X)
is a differential extension with the derivation Ox but it is not with the deriva-
tion dy (where dx and dy denote the usual partial derivatives).

Example 1.2.2. (i) If A C B is a differential extension of commutative
rings and S is a subset of B we can consider the differential A-algebra
generated by S, which we denote A[S]" and means the A-algebra gener-
ated by the elements of S and their successive derivatives. In the same
way we consider the differential field generated by S, K(S) where L/ K
is a differential extension of fields and S C L.

(ii) Let K be a differential field and A and B be K-algebras such that
K C A and K C B are differential extensions. Define ¢ : A x B —»
A®k B as p(a,b) =d @b+ a®b. Some simple computations show
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that it is biadditive and balanced, therefore it induces an additive
homomorphism ' : A ® g B — A ®k B, which is a derivation on the
ring A Rk B.

Theorem 1.2.2. Let K be a differential field and L/K be a separable alge-
braic extension of fields. Then, the derivation of K extends uniquely to L.
Moreover, every K -automorphism of L is a differential automorphism.

Proof. Let d denote the derivation in K. Suppose first that L/K is a fi-
nite extension. Then, by the primitive element theorem, L = K(«a) for
some a € L. Let us first check uniqueness, if m € K|[X] is the minimal
polynomial of a over K, we can apply derivation to m(a) = 0 and get
m@(a) + m/(a)d(a) = 0, where m(Y denotes the polynomial obtained dif-
ferentiating the coefficients of m and m’ is the usual derived polynomial.

The fact that the extension is separable implies m/(«) # 0 and therefore we
get d(a) = —m@(a) (m’(a)) L.

For existence we recall that L = K[X]/(m), so we can work in the ring
of polynomials modulo m. The separability of L/K implies that m and
m’ are coprime so let p,q € K[X] such that 1 = mp + m/q (which implies
m/q =1 in K[X]/(m)), and extend the derivation in K to K[X] by letting
d(X) := —m@g. Notice that in K[X]/(m), d(X) = —m(d m/ 1. Now
we just have to see that (m) is a differential ideal and that will imply that
K[X]/(m) is a differential ring with a derivation extending the one in K.
To see that it is enough to check that d(m) € (m), but

d(m) = m D +m'd(X) = m@D + m/(=mVg) =
= ( )(1 —m'q) = mBmp e (m).

That concludes the finite case. For the general case notice that L = J E
where E runs over the subfields K C E C L with [F : K] < oco. The
derivation in K extends uniquely to a derivation dg of each E. Notice
that if « € L and o € E,F with [E : K|,[F : K] < oo, then o € EF
and [EF : K] < oo. So, since the derivation extends uniquely to EF,
d(a) := dg(a) = dgp(a) = dp(a) is a well defined element and d is a
derivation in L extending the derivation in K.

Let us now prove the last claim. Let o be a K-automorphism of L and
d be the derivation in L extending the one in K. Then it is routine to check
that d = 0! od oo is a derivation. Also, d extends the derivation in K S0,
by uniqueness, d = ¢~ o d 0 ¢ = d, which implies d o0 = o od (and this is
the definition of being a differential homomorphism). O



Chapter 2

Elementary primitives and
Liouville’s Theorem

The goal of this chapter is to prove Liouville’s Theorem, which charac-
terizes the functions with elementary primitives. This will be done in an
abstract setting, but the idea to bear in mind, if we want to come back to
our original problem, is that we are working with the differential field of
meromorphic functions (defined on a suitable connected open subset of the
complex plane). For example, we could take as a base (differential) field
C(z,e*") and we would like to know if [ e dz (which is meromorphic) is an
element of this field or some extension obtained by successively adjoining
elementary functions.

Working with complex functions, apart from making the theory simpler
because we can work with fields instead of with rings (notice that for in-
stance C*>°(R) is not a suitable setting because it is not an integral domain),
allows to write trigonometric functions in terms of exponentials and their
inverses in terms of logarithms. So we only need to worry about these two
types of functions (exponentials and logarithms).

The idea of Liouville’s theorem can be appreciated when we integrate
rational functions. We know that the result is the sum of a rational function
and a linear combination of logarithms of rational functions (to be more pre-
cise, logarithms of linear polynomials). This is in fact the general behaviour:
if f € K (with K a differential field of meromorphic functions containing
C(z)), then f has an elementary primitive if and only if [ f is the sum
of an element in K and a linear combination of logarithms of elements in
K, thatis, [ f =g+ cilogfi+ - +cylog fn, with g, f1,..., fn € K and
Cly...,¢p € C. The bottom line is that if a function has an elementary
primitive we know where to look for it and if no function here is a primitive
of it, this function has no elementary primitive at all.



6 2.1. Preliminary lemmas

2.1 Preliminary lemmas

In this chapter we will use the logarithmic derivative defined for u # 0 as
u* = u//u some of its properties are shown in Exercise @ and Exercise

Now, the formal definition that we need is the following one:

Definition 2.1.1. Let K be a differential field. An elementary extension is
a differential extension F'/K with the same constants such that there exists
a chain of differential fields K = Ko C K; C --- C K,, = F where, for all
1 <i<n, K;/K,;_; is either algebraic or K; = K;_1(t;) (t; transcendental
over K;_1) such that there exists u; € K;* | with 7 = u} (exponential case)
or t; = uf (logarithmic case). We say that an element a € K has an
elementary primitive if there exists an elementary extension F//K such that

a = v for some v € F.

Notice that in the logarithmic case, t; € K;—1. We will usually work
with this more general condition and still refer to it as the logarithmic case
and call it a logarithmic extension. In a similar way we will usually work
with the exponential case as t; € K;_; and call it an exponential extension.

An important part of this definition that maybe needs some explanation
is why we require the extension to have the same constants. This prevents
situations such as K = C(z,e”) and ¢ transcendental over K with ¢’ = ¢,
which in the field of meromorphic functions would imply ¢ = ae® for some
a € C and therefore ¢ € K. In some sense the “true” elementary function
that we want to have is e®, not ¢. This problem arises because this extension
adds constants, namely te™" is a constant.

Now we start working towards our main goal.

Definition 2.1.2. Let K(t)/K be a transcendental extension of fields and
let Re K(t)* and b € K. If R(t) = (t — b)™P(t)/Q(t) with P,Q € K|[t],
P(b),Q(b) # 0, m € Z, then we write vp(R) = m. If 1,(R) < 0 we say that
b is a pole or R with multiplicity —m € N. A pole of multiplicity 1 is called
stmple and a pole of multiplicity greater than 1 is called multiple.

Proposition 2.1.1. Let K(t)/K be a transcendental extension of fields and
let R,Se K(t)*,be K. If R+ S # 0 then vp(R+ S) > min{vy(R), vp(5)}
and equality holds if vy(R) # vp(S).

Proof. Let m1 = vp(R), ma = 13(S) and suppose m; < my. Then we can
write R = (t—b)mlpl/Ql and S = (t—b)m2P2/Q2 with Pl, Qh Pg, QQ S K[t],
Pl(b)7 Ql (b)7 P?(b)) QQ(b) 7é 0, and then

Py Py PLQa+ (E =)™ POy

R4S = (t=b)™ (S (t=b)™ ™ 22 ) = (t-b)"

Q1 Q2 Q1 Q2
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where (Q1 Q2)(b) = Q1(b) Q2(b) #0
Now, if m1 < mo then

(PLQ2+ (t—b)™2"™ Py Q1) (b) = P1(b) Qa2(b) # 0
so (R + S) = m1 = min{vp(R), v(S5)}.

And if m; = mo,

g PR =P
R+S=(t—0b) 0.0, = (t—1D) 0.0,

with P € K]Jt], P(b) # 0 and m3 > 0, so (R + S) = my + m3 >

min{v(R), vp(S)}. O

Corollary 2.1.2. If b is a simple pole of R and it is not a simple pole of S
then R+ S ¢ K[t].

Proof. vp(R) = —1 # vp(S), then vp(R + S) = min{—1,14(S)} < 0, which
implies that R + S is not a polynomial. O

Lemma 2.1.3. Let K(t)/K be a logarithmic or exponential transcendental
differential extension of fields with the same constants, charK = 0 and K
algebraically closed. Let Ry,...,R, € K(t), R; # 0 for all1 < i <n and
c1,...,cn € K linearly independent over Q. Then the poles of Y i ¢;Rf
are all simple and are the zeros and poles of Ry,..., R,, excluding 0 in
the exponential case. Furthermore, > ' | ¢;Rf does not have poles only if
R, € K for all 1 < i < n in the logarithmic case or if R; = a;t™ with
a; € K, m; € Z for all 1 < i <mn in the exponential case.

Proof. Since K is algebraically closed we can write, for each 1 < i < n,
Ri=ua; H?izl(t — ;)™ with d; € NU{0} and m;; € Z\{0}, oy; € K for all
1 <j <d;. As seen in Exercise [6]

Z GR; = Z cia; + Z Z czmw = a” (2.1)

=1 j=1

Since t' = c or t/ = ¢t with ¢ € K, it is clear that all the poles of
>, iRy are simple and they must be one of the «;;’s, that is, a zero or
a pole of some R;. Notice that when grouping together the terms where
«j; repeats in , the resulting coefficient is a Z-linear combination of the
¢;’s, and therefore non-zero.

Since t ¢ K and the constants are in K, t — «;; is not a constant, that
is, 0 # (t — ;) =t/ —ozgj. Then, in the logarithmic case t' = c € K*, so we
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get t' —aj; = c — aj; € K and each a; is a pole of )i, ¢;R}. Therefore

it always has poles unless R; € K for all 1 < ¢ < n. In the exponential
case t' = ct with ¢ € K™, so (t' — aj;)/(t — ayj) = (ct — ag;)/(t — az). If
«j; is not a pole there has to be cancellation in this last expression, whence
coj —a;j = 0; but if v;; # 0 this implies that a;‘j = ¢ =t* and by Exercise@
t = ka;; with £ constant, which gives that t € K, a contradiction. Then
ai; = 0 is the only case when it is not a pole of > | ¢;RY. Therefore this
function always has poles unless 0 is the only zero and pole of each R;, that
is, R; = a;t]" with a; € K and m; € Z for all 1 <1i < n.

O

Lemma 2.1.4. Let K(t)/K be a logarithmic or exponential transcendental
differential extension of fields with the same constants, charK = 0 and K
algebraically closed. Let S € K(t), S # 0. Then the poles of S’ are the
poles of S and are all multiple ones except in the exponential case when 0
is a simple pole of S, in which case 0 is also a simple pole of S’. Also, if
S € Kt] and S’ € K, then S = dt + e with d constant and in fact in the
exponential case S € K.

Proof. Let b € K. Writing S = S 5* we get v4(5") = v4(S) 4+ v(S*). Then,
from Lemma [2.1.3] we know that in the exponential case, b = 0 it is not
a pole or a zero of S*, so v,(S’) = 14,(S), whence b = 0 is a simple pole
of §" if and only if it is a simple pole of S; otherwise, if b is a pole of S*
it must be a simple one and also a zero or a pole of S; if it is a zero then
p(S") = 1(S) —1>1—1=0 (so it is not a pole of S’) and if it is a pole
vp(S") =1p(S) —1 < —1—1= —2 (so it is a multiple pole).

To prove the second claim let S = b, t™ + --- + by € K[t] and suppose
/
S'e K.
Then, in the logarithmic case with ¢/ = ¢ € K,

S = bt 4 b+ (Mt b)) =
= b ™ 4 (B, 4 mbpe)t™ 4 (W) + bie) € K
and therefore b, = b _; +mbpc = --- = b +bac = 0. Then if b, is constant,
1 <k <m, (bp—1+kbgt) = bj,_, +kbic =0, that is, by_1 + kbyt is constant,
whence b, = 0 and b,_; is constant. Since b,, is constant we conclude that

by, = +++ = by =0 and by is constant.
In the exponential case, t’ = ¢t with ¢ € K and

S =0t by A (Mt 4 b)) =
= (b, +mbpe)t™ + (U, 1+ (m — Dby 1e)t™ oo (b) + bio)t + b)) € K,

which now gives bj,€ + kbyc =0 for all 1 < k < m. If by # 0 we can consider
by = —kc = (t7%)*, whence, by Exercise |§|, t=% = ab, with ai a non-zero
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constant. Thus t % € K, which is impossible because t is transcendental
over K. Therefore by =0 for all 1 < k < m, that is, S =bg € K. O

Lemma 2.1.5. Let K(t)/K be a logarithmic or exponential transcenden-
tal differential extension of fields with the same constants, charK = 0. Let
Ry,...,R,,S € K(t), R; # 0 and ¢1,...,¢, € K constants which are lin-
early independent over Q such that Y ;" c;Rf + S’ € K. Then in the loga-
rithmic case R; € K for all1 < i <n and S = dt 4+ e with d constant and
in the exponential case R; = a;t™ with a; € K, m; € Z for all 1 <i <n
and S € K.

Proof. Suppose first that K is algebraically closed. As seen in the previous
two lemmas, if b € K is a pole of > | ¢;Rf or S’ it always has different
multiplicities in one and the other (a pole of > 1" | ¢;R} is always simple
and a pole of S’ is always multiple, except in the exponential case when
b = 0, where it can be a simple pole of S’ but in this case 0 cannot be a
pole of > | ¢;RY). In any case, by Proposition m, it would be a pole of
Yo cRF+ S, which does not have any poles because it is in K.

Therefore Y ;" | ¢;Rf and S’ do not have poles at all and then Lemma
implies that in the logarithmic case R; € K and in the exponential case
R; = a;t"™i for all 1 < i < n. In both cases it follows that S’ € K and
finally, by Lemma S = dt + e with d constant in the logarithmic case
and S € K in the exponential case (notice that, as seen in Lemma S
and S’ have the same poles, so the fact that S’ does not have poles implies

S € KIt)).

Now, for a general field K, we apply the result in the algebraic closure
of K, K (notice that K[t] and K have the same constants as seen in Ex-
ercise 2| (ii)) and see that this implies the claimed result. That is because
K(t)NK =K and Ry,...,R,, S are in K(t). O

2.2 Liouville’s Theorem

Theorem 2.2.1 (Liouville’s Theorem). Let K be a differential field of char-
acteristic 0 and o € K. Then « has an elementary primitive if and only
if o = 30 cul + 0 with uy,...,u, € K*, v e K andci,...,¢c, € K
constants which are linearly independent over Q.

Proof. Let a« € K and suppose it has an elementary primitive, that is,
there exists an elementary extension F/K associated to a chain of fields
K=KyCK C--CK, =F, K;/K;_1 algebraic or logarithmic or
exponential transcendental extension, and y € F such that ¥’ = a. Let us
see that, for all 1 < j < m, if a = 37" ciuy + ' with ui,...,u, € K,
ve€ Kjand cy,...,c, € K constants which are linearly independent over Q,
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then there exist z1,..., 2, € Kjﬁl, w € Kj_1 and dy,...,d, € K constants
which are linearly independent over Q such that o = >_! ; d;zf + v’ (and
then just apply this iteratively in descending order to get the claimed result).

If K;/K;_1 is algebraic, applying the trace map to the expression of «
gives that a = > 7" (¢;/d)z] +w' with 2; = Nk /k; () foreach 1 <i <n
and w =Try, /i, ,(v) (which implies z;,w € Kj;_; for each 1 <i <n) and
d € N (see Exercise |5| and Exercise [7]).

If Kj = Kj_1(t;) with ; = u* for some u € K | then by Lemma
u; € Kj_y forall 1 <i<n and v =dt; +e with e € K;_1 and d constant.
This gives that v’ = dt}; + ¢’ = du* + ¢’ and then a =37 | cjuj + du* +¢'.
Now, if ¢i1,...,cn,d are not linearly independent over Q this means that
d = (ri/s1)c1 + -+ + (rn/sn)en with ri/s1,...,m /s, € Q. In this case
write, for 1 < ¢ < n, z; = u;'u” and notice that o = > 7" (¢;/s;)z] + €
where now c¢1/s1,...,¢, /s, are linearly independent constants.

For the exponential case, if K; = Kj;_1(t;) with t; = u't for some
u € Kjx_1 then by Lemma u; = ait;-n" with a; € Kj_1, m; € Z for
all1 <i<nandve K;_i. Since u] = (ait;’”)* = a} +m,u/, this gives that
a=Y " gal+> " micgu/+v'. Finally, write w = > | miciu+v € Kj_4
to get a =Y ;" | ¢;al + w’. This concludes all the cases.

For the converse let av = 1" | ciuf + o' with uy,...,u, € K*, v € K
and c1,...,c, € K constants which are linearly independent over Q, and
let us see that it has an elementary primitive. For that let Ky = K and
for 1 < i < nlet K; = K;—1 if u] has a primitive ¢; € K;_; and K; =
K;_1(t;), t; transcendental over K;_; and ¢, = u} otherwise. Then K, /K is
an elementary extension with w =" | ¢;t; +v € K, satisfying v’ = o (K,
and K have the same constants by Exercise@. That is, a has an elementary
primitive. O

2.3 Elementary primitives of f(z)e/*)

Let f,g € C(2), f # 0, g non-constant, we want to study if f(z)e9*) has
an elementary primitive. For that purpose we first have to give a modified
version of Lemma [2.1.5]

Lemma 2.3.1. Let K(t)/K be a logarithmic or exponential transcenden-
tal differential extension of fields with the same constants, charK = 0. Let
Ri,...,R,,S € K(t), R; # 0 and c1,...,¢, € K constants which are lin-
early independent over Q such that Y ;| ;R + 5" € K[t]. Then S € K]|t]
and in the logarithmic case R; € K for all 1 < i < n with d constant while
in the exponential case R; = a;t™ with a; € K, m; € Z for all 1 <i < n.
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Proof. 1t is the same as the proof of Lemma but removing some parts of
it. Notice that since we know that S’ has no poles, S € K|t] by Lemma
O

Theorem 2.3.2. Let f,g € C(z), f # 0, g non-constant. Then f(z)ed?)
has elementary primitive if and only if there exists a € C(z) such that f =
a +ag'.

Proof. We consider the base field C(z,t), where t = 9*), Notice that
t' = ¢'t € C(z,t), so this is a differential field.

Let us first see that ¢ is transcendental over C(z). Since t* = ¢’ € C(z),
if t were algebraic over C(z) Exercise [7| would imply that there exist n € N
and h € C(z) such that h* = ng’; but the poles of h* are simple and the ones
of ¢’ are multiple, therefore h* does not have poles and then, by Exercise @
h € C which further implies ¢’ = 0, but this is a contradiction.

By Liouville’s Theorem we get that ft has an elementary primitive (over
C(z,t)) if and only if

n
ft= Zczuf + (2.2)
i=1
with ug,...,u, € C(z,t)*, v € C(z,t) and cy,...,c, € C constants which

are linearly independent over Q. Since ft € C(z)[t], applying Lemma
to the exponential extension C(z)(t)/C(z), we get that v € C(z)[t] and
u; = a;it"™ with a; € C(z), m; € Z for all 1 < ¢ < n. Writing v =
St bit! with by, ... by € C(2), then o' = 370 (b 4 jb;g')#/. Noticing
that > 1", ciuf € C(z) (because u] = af + m;g’) we get from (2.2) that
f =0y +b1g’. That is, a = by is the element we are looking for.

For the converse, if f = a’ + ag’ then feY has an elementary primitive,
namely ae9. O

We can now apply this Theorem to see that e” and € /z do not have
elementary primitives. This is done in Exercise
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Linear algebraic groups

3.1 Affine varieties

Let K be a field and I C K[X1,...,X,]. We denote V(I) the set of points
in K™ in which all the polynomials in I vanish. Notice that if J is the ideal
generated by I then V(I) =V (J), so we can assume that I is an ideal.

Definition 3.1.1. A subset of K" of the form V(I) is called an affine
variety. The Zariski topology of K™ is the topology whose closed sets are
the affine varieties.

Example 3.1.1. Clearly for any non-zero polynomial f € K[X], V(f) is
finite, so if I C K[X] is a non-zero ideal then V' (I) is finite. Conversely, any
finite subset, S = {z1,..., 2} C K, is a variety (S =V (X —21)...(X —
xn))). Hence, the Zariski topology of K is the cofinite topology.

If S C K™ define I(S) as the set of polynomials that vanish in every
point of S. Notice that I(S) is an ideal of K[X7,..., X},].

Proposition 3.1.1. Let K be a field and S C K™. Then V(I(S)) = S (that
is, the Zariski closure of S).

Proof. Clearly V(I(S)) is closed and S C V(I(S)), so S C V(I(S)). For the
converse suppose S C V(J) for some ideal J and let us see that V(I(.S)) C
V(J). Let f € J, then S C V(J) implies that f(x) = 0 for all z € S, so
f€I(S). Then J C I(S) and therefore V(J) D V(I(5)). O

Definition 3.1.2. A topological space is a Noetherian space if for any de-
scending chain of closed sets Y7 O Yo D ... there exists r > 1 such that
Y, =Y, foralli>r.

Closed subspaces of a Noetherian space are clearly Noetherian spaces.

Theorem 3.1.2. K" (and therefore any affine variety) is a Noetherian
space.

13
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Proof. Let S1 2 Sy O ... be a descending chain of closed sets. Then I(S7) C
I(S2) C ... is an ascending chain of ideals of K[X7,...,X,]. Hilbert Basis
Theorem states that this is a Noetherian ring and hence there exists » > 1
such that I(S;) = I(S;) for all i > r. Therefore V(I1(S;)) = V(I(S,)) for
all i > r, but S; are closed, so Proposition implies that S; = S, for all
1> O

Definition 3.1.3. Let S C K™ and T' C K™ be affine varieties. A mor-
phism of varieties is a map ¢ : S — T such that there exist Py,..., Py, €
K[Xy,...,X,] polynomials that satisfy ¢(x) = (Pi(z),..., Py(z)) for all
xzeSs.

Theorem 3.1.3. Morphisms of varieties are continuous maps (with respect
to the Zariski topology).

Proof. Let V.C K™ and W C K™ ve affine varieties and f : V — W
be a morphism. Then f is given as f = (Fi,...,F,) with Fy... F, €
K[Xy1,...,Xn)

If S C W is a closed subset with S = V(I) then

FHS) ={zeV:g(f(z)) =0Vgel} =
={zeV:g(Fi(x),...,Fp(x))=0Vg eI} =
:VﬂV(g(Fl,...,Fm):gGI).

So f~1(9) is closed in V and therefore f is a continuous map. O

Definition 3.1.4. Let X be a non-empty topological space. We say X is
irreducible if whenever X = X7 U Xy with X7 and X5 closed sets, then either
X =X; or X = X5. A subset Y of a topological space is an irreducible set
if it is irreducible with the subspace topology.

Notice that the continuous image of an irreducible variety is an irre-
ducible variety.

If X C K" and Y C K™ are affine varieties, X x Y C K" is also
an affine variety and then we consider over it the Zariski topology (which is
different from the product topology).

Proposition 3.1.4. If X C K" and Y C K™ are irreducible sets then
X xY C K™ s an irreducible set.

Proof. Suppose X x Y = C; U Cy with C1,Cy € K™ closed. Then, for
all z € X, {z} xY C C; or {z} xY C Cy (because Y is irreducible), so
X = Xj U Xy with X; = {SU e X: {l‘} xY C CZ} If C; = V(Il), then
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X1 =V(fy: f € Ly €Y) where f, is given by f,(z) = f(x,y), hence
X1 (and similarly X53) is closed. Therefore X = X; or X = Xo, that is,
XXY:ClorXxY:Cg. ]

Theorem 3.1.5. In a Noetherian space X, every non-empty closed subset
Y can be expressed as a finite union of irreducible closed subsets Y;, Y =
YiU---UY,. If we require that Y; 2 Y, for i # j, thenY; are uniquely
determined. They are called the irreducible components of Y and they are
the mazimal irreducible subsets of Y.

Proof. Let C be the set of closed subsets of X that cannot be decomposed
into a finite union of irreducible closed subsets. By way of contradiction
assume C is non-empty.

If C;y 2 Cy O ... is a descending chain in C, then it is stationary be-
cause X is Noetherian. Thus, Zorn’s Lemma implies that C has a minimal
element Y. Since Y € C, Y is not irreducible (otherwise it would have a
trivial decomposition), so there exist Y7, Y, proper closed subsets of Y such
that Y = Y] U Ys. Since Y is minimal in C and Y71,Y; C Y we get that )
and Y, can be decomposed as a finite union of irreducible closed subsets.
Therefore Y can also be decomposed (combining the decompositions of Y;
and Y3). This is a contradiction and that implies C = ().

Assume that Y = Y1U- - -UY, and Y = Y{U- - -UY are two decompositions
of Y satisfying the conditions. Then Y/ =Y NY{ = (Y1NnY{)U---U(Y,.NY]).
Since Y/ is irreducible Y] = Y3 NY{ (after reordering), so Y{ C Y;. Analo-
gously Y1 C Y/ for some j, so Y{ CY/ and this implies j = 1 and Y] = V1.

Let Z =Y —Y) (Zariski closure) and let us see that Z =Y, U---UY,.
First notice that Z = Yo —Y; U--- U Y, =Y. Also, for all 2 < i < r,
Y=Y, —Y1)U((Y;NY;) and since Y; is closed, ¥V; = Y; = Y1 UY;NY; =
Y — Y1 U (Y;NY7). Now, Y; being irreducible implies that ¥; = Y; — Y] or
Y, = Y, NYj; the later contradicts Y; g Y1 and the former gives the result
we wanted.

Similarly we have that Z =Yj U---UY/. So, arguing inductively, r = s
and Y; =Y/ (after reordering) for all 1 < i < r. Therefore the decomposi-

7
tion is unique.

In order to prove the last claim (that these Y; are the maximal irreducible
subsets of Y) let S be an irreducible subset of Y. Then S =Y NS =
Y1nS)u---U(Y,NnS). But S is irreducible, so S =Y; N S for some i and
then S CYj. O]



16 3.2. Linear algebraic groups

Proposition 3.1.6. Let S C K" be an affine variety. Then S is irreducible
if and only if I(S) is a prime ideal.

Proof. Let S be irreducible and let fg € I(S). Then S C V(fg) = V(f)U
V(g),so S=(V(f)ynS)U(V(g)NS) and this implies (without loss of gen-
erality) that S = V(f)NS. Then S C V(f), that is, f € I(5).

For the converse assume S is not irreducible and let us prove that 1(.S)
is not a prime ideal. Write S = S71USy with S7 and Sy closed proper subsets
of S. Then for each i € {1,2} there exists f; € I(S;)\I1(S) (since otherwise
S =V{I(S)) CV(I(S;) = Si). Now, for all x € S, z € S; or z € Sy, so
fi(x) =0 or fa(x) = 0; in any case (fif2)(x) = 0. Thus fif2 € I(S) and
therefore 1(.S) is not a prime ideal. O

Corollary 3.1.7. Let f € K[X1,...,Xy]. Then V(f) is an irreducible
variety if and only if f is an irreducible polynomial.

Definition 3.1.5. A subset of a topological space is called locally closed if
it is the intersection of an open set with a closed set. A constructible set is
a finite union of locally closed sets.

Example 3.1.2. Since the Zariski topology of K is the cofinite topology its
constructible sets are finite and cofinite sets.

Theorem 3.1.8 (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. See [2, Theorem 2.2.21]. O

Example 3.1.3. If ¢ : X — K is a morphism then ¢(X) is finite or
cofinite.

3.2 Linear algebraic groups

Definition 3.2.1. A linear algebraic group (in the following an algebraic
group) is a subgroup of GL,(K) (where K is a field), whose elements are
the zeros of a set of polynomials I C K[X11,..., X,y

Notice that an algebraic group G can be seen as contained in K "2, but
it is not an affine variety because the condition det(x;;) # 0 is not a poly-
nomial identity. However we can identify G L, (K) with the affine variety of
K”QH, {(z11, -+, Tun,y) € KL, det(x;j)y — 1 = 0} by means of the cor-
respondence (z;) — (Z11,...,Tnn, 1/ det(z;5)). In this way an algebraic
group G is a closed subset of GL,(K) C K n*+1 That is, G is an affine
variety and we consider then its Zariski topology, with respect to which it
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is a Noetherian space as seen in Theorem [3.1.2l The maps G x G — G,
(x,y) — xy and G — G, x — 2~ ! are then given by polynomials. (For
inversion notice that if (z;;) € G is identified with (211, ..., Zun,y) € Kl
then (x;;)~! is identified with (y Ad(x11), ...,y Ad(Zny), det(x5)).)

Theorem 3.2.1. Let G be an algebraic group. Then:

(i)

(i)

(iii)
(iv)

the identity element belongs to a unique irreducible component of G,
denoted G°;

G is a normal subgroup of G of finite index and its cosets are the
irreducible components of G as well as the connected components of

G;
every closed subgroup of G of finite index contains G°;

each finite conjugacy class of G has at most |G : G°| elements.

Proof. (i) Let Xi,..., Xy, be the irreducible components of G that con-

(iii)

tain the identity element e. Define ¢ : X; x -+ x X, — G as

©(g1,---59n) = g1 -..9gn, which is continuous. Therefore, since X; x

- X X, is irreducible by Proposition X =Xy x -+ x X))
is also irreducible. Also e = ¢(e,...,e) € X, so X C X;, for some
iop € {1,...,n}. But p(e,...,e,gi,e,...,e) =gi,s0 X; C X C X, for
all 1 < ¢ <n, which implies X1 =--- = X,.

The maps (g1, 92) — g192 and g — g~ ! are continuous and there-

fore G°G? and (GY)~! are irreducible sets. Since they contain the
identity, G°G? C GY and (G°)~! C G, which implies that G is a
subgroup of G. Similarly, for each g € G, the map h — hY is also
continuous and then (G®)¢ is an irreducible set that contains the iden-
tity, so (G%)9 C GO, which implies that GO is normal. Finally, for each
g € G, the map x — zg is a continuous map with inverse z — xg~?,
so it maps irreducible components into irreducible components. That
is, G'¢ is an irreducible component of G for all g € G. Since G is
a Noetherian space it has finitely many irreducible components, so
GY has finite index in G. Finally, since the irreducible components are
cosets of GO they are disjoint and therefore they are also the connected
components of G.

Let H be a closed subgroup of finite index. Assume first that H < G°
and let n = |G® : H|. Then there exist g1,...,g, € G° such that
GY = U Hg;; but Hg; are closed (because H is closed) and G is
irreducible, so G® = Hg;, for some iy and, since it is a subgroup,



18 3.3. Solvability of algebraic groups

GY=H.

If H < G consider H N GY. It is a closed normal subgroup and
G:HNG"| = |G:H||H: HN G,
which by the second isomorphism theorem equals to
|G H||G°H : G°| < |G: H||G: G°| < <.

Now the previous paragraph implies G = H N G°, so G° C H.

(iv) Let x € G and {z; = x,z2,...,2,} be its conjugacy class (without
repetitions). Define f : G — G, f(g) = z9. It is a continuous map
and G = U, f~!(x;). Also, for each i, f~!(z;) is closed and, since
there is a finite number of them, also open, which implies that G has

at least n connected components. That is, n < |G : GY|.
O

3.3 Solvability of algebraic groups

The aim of this section is to obtain a solvability condition for algebraic
groups that will be needed in Theorem

Definition 3.3.1. Let X be a topological space. We define the dimension
of X, denoted dimX, as the supremum of all integers n such that there
exists a chain Zy C --- C Z,, of irreducible closed subsets of X.

It is a well-known result that affine varieties have finite dimension (see
[3, Corollary 9.5]). This implies that any non-empty family of irreducible
varieties has a maximal element.

Lemma 3.3.1. Let U and V be two open dense subsets of an algebraic group
G. Then G=UV.

Proof. Let x € G. Since inversion in G is a homeomorphism, V! is also an
open set, as well as its coset £V ~!. Therefore V' N U # (), that is, there
exist u € U and v € V such that zv™' = u, which implies z = wv € UV. O

Remark 3.3.1. If G is irreducible and ¥ C G is a dense constructible
set then Y = U {(U; N C;) with U; and C; (non-empty) open and closed
sets respectively. Since G is irreducible and G = Y = U ,U; N C; then
G=U,NC;forsomel <i<n ButU,NC; CC;=C;and U;NC; C U,
so G = C; = U;, hence Uj; is dense in G and U; = U; N C; C Y. Therefore
the lemma is valid for U and V dense constructible sets.
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Lemma 3.3.2. Let G be an algebraic group and f; : X; — G, i € I a family
of morphisms from irreducible varieties X; to G such that e € Y; = fi(X;)
for alli e I. If M is the subgroup generated by all Y; then M is connected.

Proof. For each a = (ay,...,a,) finite sequence in I define Y, :=Y,, ... Y, ,
that is, the image of the morphism ¢, : X4 X -+ X X,, — G given
by ¢u(z1,...,2) = x1...2,. Let us see that, for all a, Y, is irreducible

(hence connected): suppose Y, = A U B with A and B closed sets, then
Xay X X Xa, = 97 (Ya) = ¢~ (A) U~ (B); now, p~'(A) and ¢~ '(B)
are closed because ¢ is continuous and X,, x---x X, is irreducible as it is a
product of irreducible sets so (without loss of generality) X,, x --- x X, =
¢ 1(A), this implies that Y, C A and therefore Y, = A because A4 is closed.

Let a and b be two finite sequences in I and consider (a,b) the sequence
obtained by juxtaposition of a and b. For each x € Y, the map y — xy is
a morphism from Y} to Y{4yp), so, by continuity, sends Y} to Y4y, that is,

YoYy C Y(op). Applying continuity again Y, Y}, C Y(, ;). Now let a such that
Y, is a maximal element in {Y}: b finite sequence in I}. Then, for every b
we get Y, C Yo Y, C Yigp), 80 Yo Y, =Y, and ¥, CY,. Taking b = a we get
Y, Y, =Y, and choosing b such that ¥}, =Y,
include the morphisms z — fi(z)™1), Y, Y, = Y,, this two facts imply
that Y, is a (closed) subgroup of G. Therefore M C Y, and then (since the
other inclusion is clear from the definitions) M = Y,. Hence M is connected.

1 (enlarging I if necessary to
1

Finally, since Y, is constructible by Chevalley’s Theorem the re-
mark after Lemma implies Y, = Y,Y, € M. So M = M is con-
nected. O

Proposition 3.3.3. Let A and B be subgroups of an algebraic group G. If
A is closed and connected, then [A, B] is connected. In particular |G, G| is
connected if G is connected.

Proof. We have that A is a connected algebraic group so, since connected
and irreducible components are the same by Theorem (ii), A is an
irreducible variety. For each b € B consider the morphism of varieties fj :
A — G given by fiy(a) = [a,b]. Clearly e = fi(e) C f(A) for all b € B and
the subgroup generated by all f,(A) is precisely [A, B]. Hence Lemma [3.3.2]
implies the result. O

Lemma 3.3.4. Let G be an algebraic group and H a closed normal subgroup
of G such that G/H is abelian. If H® is solvable then G° is solvable.

Proof. Since G/H is abelian then [G,G] C H and hence [G°,G°] C H.
By Proposition [GY, GY] is connected, so it must be contained in a
connected component of H. That implies [G°,G°] C HY and therefore
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[GY, GV is solvable (because HV is solvable by hypothesis), whence GV is
solvable. O

3.4 Lie—Kolchin Theorem

Lemma 3.4.1. Let K be an algebraically closed field and let M be a com-
muting set of n X n matrices over K. Then M is triangularizable.

Proof. Let V = K™ and consider M as a set of endomorphisms of V. Let
A € M not a scalar matrix (notice that if M consists only of scalar matrices
then we are done) and A € K an eigenvalue of A (which exists because K is
algebraically closed). Define W = ker(A — AI) and notice that 0 C W C V.
If B€ M and w € W then, since A commutes with B, (A — AI)(B(w)) =
B((A — M)(w)) = 0, so W is stable by the action of M. By induction
there exists v1 € V such that (vq) is stable by M. Then consider the action
induced by M on V/(v;). By induction on n, there exists a basis vg,...,7,
of V/(v1) such that (v3,...,7;) is stable by the induced action of M for all
2 <i<n. Then vy,...,v, is a basis of V such that (vy,...,v;) is stable by
the action of M for all 1 < ¢ < n. That is, such basis triangularizes M. [J

Theorem 3.4.2 (Lie-Kolchin). Let K be an algebraically closed field and
G < GL,y(K) a connected solvable algebraic group. Then G is triangulariz-
able.

Proof. Let V= K" and consider G as endomorphisms of V. Assume that
G is reducible (in the sense of representation theory), that is, that it has a
non-trivial invariant subspace W of dimension m with 0 < m < n so that
the elements of G can be written as

(SOE):C) w@)) @1)

where ¢ : GL,(K) — GL,(K) is induced by the restriction map ¢(x) =
ryy and ¥ 1 GLy(K) — GLy—n(K) = GL(V/W) is induced by the canon-
ical projection ¢ (z)(v + W) = z(v) + W. Now, ¢(G) C GLy(K) is a con-
nected (continuous image of a connected set) and solvable (homomorphic
image of a solvable group) group, so by induction on n we get that ¢(G) is
triangularizable. Analogously 1 (G) is also triangularizable and therefore G
is triangularizable. Hence, assume from now on that G is irreducible (in the
sense of representation theory).

Consider [G,@G], which is connected by Proposition m Since G is
solvable the derived series finishes at 1, so by induction assume [G, G| is
triangularizable. Let W be the subspace generated by the common eigen-
vectors of the matrices of [G,G|. Notice that W # 0 because it at least
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contains the first vector of the basis in which [G, G| has triangular form.
Now, since [G,G] is normal in G we have that, if A € G, B € [G,G] and
v € W, then A='BAv = Mv for some X\ € K, that is, BAv = MAv. There-
fore Av € W, which implies that W is invariant by G' and hence (since G is
irreducible) W = V. That is, [G,G] is in fact diagonalizable (thus, assume
it is in diagonal form).

Since [G, G] is normal, the conjugates of its elements are also diagonal
matrices, so they are obtained permuting the eigenvalues. Therefore they
have finite conjugacy classes and by Theorem (iv) this classes have only
one element (because as G is connected, G = G°). Whence [G, G] C Z(G).
Let A € [G,G] and let A € K be an eigenvalue of A, then the corresponding
eigenspace, ker(A — AI) is invariant by G (as seen in the proof of Lemma
[3.4.1). Then ker(A—XI) =V and hence A = AI. That is, [G, G| consists of
scalar matrices. Also, since the matrices of [G, G| have determinant 1 they
have to be given by n-th roots of unity. This implies that [G, G] is finite
and then, since it is connected, [G,G] = 1. Therefore G is abelian and by
Lemma [3.4.1] it is triangularizable. O






Chapter 4

Linear differential equations

In the sequel all rings and fields will be assumed to have characteristic zero.

4.1 Linear differential equations over differential
fields

Definition 4.1.1. Let K be a differential field. A homogenous linear dif-
ferential equation (of order n) is a expression of the form

Y(n) + an_ly(”_l) 4+ 4 GOY =0

with ap—1,...,a9 € K. We will usually denote it by £(Y) =0. If L/K is a
differential extension of fields, an element y € L is a solution of L(Y) = 0 if
it satisfies L(y) = 0, that is,

Proposition 4.1.1. Let L/ K be a differential extension of fields and L(Y) =
0 a homogenous linear differential equation over K. Then, the set of solu-
tions of L(Y') = 0 in L, is a vector space over the field of constants of L,
Cr.

A useful tool to obtain information about the dimension of this vector
space is the following:

Definition 4.1.2. Let K be a differential field. The wroniskian (determi-
nant) of y1,...,y, € K is defined as

Y1 e Un
Y e Yn
W) =
-1 -1
y Y Y
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Proposition 4.1.2. Let K be a differential field. Then y1,...,y, € K are
linearly independent over Ck if and only if W(y1,...,yn) # 0.

Proof. Suppose Y ;" ¢;y; = 0 with ¢1,...,¢, € Ck not all of them zero.
Then, differentiating successively, > ., ciygk) = 0 for all k. That is, the
columns of the wroniskian are linearly dependent and therefore W (yi,...,
yn) = 0.

For the converse suppose W (y1,...,y,) = 0 and let
r=min{m € {1,...,n}: W(y1,...,ym) = 0}

(notice that we can assume r > 2 because otherwise y; = 0 and this case is
trivial). Then there exist ci,...,¢, € K not all zero such that

S e =0 (4.1)
=1

for each 0 < k < r — 1 and the proof would be finished if we prove that
C1,-..,Cp are constants. We can assume ¢, = 1 and then, differentiating the
k-th equation in (4.1]) and subtracting from it the (k + 1)-th one we get

r—1 T r r—
0— C;yz(k) + Ciy§k+1) . ciyz(kJrl) _ C;yl(k)
(el e

for each 0,< k < r — 2. That is, a linear combination of the columns of a
matrix whose determinant, W(yi,...,yr—1), is non-zero (by minimality of
1), is zero, which implies ¢} = --- =¢/._; = 0. O

Notice that this proposition allows us to say “linearly independent over
constants” without specifying the field, that is because the value of the
wronskian does not depend on the field.

Corollary 4.1.3. The dimension over the field of constants of the vector
space of solutions of a homogenous linear differential equation is at most the
order of the equation.

Proof. If y1,...,yn+1 are solutions of a homogenous linear differential equa-
tion of order n, then the last row of the wroriskian, (ygn), .. .,ygfgl), is a
linear combination of the other ones and therefore W (y1,...,ynsr1) = O.

This implies, by Proposition [4.1.2 that y1,...,yn+1 are linearly dependent
over constants. O
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4.2 Picard—Vessiot extensions: existence and unique-
ness

In order to develop differential Galois theory we need an analogue to the
splitting field of a polynomial used in classical Galois theory. This analogue
is given in the following definition:

Definition 4.2.1. Let K be a differential field and £(Y) = 0 a homogenous
linear differential equation over K of order n. Then L/K is a Picard—Vessiot
extension for L if it is a differential extension of fields with the same con-
stants and L = K (y1,...,yn) with y1,...,y, a fundamental system of solu-
tions of £(Y) = 0 (that is, n solutions linearly independent over constants).

In this definition we require the extension to have the same constants for
the same reason as we did in Definition With K = C(z,€”) and the
equation Y/ —Y = 0 we could construct L = K(t)" with ¢ transcendental
over K such that t = ¢, which would add undesired solutions to the equation.

Let us first construct a set that has similar properties: let £L(Y) = y ™ 4
a1 YD 44 qgY =0 be a homogenous linear differential equation
over a differential field K and consider the ring of polynomials K[Y;;, 0 <
i<n-—1, 1 <j<n]. Extend to it the derivation of K by defining

V=Y, 0<i<n—2,1<j<n,

Yy 1= —0n1Yn 1j— - —agYo;, 1 <j<n.

Notice that then it is differentially generated over K by Yy 1, ..., Yy, and
these are solutions of £(Y) = 0. Now let W = det(Y; ;) = W(Yo,1,...,Yon)
and let R := K[Y;;][W™1]. Then R is called the full universal solution
algebra of L and the idea is to factor out R by an appropriate ideal in order
to obtain an integral domain whose field of fractions will be a Picard—Vessiot
extension of £. Notice that W is invertible in R, which implies that it will
be non-zero in any non-trivial quotient of R and therefore Yp 1, ..., Yy, will

keep linearly independent over constants.

Lemma 4.2.1. Let R be a differential commutative ring and let I be a
maximal element in the set of proper differential ideals of R. Then I is a
prime ideal of R.

Proof. Consider the quotient R/I and call it again R; now we have to prove
that R is an integral domain under the assumption that R has no proper
differential ideals. Let a,b € R, a,b # 0, such that ab = 0. Then let
us prove by induction on k that a®p**1 = 0 for all £ € NU {0} (notice
that we already have the base case as ab = 0): assume that a*~DpF = 0
holds and then, differentiating and multiplying by b this equality we obtain
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0= (a®bF + kaF=DpF=1p)b = aFpk+1,

This implies that if no power of b is zero then a and all its derivatives
are zero divisors. In this case we can consider J the ideal generated by a
and its derivatives, which is then a differential ideal that only contains zero
divisors, hence J C R. But also 0 # a € J, which gives that J is a proper
differential idea, and this is a contradiction. This implies that b is nilpotent.

Since b is an arbitrary zero divisor, every zero divisor in R is nilpotent. In
particular we can consider a” = 0 with n minimal; then 0 = (a")’ = na" 'a’;
since na™ ! # 0 this implies that a’ is a zero divisor. Again, a is an arbitrary
zero divisor, so the derivative of a zero divisor is a zero divisor. We get
that a and all its derivatives are zero divisors, which gives a contradiction
considering the ideal generated by them. We conclude that R has no zero
divisors. O

Lemma 4.2.2. Let K be an algebraically closed field and R a finitely gen-
erated K -algebra without zero divisors. If b € R\K, then b — ¢ is a unit for
at most finitely many c € K.

Proof. Let R = K|[x1,...,x,], K[X1,...,X,] the ring of polynomials and ¢ :
K[Xi,...,X,] — R the homomorphism of K-algebras given by ¢(P (X1,

.y Xn)) = P(x1,...,2n). Then R = K[Xy,...,X,]/I where I = ker(yp) is
a prime ideal of K[X7,...,X,]. We assume this is in fact an equality.

Let S = V(I) C K™, which is an irreducible affine variety because I is
a prime ideal. Let b = f + I with f € K[X;,...,X,]. By Chevalley Theo-
rem f(S) C K is finite or cofinite. If it is finite then, since it is also
irreducible because S is irreducible, f(S) = {c} is a single point; but this
implies f—c € I(S) = I and therefore b = c+1I € K, which is a contradiction.

So f(S) is cofinite. For each ¢ € f(5), (f —¢)(x1,...,2,) = 0 has a
solution x. € S; that is, f — ¢ € I(z.) where I(z.) is a maximal ideal of
K[Xy,...,X,] that contains I. Therefore b—c = (f —c)+ 1 € I(z.)/I is
not invertible because otherwise I(x.) should be the whole ring. t

Proposition 4.2.3. Let K be a differential field with algebraically closed
field of constants, and let K C R be a differential extension of rings such
that R is an integral domain finitely generated as a K-algebra. If R has no
proper differential ideals and L is the field of fractions of R, then Cp, = Ck.

Proof. Assume there exists b € C.\Ck. Let b = p/q with p,q € R, ¢ # 0,
and let J be the ideal of denominators of b, that is, J = {h € R: hb € R}.
In fact J is a differential ideal because hb € R implies h'b = (hb)’ € R. Then
J = R, because R has no proper differential ideals and 0 # ¢ € J. Therefore
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leJandb=1-b€ R.

Now, it is enough to find ¢ € Ck such that b — ¢ is not invertible in
R, because then (b —c¢)’ = 0 and (b — ¢)R is a differential ideal different
from R, so it has to be {0} and then b = ¢ € Ck. Let K be the algebraic
closure of K and consider R = R ® K. Then we can apply Lemma m
to b® 1 € R\K (notice that Exercise [2| implies Cz = Ck and therefore
b ¢ K) and, since C is infinite, we get that there exists ¢ € Cx such that
b®1l—c®1=(b—c)®1 isnot invertible in R; hence, b — c is not invertible
in R. O

Proposition 4.2.4. Let L1 /K, L2/ K be differential extensions of field with
the same field of constants as K, C, such that C is algebraically closed
and Ly and Lo are finitely generated as K-algebras. Then there exist a
differential extension of fields with the same constants, L/ K, and differential
homomorphisms o1 : L1 — L and 09 : Ly — L.

Proof. L1 ®k Lo is a finitely generated K-algebra and K C L ®x Lo is
a differential extension of rings with the natural derivation in L1 Qg Lo
(see Example (ii)). Let I be a maximal differential ideal of L; ® Lo,
which, by Lemma [4.2.1] is prime, and consider R = (L1 @ L2)/I. Let L be
the field of fractions of R. By Proposition Cr, = C. Finally, consider
0;: Ly — L given by o1(z) = x® 1+ I and o9(x) = 1 ® x + I, which are
differential homomorphisms. O

The following two corollaries give (respectively) uniqueness and existence
of a Picard—Vessiot extension.

Corollary 4.2.5. Let L1/K, Lo/ K be two Picard—Vessiot extensions for a
homogenous linear differential equation L(Y) = 0 over K and assume that
the field of constants C' is algebraically closed. Then there exists o : L1 —
Lo a differential K-isomorphism.

Proof. Let L, o1 and o9 be the field and differential homomorphisms given
by Proposition Let Vi C Ly, Vo C Ly and V C L be the C-vector
spaces of solutions of £(Y) = 0 in L, Lo and L respectively. Clearly
01(V1),02(Ve) C V. If £ has order n then, by definition of Picard—Vessiot
extension, dim(V;) = n = dim(V2), and by Corollary dim(V) < n,
hence (since o1 and o9 are injective) o1(V1) = V = 09(Va). Now, L1 =
K1), Ly = K(V3) and o7 and oy are K-linear, this implies that o =

0y 001 : L1 — Lo is a differential K-isomorphism. O

Corollary 4.2.6. Let K be a differential field with algebraically closed field
of constants C and let L(Y') = 0 be a homogenous linear differential equation
over K. Let R be the full universal solution algebra for L and let P be a
mazximal differential ideal of R. Then P is a prime ideal and the field of
fractions of R/ P is a Picard—Vessiot extension of K for L.
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Proof. By Lemma P is a prime ideal, so R/P is an integral domain
and we can consider its field of fractions L. R is differentially generated (as
a K-algebra) by solutions of £(Y) = 0 so L is differentially generated over
K (as a field) by solutions of £(Y) = 0, and these solutions are linearly
independent over constants because the wronskian is invertible in R (in
particular this implies that it is non-zero in R/P and hence, non-zero in
L). Finally, by Proposition L has the same constants as K, so it is a
Picard—Vessiot extension for L. O

4.3 Two properties of Picard—Vessiot extensions

Theorem 4.3.1. Let L/K be a Picard—Vessiot extension with algebraically
closed field of constants and K C F C L an intermediate differential field.
Then every differential K-homomorphism o : F' — L extends of a differ-
ential K-automorphism of L.

Proof. Let Fy = o(F), which is also an intermediate differential field of L/K
and notice that o : FF — F} is a K-isomorphism. Clearly L/F and L/F;
are Picard—Vessiot extensions of the same equation as L/K and hence (by
uniqueness), we can assume one of them is the one constructed in Corol-
lary That is, we assume L = Fr(R/P) with R = F[Y;;, W~!] the full
universal solution algebra with respect to F' and P a maximal differential
ideal.

Let Ry = F1[Yy;, W1 be the full universal solution algebra with respect
to F} and then extend o in a natural way to a K-isomorphism ¢ : R — R;.
Let P, = o(P), which is then a maximal differential ideal of R;. Consider
the map from R/P to Ri/P; given by © + P +—— o(x) + Py, it is clearly
an isomorphism and can be extended to the fields of fractions, so ¢ : L =
Fr(R/P) — Fr(R;/Py) is an isomorphism extending o. Finally, Fr(R;/P;)
is a Picard—Vessiot extension of F, so by uniqueness there exists an Fi-
isomorphism ¢ : Fr(R;/P;) — L; and then @ = ¢ o ¢ is a differential
K-automorphism of L extending o. O

Theorem 4.3.2. Let L/K be a Picard—Vessiot extension with algebraically
closed field of constants and let x € L\K. Then there exists a differential
K -automorphism o : L — L such that o(x) # x.

Proof. Let us first give a more specific version of Proposition namely,
if we fix 1 € L;\K and xz9 € Lo\ K then we can require o(z1) # o2(x2).
To prove this let z = 21 ® 1 — 1 ® 9 € L1 ®k Lo. Clearly z # 0 be-
cause x1,r2 ¢ K; also z is not nilpotent because a tensor product of
fields of characteristic zero can not have nilpotent elements (see [4, The-
orem 1.18]). The problem now is that z might be a zero-divisor. Let
J = Uj>1Ann(z%). Tt is a proper differential ideal of L; ®p Lo (indeed
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z2" = 0 implies 0 = (z2"™1) = 2/2" + (i 4+ 1)z2’2’ = 2/2"T1). Also 2 ¢ J
(because it is not nilpotent). Then 0 # Z € (L1 ®x Lo)/J and Z is not a
zero-divisor. Therefore we can consider the ring Ry = ((L1 ®x L2)/J)[Z7}]
and I a maximal differential ideal of it. Let R = R;/I. Since Z is invertible
in Ry we get that Z+ I # 0 in R and the rest of the proof of this part is
analogous to the one of Proposition 4.2.4

Now, apply this result to L; = Ly = L and z; = z9 = x. We get F/K, a
differential extension of fields with the same constants, and 01,09 : L — F
differential homomorphisms with oy (x) # oo(x). Finally, as o1(L) = o2(L),
o =0, 00y is a K-automorphism of L with o(z) # . O






Chapter 5

Differential Galois theory

5.1 The Galois group of a Picard—Vessiot exten-
sion

Definition 5.1.1. Let L/K be a differential extension of fields. Then the
differential Galois group of the extension is the group of differential K-
automorphisms of L. It is denoted Gal(L/K).

Lemma 5.1.1. Let L/K be a finitely generated extension of fields, L =
K(up,...,up) and o : Kluy,...,up] — Klui,...,uy] a surjective homo-
morphism of K-algebras. Then o is an isomorphism of K-algebras and
therefore it can be extended to a K-automorphism of L.

Proof. We need to prove that o is injective. Let u € kero, u # 0. Suppose
u is algebraic over K and let m(X) = X" +a, 1 X" ' +--- + a9 € K[X]
be its minimal polynomial. Then m(u) = 0 and, applying o, we get 0 =
o(u)" + ap_10(u)" 1 + .-+ 4+ ag = ag, which contradicts m being an irre-
ducible polynomial. Then u is transcendental over K.

Let wy,...,w € K[us,...,u,] be an algebraically independent set with
k as large as possible (notice that k is at most the transcendence degree
of L/K, which is finite). Since o is surjective let w; = o(v;) with v; €
Kluy,...,uy] for each i € {1,...,k}. By the maximality of k we get that
u, V1, ...,V are not algebraically independent, that is, there exists P &
K[X,X1,...,Xk|, P # 0, such that P(u,vy,...,vr) = 0. Choose this P such
that X { P (this is possible because otherwise u would be a zero-divisor, but
it is inside a field). Since u is transcendental over K, P(u, X1,...,Xg) # 0
and then (extending o by o(X;) = X;), o(P(u, X1,..., X)) = P(0, X1, ...,
Xk) # 0 but 0 = o(P(u,v1,...,v;)) = P(0,ws,...,wy), which contradicts
that wy,...,wy are algebraically independent. We conclude that keroc = 0
and then ¢ is an isomorphism. O

31
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Theorem 5.1.2. The Galois group of a Picard—Vessiot extension is an al-
gebraic group over the field of constants of the extension.

Proof. Let L = K(y1,...,yn)" where y1,...,y, is a fundamental set of so-
lutions of the homogenous linear differential equation. If V' = (y1,...,yn)
is the C'i-vector space of solutions of the equation, a differential K-auto-
morphism of L, o, can be seen as a linear automorphism of V' (since it has
to send solutions of the equation to solutions of the equation) and knowing
how it acts on V is enough to know how it acts on L. So, ¢ can be described
as (o(y1),-.-,0(yn)) = (Y1, ...,yn)C where C is an invertible matrix of con-
stants. We have to prove that such o exists if and only if the entries of C
satisfy a set of polynomial relations S C Ck[X;5,1 <1i,j < n].

Let Z1,...,Z, be indeterminates and consider the diagram

K(Zy,....Z,) —— L
¥
L[Xij1<i,j<n] 2> L

where X;; = 0, o(Zi) = vi, (W(Z1),...,9(Zn)) = (Y1,---,yn)(Xi;) and
p(Xij) = cij (with C = (ci;) a given invertible matrix of constants). Let
I' = ker ¢. The set ¢(I") consists of polynomials in the variables {X;;} with
coefficients in L; we fix a Ck-basis {wq}aca of L and consider the set of
polynomials S that appear as coefficients of each w, when writing the co-
efficients of polynomials in (I") in terms of this basis. It is clear that the
entries of the matrix C satisfy the polynomial relations of S if and only if
P(I) C ker p.

It is now left to prove that there exists a differential K-automorphism o
of L such that (o(y1),...,0(yn)) = (Y1,-..,yn)C if and only if ¢(I") C ker p.
If there exists such o, the diagram is commutative (considering o on the
right, from top to bottom) and then p((I')) = o(p(I')) = 0, that is,
(I') C kerp. Conversely, if ¢(I') C kerp we can factor K[Z1,...,Z,)
by I' and get a differential K-isomorphism @ : K[Z,...,Z,]'/T — Imp =
Kly1,...,yn) given by 3(Z) = ¢(x) and a differential K-homomorphism
pot : K[Zy,...,Z,] /T — L given by po¢(T) = po(x). With that we
obtain a differential K-homomorphism o = poy o1 : Kly1,...,ys) —
Kly1,...,yn), which is surjective because (o(y1),...,0(yn)) = (y1,--.,yn)C.
Therefore, by Lemma [5.1.1}, o can be extended to a differential K-automor-
phism of L. O

Example 5.1.1. Let K be a differential field and let K(t)/K be a tran-
scendental differential extension with the same constants.
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(i) If ¢ = a € K* then 1 and t are solutions of Y — (a’/a)Y’ = 0,
linearly independent over constants and K(1,t) = K(t), so K(t)/K
is a Picard—Vessiot extension. If o € Gal(K(t)/K) then it can be
described by the image of ¢ (in general by the images of the solutions
of the equation, but o(1) = 1), which must be o(t) = bt + ¢ with b
and ¢ constants. But also a = o(a) = (o(t)) = ba, so b = 1 and
o(t) =t + c¢. Conversely, for any constant ¢, t — t + ¢ induces a
K-automorphism of K (¢) which is differential. So

Cal(K(1)/K) = {(é i) ce CK} ~ .

(i) If ¢/ = at with a € K then t is a solution of Y/ —aY =0 and K(t) =
K(t), so K(t)/K is a Picard—Vessiot extension. If o € Gal(K(t)/K),
then it is given by o(t) = ct with ¢ a constant (because o(t)* = o(t*) =
o(a) = a = t* and we can apply Exercise [6)). Conversely, since ¢ is
transcendental over K, for any constant ¢ the map ¢ — ¢t induces a

K-automorphism of K (t) which is differential. So Gal(K (t)/K) = Cj.

5.2 The fundamental theorem of differential Ga-
lois theory

The fundamental theorem of differential Galois theory is analogous to the
fundamental theorem of classical Galois theory. It gives a correspondence
between the intermediate differential fields and the closed subgroups of the
differential Galois group. This correspondence is given as follows: if L/K is
a Picard—Vessiot extension and F' is an intermediate differential field then
L/F is also a Picard—Vessiot extension for the same equation and has dif-
ferential Galois group Gal(L/F') = {0 € Gal(L/K): o|p = idr} and if H is
a subgroup of Gal(L/K) we denote L the subfield of L fixed by H, that
is, L = {zx € L:o(x) = x,Yo € H} (which is in fact an intermediate
differential field of L/K).

Lemma 5.2.1. Let L/K be a differential extension of fields, y1,...,yn € L
and g € L[Xy,...,X,]" a differential polynomial. Let H and T be subgroups
of Gal(L/K) such that L = LT. Then g(o(y1),...,0(yn)) = 0 for all
o€ H if and only if g(o(y1),...,0(yn)) =0 for allo € T.

Proof. By way of contradiction assume there exists g € L[X1,...,X,] such
that g(o(y1),...,0(yn)) = 0 for all o € H but not for all o € T. Take
this g with minimal number of non-zero monomials. We can assume that
at least one coefficient of g is 1. Let 7 € H and consider the polynomial
Tg obtained by applying 7 to the coefficients of g. Then, for each 0 € H,

(t9)(c(yn),---,0(yn)) = 7(g(v" o (1), ..., 7 o (yn))) = 7(0) = 0 (because
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77l € H). Hence we get that (9—79)(o(y1),...,0(yn)) = 0 for each o € H
and g —7¢ has less monomials than g (because the one with coefficient 1 in g
vanishes), so, by the minimality assumption, (g — 79)(c(y1),...,0(yn)) =0
for each 0 € T. If g — 79 was not identically zero we could find a € L
such that ¢ — a(g — 7¢) had less monomials than g, but then g — a(g —
79)(c(y1),...,0(yn)) would be zero for all o € H but not for all o € T,
which would contradict minimality. So ¢ — 7g = 0, which means that the
coefficients of g are fixed by 7. Since 7 € H was arbitrary we get that g
has coefficients in L = LT and then, for any o € T, g(c(y1),...,0(yn)) =
(c9)(0(y1),---,0(yn)) = a(g(y1,...,yn)) = 0, which is a contradiction and
completes the proof. O

Theorem 5.2.2. Let L/K be a Picard—Vessiot extension and H and T
subgroups of Gal(L/K) such that L¥ = LT. Then H = T (that is, they
have the same Zariski closure).

Proof. Since the Zariski closure of a set S is S = V(I(9)), it is enough to
prove that I(H) = I(T). That is, we have to prove that if f € C[X;;,1 <
i,7 < n] is a polynomial (where C' is the field of constants and n the order
of the equation) that vanishes on H, then it also vanishes on 7. Suppose
L=K(yp,...,yn) and let

Y1 - Un X4 X,

vl .. ur, X1 X,
w=1. : » 2= :

?En—l) . .yq(ln—l) ix—fn—l) . ;X—T(Ln—l)

and ¢(X1,...,X,) = fW™B) € L[Xy,...,X,), where Xi,...,X,, are
indeterminates (notice that W1 is well-defined because the solutions are
linearly independent over constants and therefore det(W) is the wroriskian).
Then g(o(y1),...,0(yn)) = 0 for all o € H (because after substitution of
X; by o(y;), W™1B becomes the matrix defining o), so, by Lemma
g(o(y1),...,0(yn)) = 0 for all 0 € T, which means that f vanishesin 7. [

Theorem 5.2.3 (Fundamental theorem of differential Galois theory). Let
L/K be a Picard—Vessiot extension with algebraically closed field of constants
and differential Galois group G = Gal(L/K). Then the correspondences

H+—— L7 F+— Gal(L/F)

define bijections between the Zariski closed subgroups H < G and the inter-
mediate differential fields K C F C L. Furthermore, if H < G corresponds
to K C F C L by this correspondence then H is a normal subgroup of G if
and only if F' is G-invariant. In this case G/H = Gal(F/K).
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Proof. If K C F C L is an intermediate differential field then L/F is a
Picard—Vessiot extension and H = Gal(L/F') < G. Also, by Theorem
H and G are algebraic groups over the field of constants (which is the same
for both) and hence H is closed in G. Let K C Fj, F» C L be two inter-
mediate differential subfileds such that Gal(L/F;) = Gal(L/F,) and assume
there exists © € F5\F;. Then by Theorem there exists o € Gal(L/F})
such that o(z) # z, a contradiction since o € Gal(L/F;). Thus F» C F}
and similarly F; C F5. Now let H and T be closed subgroups of G such that
LH = LT then Theorem implies H = T and since they are closed this
means that H = T. So the given maps are bijections.

Let H is a closed subgroup of G and F = L. Then H = Gal(L/F)
and it is a normal subgroup if and only if for all g € G, h € H and x € F,
g 1 (h(g(x))) = z, that is, h(g(x)) = g(z), which means that g(z) € L = F
and this is the definition of F' being G-invariant. For the last claim let
p: G — Gal(F/K) be the restriction homomorphism (that is, p(0) = o|),
it is surjective by Theorem [4.3.1] and H is by definition its kernel. O

Observe that in the conditions of the theorem, if F'//K is a Picard—Vessiot
extension then F' is G-invariant, and then the last part of the theorem ap-
plies. Conversely it is also true that if F' is G-invariant then F/K is a
Picard—Vessiot extension, but this is more difficult to prove (see [2, Propo-
sition 6.3.5]). Fortunately for our purposes the following particular case is
sufficient.

Theorem 5.2.4. Let K be a differential algebraically closed field and K (t)/K
a transcendental differential extension with the same field of constants and
t' = at with a € K. Then for every intermediate differential field K C E C
K(t), E/K is a Picard-Vessiot extension.

Proof. Let K C E C K(t) be an intermediate differential field. By Ex-
ercise |§| (ii), t" € FE for some n € N and then K(t") C E C K(t). By
the classical Galois theory, E = K (t%) for some d|n and t¢ is a solution
of the differential equation Y/ — adY = 0, hence E/K is a Picard—Vessiot
extension. O






Chapter 6

Solvability of linear
differential equations by
quadratures

The aim of this chapter is to prove the analogue of the theorem in classical
Galois theory about solvability by radicals of polynomial equations. Here
we characterize when a linear differential equation over a differential field
is solvable by quadratures. This means that we allow algebraic extensions,
exponentials and integrals (notice that logarithms are also allowed since they
can be represented as integrals). This type of solutions are the elements of
what we will define as generalized Liouville extensions.

6.1 Solvability Theorem

Lemma 6.1.1. Let E/K be a differential extension and K C K;,L C E
with L/ K a Picard—Vessiot extension. Let Ly = LK1, suppose that Ly and
L have the same field of constants C and that it is algebraically closed.
Then L1/K1 es a Picard—-Vessiot extension and its differential Galois group
is isomorphic to the differential Galois group of L/L N Kj.
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38 6.1. Solvability Theorem

Proof. f L = K(y1,...,yn) then L1 = Ki(y1,...,yn)’, so L1/K; is a
Picard—Vessiot extension for the same homogenous linear differential equa-
tion as L/ K. Thus we consider its differential Galois group G = Gal(L1/K}).
If 0 € G then (L) = L because Ly and L have the same constants (which
implies that the space of solutions is the same for both fields). Then we can
consider the restriction homomorphism p : G — Gal(L/K), which is injec-
tive because if o € ker p this means that o fixes Ky and L, so it also fixes
KL = Ly, that is, 0 =idy, = 1g. So G = H = Imp. Also, when thought
as Zariski closed subsets of GL,,(C), H = G and therefore H is a closed sub-
group of Gal(L/K). By the Fundamental Theorem H = Gal(L/LM).
Clearly L O LN Ky; conversely, if z € L\(LN K1), by Theorem there
exists o € Gal(L; /K1) such that o(z) # = and then p(o)(z) # z, so x ¢ L1
and this completes the proof. O

Definition 6.1.1. Let M/K be a differential extension of fields with the
same constants. We say it is a Liouville extension if there exists a chain
of differential subfields K = My C M; C --- C M,, = M where, for each
1<e<n, M; = Mi—l(ti) with t; € M; 4 or t; = u;t; with u; € M;_q.

Lemma 6.1.2. Let L/K be a Picard-Vessiot extension with algebraically
closed field of constants. If there exist elements uy, ..., u, € L such that for
each o0 € Gal(L/K) and 1 < j <n

o(uj) = ajjur + - - + aju; (6.1)
with a;; constants in L, then K(uy,...,uy,) is a Liouville extension of K.

Proof. Assume u; # 0 (otherwise it could be omitted) and let us prove
the claim by induction on n (notice that the beginning of the proof will
also serve as the base case for the induction). The first equation in
is o(u1) = aqiuq, differentiating we obtain o(u}) = a11u} and dividing this
equation by the previous one gives o(u}/u1) = u}/ui. This holds for every
o, so u) Juy € LOM/EK) — [ that is, K(u1)’ = K(u1) and it is a Liouville
extension of K. Now divide every other equation in by o(u1) = anu;

to obtain
U ai; a9 U Qii Ui
O-<j) :73+7]7+...+ﬂ73
Uy ail  ail Ul a1 ui

and differentiate to achieve

/ !/ /
U((%) ) _ 9y <W> by G (%) ,
Ul ail] \ui ail \ui
which is a set of equations with the same form as ([6.1]) but with one equation
less. Thus, the inductive hypothesis implies that M = K (uq)((u2/u1)’s ...,

(un/u1)’)’ is a Liouville extension of K(up), but then K(ui,...,u,) =
M((ta,. .., t,) with t; = u;/uy and ¢; = (u;/u1)’ € M, so it is a Liouville
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extension of M. Thus all intermediate extensions in K C K(u1) € M C
K(uj...,u,)" are Liouville extensions, whereas K (uj ..., u,)"/K is a Liou-
ville extension too. ]

Definition 6.1.2. Let M/K be a differential extension of fields with the
same constants. We say it is a generalized Liouville extension if there exists
a chain of differential subfields K = My C M; C --- C M,, = M where, for
each 1 < i <n, M; = M;_1(t;) and M;/M;_ is algebraic or t; € M;_; or
t; = w;t; with u; € M;_q.

Theorem 6.1.3. Let L/K be a Picard—Vessiot extension with algebraically
closed field of constants. Then, the following are equivalent:

(i) there exists a generalized Liouville extension M /K with the same con-
stants such that L C M ;

(ii) the identity component GO of the differential Galois group G = Gal(L/K)
1s solvable.

Proof. (i)=(ii): Let M /K be a generalized Liouville extension with the same
constants such that L C M and let K = My C My C --- C M,, = M where,
for each 1 <4 < mn, M; = M;_;(t;) and M;/M,_; is algebraic or t, € M;_4
or t; = u;t; with u; € M;_1. Let us prove that the identity component GO of
the differential Galois group G = Gal(L/K) is solvable by induction on n.
Let Ly = LM, C M. By Lemma L1 /M is a Picard—Vessiot extension
and Gal(Li/M,;) = Gal(L/LNM;) = H. By the inductive hypothesis (since
M /M is a generalized Liouville extension with a chain of length one unit
less) HY is solvable.

If M, /K is algebraic it is also finite and then L N M;/K is finite. Exer-
cise 11| (i) implies that |G : H]| is finite and then Theorem (iii) implies
GY = H? (so solvable). So suppose M; = K(t) is transcendental and ¢ € K
or t = at with a € K (so, as seen in Example M, /K is a Picard—-
Vessiot extension with abelian differential Galois group). If ¢ € K then
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Exercise 8] (i) implies that LN My = K or LN My = M; (so LN M;/K is
a Picard—Vessiot extension) and if ¢ = at with ¢ € K then Theorem m
implies that L N M; /K is a Picard—Vessiot extension. Therefore, the Fun-
damental Theorem [5.2.3]implies that H is a normal subgroup of G and that
(seeing LN M, as a differential intermediate subfield first of L/K and then of
M/K) G/H = Gal(LN M, /K) = Gal(M;/K)/ Gal(M;/L N M), so G/H
is abelian. Finally, Lemma implies that G is solvable.

(ii)=(i): Conmsider F = LG . Theorem (ii) implies that G° has
finite index in G, so Exercise [L1] (ii) implies that F'/K is a finite extension
(hence algebraic). On the other hand L/F is a Picard-Vessiot extension
and by the Fundamental Theorem Gal(L/F) = G°. Since GV is by
hypothesis solvable we can apply Lie-Kolchin Theorem [3.4.2] to get that it
is triangularizable. Then we can apply Lemma to obtain that L/F is a
Liouville extension and therefore L/K is a generalized Liouville extension.

O

6.2 Airy equation

Consider the Airy equation over C(z), Y — zY = 0, we will see that it
cannot be solved by quadratures. It is known that it has two linearly inde-
pendent solutions in the field of meromorphic functions in C, so consider a
Picard—Vessiot extension of it, L, inside this field. Let G C GLy(C) be its
differential Galois group.

Suppose that G is solvable. Then Lie-Kolchin Theorem implies
that there exists a non-zero solution of the equation y such that for all o €
G, o(y) = cy for some ¢ € C. Then o(y') = cy’ and hence o(y'/y) = y'/y,
that is, 3 /y = a € L¢, or equivalently y/ = ay. It is known that the solu-
tions of the Airy equation have infinitely many simple zeros (see [I, Theorem
1]), so this equality implies that a = y* has infinitely many poles (because a
zero of iy which is not a zero of 4 must be a pole of a). But also G° has finite
index in G, so Exercise [L1] (ii) implies that a is algebraic over C(z) and this
is impossible. Indeed, otherwise there would exist py, . ..,pg € C[z], p, # 0,
such that p,a™ + --- 4+ pg = 0, so every pole of a must be a zero of p,, (if
b € Cis a pole of a of order m it is a pole of order km of a* for all k, if
it is not a zero of p, then it is a pole of p,a™ of order nm and of order
< km < nm of ppa® for all 0 < k < n —1, so ppa™ # —pp_1a™ ' — - - — o)
and hence p,, should be a polynomial with infinitely many zeros. Thus G is
not solvable. So, by Theorem there does not exist a generalized Liou-
ville extension M /C(x) such that L C M. Finally, Exercise [15| implies that
the Airy equation does not have any solution in any generalized Liouville
extension of C(z).
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Let us now focus on finding G. Exercise [13]implies that the wroniskian of
the equation w is a constant, that is, w € C. Therefore G = Gal(L/C(z)) =
Gal(L/C(z,w)), so Exercise 14| implies that G = G N SLy(C), that is, G C
SLy(C). Then G is a non-solvable connected algebraic subgroup of S Ls(C)
and it is known that then it cannot be proper (see [2, Theorem 4.6.1]), so
GY = SLy(C). Hence G = SLy(C).






Appendix A

Solved exercises

Exercise 1. Show that if F//K is an algebraic non-separable extension a
derivation of K may not extend to a derivation of F' or it might extend in
more than one way.

Solution. Let K = Fy(X?), F =Fo(X). In F, (X?) = 2XX' = 0 for any

derivation /. Now a derivation in K can be defined by giving (X?)" any

arbitrary value in K, for example:

e (X?) =1 in K. This is impossible in F, so this derivation does not
extend to F'.

e (X?) =0in K. This is always true in F, so X’ = 0 and X’ = 1 define
two possible extensions to F.

O
Exercise 2. Let F'//K be an algebraic, separable, differential extension.

(i) Show that the field of constants of F' is the set of the elements in F'
that are algebraic over the field of constants of K. Is this true if the
extension is not separable?

(ii) Conclude that if K(t)/K is a differential extension extension with the
same constants and ¢ is a transcendental element over K, then F'(t)
and F' also have the same constants.

Solution. (i) Let a € F be algebraic over Ck, and let m € Ck[X] be its
minimal polynomial. Then o = —m(?(a)/m/(a), but m@ =0, so a € CF.

For the converse let o € F\K be a constant and m € K[X] its minimal
polynomial, then m/(a) # 0 and o = —mD(a)/m/(a) = 0, so m¥(a) = 0.
Also, m is monic, which implies deg(m(d)) < deg(m) and therefore md =0
(because m is the minimal polynomial of a and m ¥ () = 0). This implies
that the coefficients of m are constants, that is, m € Ck[X] and therefore

43



44

« is algebraic over Ck.

This is not true if F//K is not separable: for example Fo(X)/Fo(X?),
" defined by X’ = 1. (X2) must be 0 as seen in the previous exercise, so all
the elements in Fo(X?2) are constants but X is algebraic over Fo(X?) and it
is not a constant.

(i) Cr C Cpy is trivial, so let us see the other inclusion. For that let
f € Cpq) and suppose f ¢ F (if f € F then clearly f € CF). Since
F(t)/K(t) is an algebraic, separable, differential extension then, by (i),
I € Cp if and only if f is algebraic over Cx(;) = Cx C K, and the
elements in F'(t) that are algebraic over K are precisely the ones in F, so
f € F, which is a contradiction. O

Exercise 3. Let K be a field of characteristic 0 and consider the differential
field K (t), where the elements of K are constants, ¢ is transcendental over
K and ¢’ = 1. Show that the field of constants of K(t) is K. What is the
field of constants of K (t) if the characteristic of K is positive?

Solution. Let p/q € K(t) with p,q € K][t] coprime (and g # 0). Then
(n/a) = (W'a—pd')/q* = 0 if and only if

p'q—pqg =0. (A.1)

If ¢ # 0 then implies p/q = p'/q¢/, but degp’ < degp and degq’ <
deg g, so this contradicts p and g coprime. Therefore ¢’ = 0 and leaves
us with p’q = 0, which implies p’ = 0 (because q # 0). So, p/q is constant
if and only if p’ = ¢’ = 0. In characteristic 0 this happens if and only if
p,q € K, which happens if and only if p/q € K.

If char K =n > 0 then p/ = ¢’ = 0 if and only if there exist p1,¢1 € K]t]
such that p(t) = p1(t"), q(t) = q1(¢"). So Ckpy = {p(t"): p € K[t]}. O

Exercise 4. If K is a field we consider the usual derivation in the ring of
formal power series K[[x]] and the ring homomorphism e : K[[z|]] — K
given by e(>° janz™) = ag. Let R be a commutative differential ring and
o : R — K a ring homomorphism. Show that if the characteristic of K
is zero there exists a unique differential homomorphism 7, : R — K|[[z]]

such that eo T, = 0.

Solution. Let r € R and denote by rg,71,--- € K the coefficients of Ty (r),
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that is, T,(r) = > 2, rnaz™. Then:

:€<in(n—1)_,,(n—k+1)rnxnk) el = = O'(T,)

n==k

So, this gives uniqueness as




(n) o S(S (1) (k). (k)
To(rire) = Z 0((7“1;'2) )xn _ Z (Zk_o (k?zl 1 9 >:c” _
n=0 ' n=0 :
oo n n k —k
3y k=0 oo™
B n! =
n=0
oo n ! i - i
_ZZ k[(n_k)ln'U(Tg ))U(Té ))x =
n=0 k=0
a\r (n) > a\T (m) m
_ ( 00 (52202 ) et
/
00 J(T(n)> " e8] J(T(n)) o 00 O'(T(n)) o
n=0 n=1 n=1

Exercise 5. (i) Let F'/K be a differential algebraic extension with
char K = 0. Show that if u € K and u = v for some v € F, then in
fact u = w' for some w € K (that is, if v has a primitive in F, then
it has a primitive in K). Conclude that if K and F have the same
constants, v € K. (Hint. Apply the trace map of the appropriate
extension to the equality u = v'.)

(ii) Apply (i) to show that the functions logz and arctanz are transcen-
dental.

Solution. (i) Let L = K (v), N the normal closure of L over K and [L : K| =
n. Then there exist n distinct K-homomorphisms 7,...,7, from L to N
and the map x +—— Trp /g (x) = >, 7i(z) is a group homomorphism from
(L,+) to (K,+). Also, by Theorem T, ...,Tn are differential. So, we
have:

n n

Try k(u) = ZTZ(U) = Zu =nu

=1 =1
n n

Tri (V') = Z%’(U/) => 7)) = (ZTi(U)>/ =Trpx(v)

=1 1=1

and u = v/, so u = w’ with

1
w = ETT’L/K(’U) € K.



Appendix A. Solved exercises 47

If K and F have the same constants then v/ — w' = (v — w)’ = 0, so
v—w € Cp =Ckg C K, which implies v € K.

(ii) (logx)’ = 1/z and (arctanz) = 1/(1 + x2) are both in K(z) so, if
the functions where algebraic, (i) would imply that they are in K (z), which
is not true. O

Exercise 6. Let K be a differential field. We define the logarithmic deriva-
tive of an element v € K, u # 0, as u* = u//u. Show that (uv)* = u* + v*
and (u~!)* = —u* for any u,v € K*. Conclude that (u™)* = mu* for any
integer m. Show that u* = v* if and only if u = cv for some non-zero
constant ¢ € K. If t,a,a1,...,a, € K,a # 0,t # a;, and mq,...,m, are
integers, what is the logarithmic derivative of u = a(t —a1)™ ... (t—a,)""?

Solution.

/ / / /
UV + uv U v
(w) = —=—+ —=u"+0"
o, U v
and )
— / /
_ u‘u U
Wy =t =
U U

The general case can be easily proven by induction: if m = 0, then
(u?)* = 1* = 1//1 = 0, and now, for m > 0,

(u™)* = u* + (™) = u* + (m — )u* = mu*

and

Now, u* = v* if and only if 0 = (u/v)(u* —v*) = (v'v—uv')/v? = (u/v),
that is, if and only if u/v = ¢ is a constant (which is non-zero because w is
non-zero).

Using these properties we can compute the required logarithmic deriva-
tive as:

(a(t —ar)™ ... (t—a,)" )" =a" + ((t —a1)™)" + -+ ((t —an)")" =
=a +my(t—a) +-+m(t—a)* =

a’ t —a t'—a
= —4+m Ly vm, r
a t—ap t—ar
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Exercise 7. Show that the result in Exercise [5| (i) is still true if we replace
the derivative ’ by the logarithmic derivative * and if we just require w* to be
a multiple of u. (Hint. Use the trace and the norm maps of the appropriate
extension as in Exercise [f])

Solution. Using the same notation as in Exercise 5 that z — Ny k() =
[1i-, 7i(x) is a group homomorphism from (L*,-) to (K*,-) and that 7;(z*) =
(2 [z) = 1i(2) )7i(x) = 7i(x) /7 (x) = 7(x)*, we get:

Tri i (u) = ZTZ(U) = Zu =nu
Truw(v') = Y n@) = Y n(0) = ([[5) = Nyyx()’

i=i i=i
so nu has a logarithmic primitive

U}:NL/K(’U) € K*

If K and F have the same constants then nv* — w* = (v /w)* = 0, so
v"/w € Cp = Cx C K, which implies v" € K.
O

Exercise 8. Let K(t)/K be a transcendental differential extension of fields
of characteristic 0 with the same constants.

(i) Show that if ¥ € K there does not exist any proper intermediate
differential subfield. Is this true in positive characteristic?

(ii) Show that if ¢* € K and E is an intermediate differential subfield then
t" € E for some n € N.

Solution. (i) Let E be a differential field, K C E C K(t). Suppose
K(t)/E is algebraic, then, since ' € K C E and Ck) = Cp, Ex-
ercise [5| implies ¢ € E and then £ = K(t). Let us see that in fact
K(t)/E is algebraic: let f(t) = p(t)/q(t) € E\K, p(T),q(T) € K[T],
q(t) # 0, then m(T) = ¢(T) f(t) — p(T) € E[T] is a non-zero polyno-
mial and m(t) = 0, which implies that ¢ is algebraic over FE.

This is not true if char K = p, because K (tP) is a proper intermediate
field and (#?)" = 0, so it is in fact a differential field.

(ii) With the same argument as before, since K(t)/F is algebraic we get
by Exercise [7] that t" € E for some n € N.
O
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Exercise 9. Let K(t)/K be an extension of differential fields of character-
istic 0 and suppose that ' = u € K. Assume that u has no primitive in K.
Notice that, by Exercise |5} ¢ is transcendental over K.

(i) Prove that if p(t) € KJt] is a constant, then p(t) = pp € K. (Hint.
Show that if p has positive degree, p(t)’ = 0 implies that u has a
primitive in K.)

(ii) Prove that K(t) and K have the same constants. (Suppose p(t)/q(t)
is a constant, where p and ¢ are coprime polynomials and ¢ is monic.
Show that ¢(t)|q(t)" and then apply (i) to conclude that ¢(t) = 1 and
p(t) is a constant in K.)

(iii) Conclude that if K is a differential field of characteristic 0 and uy, ..., uy €
K, there exists a differential extension F'/K with the same constants
such that the elements u; have primitives in F'.

(iv) Prove that the same results are true if * = u € K, assuming that no
multiple of u has logarithmic primitive in K.

Solution. (i) Suppose p(t) = ppt™ + -+ + po with n > 1 and p,, # 0, then
p(t) = pLt"+(pl,_ +npuu)t™ 1+ -+ (ph+p1u). So, if p(t)’ = 0 then
pn is a constant and p,_; 4+ ppu = 0, which implies u = (—pn—1/pn)’,
a contradiction.

(ii) Suppose p(t)/q(t) € K with p and g coprime and g monic, is a constant.
Then p(t)'q(t) = p(t)q(t)’, this implies that q(t)|q(t)" but, since ¢ is
monic, ¢ has strictly higher degree than ¢(t)" and therefore ¢ has degree
0 (so, since it is monic, ¢(t) = 1). Finally p(t)/q(t) = p(t) is constant,
so, applying (i), p(t) is a constant in K.

(iii) Let Fyp = K. Then, for all 1 < i < n, if u; has a primitive in F;_; let
F, = F;_1, elselet F; = F;_(t1) with ¢} = u;. By (ii) F; and F;_; have
the same constants for all 1 <i < n, so F':= F,, and K also have the
same constants. It is clear that F//K is a differential extension and
that every u; has a primitive in F.

(iv) Let us follow a similar process as before. If p(t)’ = 0 then p), +np,u =
0, 50 —nu = p¥; thus p(t) = po € K. If q(t) = t" + g 1t" ' +--- +qo
and ¢(t)|q(t) then (looking at the leading coefficient) ¢(t) = (n —
k)uq(t), so, for all 0 < k < n — 1, ¢;, = nugs which implies g = 0
(otherwise (n — k)u = ¢;); hence ¢(t) = t". Then (p(t)/q(t)) =
(p(t)" — nup(t))/t" = 0 implies that p) + (kK — n)upy = 0 for every
pi coefficient of p. Again this implies that pr = 0 for all & # n, so
p(t)/q(t) =pn € K.

]
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Exercise 10. Show that if g and h are polynomials, [ % cannot be ex-
pressed in elementary terms unless g is constant or ¢ is linear and h is
constant. (Hint. Otherwise 1/h = a’ + ag’ for some non-zero rational func-
tion a. If a is a polynomial, h is constant and ¢ is linear. A pole of a
of multiplicity m is a zero of h of multiplicity m + 1. If a = p/q, write
1/h = d' + ag’ as a polynomial identity and compare degrees.)

Solution. If e9/h has an elementary primitive then Theorem implies
that

1/h=d +ag (A.2)
for some a € C(x). If a is a polynomial then a’ 4+ ag’ is a polynomial, so h is
constant and then deg(a’ 4+ ag’) = 0. But, if ¢’ # 0, deg(a’ 4+ ag’) = deg(ag’)
(because @’ has smaller degree than a) and then 0 = deg(ag’) = deg(a) +
deg(g’) implies deg(a) = deg(g’) = 0, so g is linear.

If b € C is a pole of a of multiplicity m then it is easy to see that it is
a pole of @’ of multiplicity m + 1 and therefore, by , a pole of 1/h of
multiplicity m + 1 (that is, a zero of h of multiplicity m + 1). Now, writing
a = p/q with p, g coprime polynomials, (A.2) gives

7> = (V'qa—pd +pag’)h. (A3)

It is clear that deg(pq) > p'q — pq’ so, if ¢’ # 0, gives deg(q?) =
deg(pgg’h) and this implies deg(q) = deg(p) + deg(g’) + deg(h) > deg(h).
But every zero of ¢ (that is, a pole of a) is a zero of h with higher multiplicity,
which gives deg(q) < deg(h), a contradiction. O

Exercise 11. Let F//K be any extension of fields and G a group of K-
automorphisms of F'.

(i) Show that if K C E C F and E/K is finite, then the subgroup
H of E-automorphisms in G has finite index. (Hint. There are only
finitely many K-homomorphisms . — F', so there exist finitely many
01,...,0n € G such that any o € G restricts to E as one of them.)

(ii) Show that if H < G is a subgroup of finite index, F¥/F% is a fi-
nite extension. (Hint. Let n = |G : H| and take n + 1 elements
ULy .oy Upgl € FH_ If G is the disjoint union of the cosets o;H,
1 <17 < n, there exist A1,..., A\p11 € F not all zero such that

Moi(ur) + -+ Apg10i(Ung1) =0, 1 <@ < n.

Assume without loss of generality that Ay,...,A\x_1 # 0, \p = 1,
Ai = 0, ¢ > k with k as small as possible. Notice that the same relations
hold with Aq,..., Auq1 replaced by o;(A1),...,0j(Ap+1). Conclude
that \; € F& for all i.)
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Solution. (i) If E/K is a finite extension then there only exist at most [E :

(i)

K] K-homomorphisms F — F' for any field F' O F (the maximum
being attained if F' O N with N the normal closure of F/K, and in fact
this homomorphisms go from F to N). So there exist oy,...,0, € G
such that for any o € G, O\E = 0i for some 1 <43 <n. Then 0'|_E10i is
an F-automorphism of F', that is, Ul_Elai € H. ThisimpliesocH = o;H,
hence G = U} 0;H.

Suppose H < G with n = |G : H| < o0, so that G = U}! jo;H. Take
any ui, ..., uns1 € FH. Consider

Aoi(ur) 4+ -+ Ang10i(uny1) =0, 1 < <n,

which is a homogenous system of n linear equations and n + 1 un-
knowns, so it has a solution with A;..., A,41 not all zero. Assume,
after reordering of the u; if necessary, that Ai,..., A1 # 0, A\p = 1,
Ai =0, ¢ > k with k as small as possible. Now take o € G and apply
it to each equation, then, for all 1 <i < n, Z;ill a(Aj) (o0i)(u;) = 0.
Notice that oo; = oy7 for some 1 < ¢/ < n, 7 € H and then
(00;)(uj) = o (us). So o(A1),...,0(\,) is another solution of the sys-
tem of equations which also satisfies o(A1),...,0(Ak—1) # 0, o(A\g) =
1, 0(\;) =0, i > k. Therefore \y — o (\1),..., An — () is a solution
of the system of equations with A; — o(\;) = 0, i > k; this contradicts
the minimality of k£ unless \; — o(\;) = 0 for all 1 < ¢ < n. This
implies A1,..., A, € FE. In conclusion, any uy,...,np41 € F are
linearly dependent over F& (considering the equation in the system
with o; = id), which implies that F'* has dimension less than n + 1 as
an F@-vector space, or equivalently, [FH : FG] <n4+1<oo.

O

Exercise 12. Consider a homogenous linear differential equation over C
with constant coefficients:

(i)

(i)
(iii)

Y fan VO 44 Y 4+ agY =0, a; € C.

Show that if all the roots A1, ..., A, of the polynomial 2" +a,_12" ' +
---+ a1x + ag are simple, the Picard—Vessiot extension of the equa-
tion over C is C(eM?, ..., e*?*). What happens if the polynomial has
mutiple roots?

Show that the Galois group of the differential equation is abelian.

Describe as an algebraic subgroup of GL3(C) the Galois group of the
differential equation 4Y"” — 8Y” — 3Y’ + 9Y = 0. Is it connected?
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Solution. (i) For each ); it is easy to check that e is a solution of the

(iii)

equation and these are linearly independent, so C(e*?,... M%) is
a Picard-Vessiot of the equation. But eM* = )\;eM® € C(e®), so
C(eM® ... eMT) = C(eM?®, ..., etn?).

If the roots Ay, ..., A\g of the polynomial have multiplicities my, ..., mg
respectively (mj + -+ + my = n), then eMT geMT  gmieMT
™ e T are n solutions of the equation linearly independent over con-

stants. Therefore C(eM®, zeM®, ... a™eM® . gMkeMT) = C(x, eM?,

.., M%) is a Picard-Vessiot extension of the equation.

ey

Let G be the differential Galois group of the extension. If ); is a root
of the polynomial then, in particular, e** is a solution of Y/ —\;¥Y =0
so,if o € G, U(ekix) has to be a solution of the same equation. That is
o (ei®) = ceMi® for some ¢ € C, ¢ # 0. If the polynomial has multiple
roots we also need to analyse o (), similarly as before, o(x) = o(2') =
o(1) =1, so it must be o(z) = x+d for some d € C. Now let 0,7 € G,
it is enough to check that they commute in an arbitrary generator
zkeri® Suppose (M) = c1eM?, o(x) = x + di, T(eNT) = cpeM®,
7(z) = x + dg with ¢1,¢o,d;1,dy € C, then

(TO')(:Z:kez\iw) = (TU)(x)k(TU)(eMm) = r(z+ dl)kT(CleAiI) _

=(z+d1+ dg)k(clcge)‘ix),
which is clearly equal to (o7)(z*e*®). Whence G is abelian.

Let’s first find the solutions of the equation, 4X3 — 8X? —3X +9 =
(x + 1)(2z — 3)?, so e %, e3/2 1e3/2 are solutions of the equation
linearly independent over C. Therefore C(z, e~ %, e3%/2) = C(z, */?) is
a Picard—Vessiot of the equation. Then, if G is the differential Galois
group of the extension, an element ¢ € G is characterized by the
values o(x) and o(e*/?), as discussed in (ii) these have to be o(x) =
z + a and o(e*/?) = be*/? with a,b € C, b # 0. Also, a map o
defined by a choice of a and b as o(z) = z + a and o (e®/?) = be®/?
defines an automorphism, that is because = and e*/2 are algebraically
independent as well as = + a and be*/2; which is in fact a differential
automorphism, since it is enough to check that it commutes with the
derivation when applied to the generators. Then

o(e™) =o(e"?) 2 =b2e "
0_(63:2/2) — O_(e:v/2)3 — b3€3x/2

o(ze?/?) = o(x)o(e%/?)? = (z + a)b>e>*/2.
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. . -
Hence, when written in the basis {e™%, e2 , ze3%/2},

b2 0 0
G= 0 b3 ab® | :a,beC,b#0
0 0 b
In fact G = C x C*, so it is connected. O

Exercise 13. Compute w’, where w is the wronskian of n solutions of a
homogenous linear differential equation of order n. When is w a non-zero
constant? (Hint. Use the definition of determinant.)

Solution. Let Y™ +q, 1YY 4+ ... 4 qyY =0 be the homogenous linear

differential equation and v, ..., y, its solutions. Then
Y1 Ce Yn
yi ce Yy
w=1. : Z H ya(k+1
1 _1 O'EZn
e I )
and therefore
( (k) -« Gy T
r_ J+1) (k j+1 k
w= Z Z ya(]+1 Yo(ky1) = Z Z 6(U)yo—(frl) ya(k+1)
k#y k#]
N s yn
Y e Yn
: : Y1 .. Yn
. . / /
B . . y) . Y
n—1 y? 1; o y%J 1; ' . n
= 41 G+ | = | : =
=0 Yt e Yn. (n—2) (n—z)
(3+1) (3+1) Y1 e
Y1 R 4 (n) (n)
. ) Y .. Yn,
ygn—l) 7(lfn—l)
Y1 . Yn
Y U
| (n72) o é/T(Ln72) B
S N N
n—1Y1 apy1 . an—1Yn aoYn
U1 e Yn Y1 e Yn
/ / / /
1 . Yr, Y1 . Y,

= — E aj |: . = —QAanp-1 |: . = —Aap-1wW.

P R O IR ) O Y

j j n—1 n—1
yy” oy w Y
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Hence, w is a non-zero constant when a,—; = 0 and yi,...,y, are linearly
independent over constants. O

Exercise 14. Show that if L/K is the Picard-Vessiot extension of a ho-
mogenous linear differential equation with wronskian w and Galois group
G C GL,(C), the subgroup corresponding to the differential subfield K (w)
under the Galois correspondence is G N SL,(C). (Hint. If 0 € G, what is
the relation between o(w) and w?)

Solution. Let H be the required subgroup, that is, H = Gal(L/K(w)). By
definition H = {0 € G: o(w) = w}. Now, if w = W(yi,...,yn) and 0 =
(aij) € G, then o(w) = W(o(y1),...,0(ys)). But (o(y1)),...,0(yn))) =
(ygj), ce y,(f))(aij) forall0 < j <n—1,s0 W(o(y1),...,0(yn)) = wdet(a;;) =
wdeto. Finally, H={c € G: detoc =1} = GNSL,(C). O

Exercise 15. Show that if a second order homogenous linear differential
equation has a solution in some (generalized) Liouville extension, then all
the solutions can be found in an extension of the same type. (Hint. Consider
the wronskian and notice that any (non-homogeneous) first order linear
differential equation can be solved by quadratures.)

Solution. Let K be the base field, L = K (y1,y2)/K a Picard—Vessiot exten-
sion of the equation and assume y; € M with M /K a (generalized) Liouville
extension. Consider w = W (y1,y2) = y1y4—y}y2 and let M7 = M (w) (recall
that by Exercise([13|w’ = —ajw with a; € K). Then M; /K is a (generalized)
Liouville extension.

It is left to prove that Y’ + aY = b with a,b € M; has a solution in a
Liouville extension of M;. Indeed consider My = M;(t2) with t, = —ats
and Ms = M>(t3) with t§ = b/te; then M3/M; is a Liouville extension and
y = tot3 € M3 is a solution of Y/ +aY = b:

y' = thts + toty = —atats + tab/ta = —ay + .

(Notice that Exercise |§| implies that this process does not add new con-
stants.) =
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