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Abstract

The course will involve only complex analytic linear differential equations. Thus, it will not be
based on the general algebraic formalism of differential algebra, but rather on complex function
theory.

There are two main approaches to Differential Galois Theory. The first one, usually called
Picard-Vessiot Theory, and mainly developped by Kolchin, is in some sense a transposition of the
Galois theory of algebraic equations in the form it was given by the german algebraists: to a (lin-
ear) differential equation, one attaches an extension of differential fields and one defines the Galois
group of the equation as the group of automorphisms compatible with the differential structure.
This group is automatically endowed with a structure of an algebraic group, and one must take
in account that structure to get information on the differential equation. This approach has been
extensively developped, it has given rise to computational tools (efficient algorithms and software)
and it is well documented in a huge litterature.

A more recent approach is based on so-called “tannakian duality”. It is very powerful and
can be extended to situations where the Picard-Vessiot approach is not easily extended (like g-
difference Galois theory). There is less litterature and it has a reputation of being very abstract.
However, in some sense, the tannakian approach can be understood as an algebraic transposition of
the Riemann-Hilbert correspondence. In this way, it is rooted in very concrete and down-to-earth
processes: the analytic continuation of power series solutions obtained by the Cauchy theorem and
the ambiguity introduced by the many-valuedness of the solutions. This is expressed by the mon-
odromy group, a precursor of the differential Galois group, and by the monodromy representation.
The Riemann-Hilbert correspondence is the other big galoisian theory of XIXth century, and it is
likely that Picard had it in mind when he started to create Differential Galois Theory.

Therefore, I intend to devote the first part of the course to the study of the Riemann-Hilbert
correspondence, which is, anyhow, a must for anyone who wants to work with complex differential
equations. At the end of this first part, I will briefly sketch the way that Picard-Vessiot theory
allows one to replace the monodromy group by an algebraic group. In the second part of the
course, I shall introduce (almost from scratch) the basic tools required for using algebraic groups
in Differential Galois Theory, whatever the approach (Picard-Vessiot or tannakian). In the third
part of the course, I shall show how to attach algebraic groups and their representations to complex
analytic linear differential equations.

Prerequisites. The main prerequisites are: complex function theory (mostly using power series);
linear algebra (mostly reduction of matrices); elementary knowledge of groups and of polynomials
in many variables. Each time a more advanced result will be needed, it will be precisely stated and
explained and an easily accessible reference will be given.



Warning. The second and third part of the course introduce the students to more sophisticated
techniques. The “fine tuning” of their contents will have to be adapted according to the reactions
of the audience to the first part. Therefore, the present description may evolve at the moment of
the teaching and typing of the corresponding chapters. This is particularly true of the third part.



Conventions. Notation A := B means that the term A is defined by formula B. New terminology
is written in emphatic style when first defined. Note that a definition can appear in the course of a
theorem, an example, an exercice, etc.

Example 0.0.1 L’espace vectoriel E* := Homg (E, K) est appelé dual de E.

A list of notations is provided at the end.

We mark the end of a proof, or its absence, by the symbol [



Part I

A quick introduction to complex
analytic functions



This “crash course” will include almost no proofs; I’ll give them only if they may serve as a
training for the following parts.

The prerequisites for this part are: topology and analysis in R and in R?; complex numbers;
linear algebra.

The reader may look for further information in:
e Ahlfors, “Complex analysis”;
e Cartan, “Elementary theory of analytic functions of one or several variables”.

The book “Real and complex analysis” can also be used.



Chapter 1

The complex exponential function

This is a very important function !

1.1 The series

For any z € C, we define:
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On the closed disk
D(0,R) :={z€ C||z] <R},
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one has |—z7"| < —'R” and we know that the series ) —’R” converges for any R > 0. Therefore,
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n! n>0n.
exp(z) is a normally convergent series of continuous functions, and z — exp(z) is a continuous
function from C to C.

Theorem 1.1.1 For any a,b € C, one has exp(a+ b) = exp(a) exp(b).

Proof. - We just show the calculation, but this should be justified by arguments from real analysis
(absolute convergence implies commutative convergence):
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= exp(a) exp(b).




We now give a list of basic, easily proved properties. First, the effect of complex conjugation:

Vz € C, exp(z) = exp(2).
Since obviously exp(0) = 1, on draws from the theorem:

1

Vz € C, exp(z) € C* andexp(—z) = ()

Also, z € R = exp(z) € R* and then, writing exp(z) = (exp(z/ 2))2, one sees that exp(z) € R7,..

Last, if z € iR (pure imaginary), then Z = —z, so putting w := exp(z), one has w = w™! so that
|w| = 1. In other words, exp sends iR to the unit circle U:={z € C | |z| = 1}.

Summarizing, if x := Re(z) and y := Im(z), then exp sends z to exp(z) = exp(x) exp(iy), where
exp(x) € R% and exp(iy) € U.

Exercice 1.1.2 For z € C, define cos(z) := exp(2) +2exp(—z) and sin(z) := eXp(2) —z.exp(—z) , SO
i
that cos is an even function, sin is an odd function and exp(z) = cos(z) +isin(z). Translate the

property of theorem 1.1.1 into properties of cos and sin.

1.2 The function exp is C-derivable

R
Lemma 1.2.1 If|z] <R, then |exp(z) — 1 —z| < % 2%

2 2 2 2
Z z  z zZ 2 R R
Proof. - —l—zl==(14+Z4+=+- dil+ 24+ 4| <Il4=—4—4--- <€k
roof. - lexp(z) Z 2( t3tpt >an t3tpt ‘_ tytptoose
O
Theorem 1.2.2 For any fixed zg € C:
. exp(zo+h) —exp(z0)
1 = .
hg% h exp(z0)
h) — h)—1 h)—1
Proof. - exp(2o +h) — exp(z0) Zexp(z())eXp(h) and, after the lemma, M — 1 when
h—0.0

Therefore, exp is derivable with respect to the complex variable: we say that it is C-derivable

d ,
(we shall change terminology later) and that its C-derivative is itself, which we write &(z) =

z
exp(z) or exp’ = exp.

Corollary 1.2.3 On R, exp restricts to the usual real exponential function; that is, for x € R,
exp(x) = e*.



Proof. - The restricted function exp : R — R sends 0 to 1 and it is its own derivative, so it is the
usual real exponential function. [

For this reason, for now on, we shall put ¢° := exp(z) when z is an arbitrary complex number.

Corollary 1.2.4 Fory € R, one has exp(iy) = cos(y) + isin(y).

Proof. - Put f(y) :=exp(iy) and g(y) := cos(y) +isin(y). These functions satisfy f(0) = g(0) =1
and f' =if, ¢ = ig. Therefore the function & := f/g which is well defined from R to C satisfies
h(0) =1 and ' = 0, so that it is constant equal to 1. [J

Note that this implies the famous formula of Euler ¢ = —1,
Corollary 1.2.5 Forx,y € R, one has " = ¢*(cosy + isiny).

Corollary 1.2.6 The exponential map exp : C — C* is surjective.

Proof. - Any w € C* can be written w = r(cos6 +isin®), so w = exp(In(r) +16). O

The reader can find a proof which does not require previous knowledge of trigonometrical
functions in the preliminary chapter of Rudin.

Exercice 1.2.7 Let a,b > 0 and U := {z € C | —a < Re(z) < aand — b < Im(z) < b} (thus,
an open rectangle under the identification of C with R). Assuming b < 7, describe the image
V :=exp(U) C C* and define an inverse map V — U.

The exponential viewed as a map R> — R?. It will be useful to consider functions f : C — C
as functions R? — R?, under the usual identification of C with R?: x+iy <+ (x,y). In this way, f

A(x,y) = Re(f(x—i—iy)),
B(x,y) :=Im(f(x+1y)).

In the case where f is the exponential function exp, we compute easily:

{A<x,y> = e*cos(y),
B(x,y) = €*sin(y),

is described by (x,y) — F(x,y) := (A(x,y),B(x,y)), where {

— F(x,y) = (¢“cos(y),e*sin(y)).

We are going to compare the differential of the map F with the C-derivative of the exponential

map. On the one hand, the differential dF (x,y) is the linear map defined by the relation:
Fx+u,y+v) = F(xy) +dF(x,y)(,v) +o(u,v),

where o(u,v) is small compared to the norm of («,v) when (u,v) — (0,0). Actually, dF (x,y) can
be expressed using partial derivatives:

dF (x,y)(u,v) = <3A(x,y) dA(x,y) 9B(x,y) dB(x,y) v).

u+ v, u+

ox dy ox dy



Therefore, it is described by the Jacobian matrix:

0A(x,y) 0A(x,y)
_ ox dy

JF(x,y) = 0B(x,y) 0B(x,y)
ox dy

On the side of the complex function f := exp, putting z := x+1iy and h := u +iv, we write:
f(z+h) = f(2) +hf'(z) +o(h), thatis exp(z+h) = exp(z) +hexp(z) +o(h)

Here, the linear part is f’(z)h = exp(z)h, so we draw the conclusion that (under our correspondance
of C with R?):
hf'(z) < dF (x,y)(u,v),

that is, comparing real and imaginary parts:

L)+ B, e (@)~ (@)
P Py () Re( £ (2):
Since it must be true for all u, v, we conclude that:
0A(x,y) JA(x,y)
() - oy _(Re<f'<z>> —Im(f’(Z>)>
. o8(xy) 38(5) | = \in(7(@) - Re(s'(e)
X y

As a consequence, the Jacobian determinant det JF (x,y) is equal to |f’(z) \2 and thus vanishes if
and only if f’(z) = 0: in the case of the exponential function, it vanishes nowhere.

Exercice 1.2.8 Verify these formulas when A(x,y) = e¢*cos(y), B(x,y) = €*sin(y) and f'(z) =
exp(x+iy).

1.3 The exponential function as a covering map

From equation ¢**1 = ¢*(cosy+isiny), one sees that ¢ = | < z € 2inZ, i.e. Ik € Z : 7 = 2ink. It
follows that ¢! = ¢®2 < 2% =1 & 70 — 71 € 2inZ, i.e. Ik € Z : 7o = 71 + 2imk. We shall write
this relation: z; = z; (mod 2inZ) or more shortly zo = z; (mod 2im).

Theorem 1.3.1 The map exp : C — C* is a covering map, that is: for any w € C*, there is a
neighborhood V' C C* of w such that exp~! (V) = || Uy (disjoint union), where each U, C C is an
open set and exp : Uy — V is an homeomorphism (a bicontinuous bijection).

Proof. - Choose a particular zy € C such that exp(zop) = w. Choose an open neighborhood Uj of zg
such that, for any 7/,7” € Uy, one has |7 — 7’| < 2n. Then exp maps bijectively Uy to V :=exp(Up).
Moreover, one has exp_1 (V) = JUy where k runs in Z and the Uy = Uy + 2imtk are open sets. It
remains to show that V is an open set. The most generalizable way is to use the local inversion
theorem, since the Jacobian determinant vanishes nowhere. Another way is to choose an open set



as in exercice 1.2.7. O

The fact that exp is a covering map is a very important topological property and it has many
consequences.

Corollary 1.3.2 (Path lifting property) Let a < b in R and let y: [a,b] — C* be a continuous
path with originy(a) = wo € C*. Let zy € C be such that exp(zo) = wo. Then, there exists a unique
lifting, a continuous path ¥ : [a,b] — C* such that Vt € [a,b] , exp¥(t) = Y(t) and subject to the
initial condition Y(a) = zo.

Exercice 1.3.3 If one chooses another z, € C such that exp(z,) = wo, one gets another lifting
Y : la,b] — C* such that Vr € [a,b] , exp¥ () =Y(¢) and subject to the initial condition ¥ (a) = z;,.
Show that there is some constant k € Z such that Vt € [a,b] , ¥ (t) = Y(t) + 2ink.

Corollary 1.3.4 (Index of a loop with respect to a point) Lety: [a,b] — C* be a continuous loop,
that is Y(a) = y(b) = wo € C*. Then, for any lifting ¥ of y, one has Y(b) —¥(a) = 2inn for some
n € Z. The number n is the same for all the liftings, it depends only on the loop y: it is the index
of yaround 0, written 1(0, ).

Actually, another property of covering maps (the “homotopy lifting property) allows one to
conclude that 7(0,7y) does not change if y is continuously deformed within C*: it only depends on
the “homotopy class” of ¥ (see the topology course).

Example 1.3.5 If y(t) = ¢"" on [0,27], then all liftings of y have the form ¥(t) = nit + 2ink for
some k € Z and one finds 7(0,7) = n.

1.4 The exponential of a matrix

X1
For a complex vector X = | : | € C", we define || X || := max (|xi|). Then, for a complex square
i<n

Xn
matrix A = (a; j)1<i,j<n € Mat,(C), define the subordinated norm:

oo AX e -
X40 J=

Then, for the identity matrix, |||,|||.. = 1; and, for a product, |||AB|||.. <|||Al||.. |||B]|l..- It follows
1 1 1

|—AF||| < —||A]||%, for all k € N, so that the series ¥ —A converges absolutely
A okl

for any A € Mat,(C). It actually converges normally on all compacts and therefore define a con-

easily that

1
tinuous map exp : Mat,(C) — Mat,(C),A— ¥, EAk’ We shall also write for short e := exp(A).
k>0 k!

In the case n = 1, the notation is consistent.

1
Examples 1.4.1 (i) For a diagonal matrix A := Diag(A4,...,A,), one has EAk = Diag(A/k!,... Ak /kY),
so that exp(A) = Diag(eM ... eM).



1
(ii) If A is an upper triangular matrix with diagonal D := Diag(Ay,...,A,), then EAk is an upper

1
triangular matrix with diagonal EDk’ so that exp(A) is an upper triangular matrix with diagonal

exp(D) = Diag(eM, ... eM). Similar relations hold for lower triangular matrices.
1
(ii1) Take A := <(1) (1)) . Then A2 = I, so that exp(A) =al, +bA = (Z Z) , where a = kg'o m
1
andb= ) ———.
kgo (2k+1)!

The same kind of calculations as for the exponential map gives the rules exp(0,) = I,,; exp(A) =
exp(A); and:

AB = BA = exp(A+ B) = exp(A) exp(B) = exp(B) exp(A).

Remark 1.4.2 The condition AB = BA is required to use the Newton binomial formula. If we
take for instance A := (8 (1)> and B := <(1) 8 , then AB # BA. We have A> = B> = 0, so that

exp(A) =hL+A= <(1) i) and exp(B) =L +B = G (1)> thus exp(A) exp(B) = (? i) on

the other hand, A +B = (? (1)> and the previous example gave the value of exp(A + B), which

was clearly different.

It follows from the previous rules that exp(—A) = (exp(A))f1 so that exp actually sends
Mat, (C) to GL,(C). Now there are rules more specific to matrices. For the transpose, using
the fact that /(A¥) = (“A)*, and also the continuity of A + ‘A (this is required to go to the limit
in the infinite sum), we see that exp(‘A) = "(exp(A)). Last, if P € GL,(C), from the relation
(PAP~!)" = PA"P~! (and also from the continuity of A — PA"P~!), we deduce the very useful
equality:

Pexp(A)P~! = exp(PAP™).

Now any complex matrix A is conhugate to an upper triangular matrix 7 having the eigenvalues of
A on the diagonal; using the examples above, one concludes that if A has eigenvalues A, ..., A,

then exp(A) has eigenvalues ¢ ..., eM:

Sp(e?) = &SP,
Note that this implies Tr(e4) = e%°4.
0 —m

0
Thus, exp(A) is diagonalisable with spectrum {—1,—1}. Therefore, exp(A) = —I,.

Example 1.4.3 Let A := > . Then A is diagonalisable with spectrum Sp(A) = {iw, —in}.

Exercice 1.4.4 Compute exp (2 _0 ) in two ways: by diagonalisation as in the example above;

by direct calculation as in a previous example. Deduce from this the value of exp <Z _ab> .



1.5 Application to differential equations

Let A € Mat,(C) be fixed. Then, z+— ¢ is a C-derivable function from C to the complex linear
space Mat, (C); this simply means that each coefficient is a C-derivable function from C to itself.
Derivating our matrix-valued function coefficientwise, we find:

(z+h)A _ ,7A hA _ 1 hA _ 1 hA _ | h

e e e e e

Indeed, = A ?= e and T_A4 AT+
h T ¢ I AT

Now consider the vectorial differential equation:

jzx(z) =AX(z),

where X : C — C" is searched as a C-derivable vector-valued function, and again derivation is
performed coefficientwise. We solve this by changing of unknown function: X(z) = e“Y(z).
Then, applying Leibniz rule for derivation: (fg)' = f'g+ fg’ (it works the same for C-derivation),
we find:

X' =AX = Y+ AeY = Ae?'Y = Y =0 =Y’ =0.
Therefore, Y (z) is a constant function. (Again, we admit a property of C-derivation: that /' =0 =
f constant.) If now we fix zg € C, Xy € C" and we adress the Cauchy problem:

9 X () = ax(2),
dz
X (z0) = Xo,

we see that the unique solution is X (z) := e(&20)AX,).

An important theoretical consequence is the following. Call Sol(A) the set of solutions of
d
d—X (z) = AX(z). This is obviously a complex linear space. What we proved is that the map

X — X(z0) from Sol(A) to C", which is obviously linear, is also bijective. Therefore, it is an
isomorphism of Sol(A) with C". (This is a very particular case of the Cauchy theorem for complex
differential equations.)

Example 1.5.1 To solve the linear homogeneous second order scalar equation (with constant co-
efficients) f” + pf’ 4+ qf = 0 (p,q € C), we introduce the vector valued function X (z) := ( }C,((ZZ)))

and find that our scalar equation is actually equivalent to the vector equation:

X' =AX, where A := ( 0 1>.
-q p

Therefore, the solution will be searched in the form X (z) := elz=%0)4X, where zy may be chosen
at will or else imposed by initial conditions.

Exercice 1.5.2 Compute e(¢~%)4 and solve the problem with initial conditions f(0) =a, f'(0) = b.
There will be a discussion according to whether p> —4g = 0 or # 0.

10



Chapter 2

Power series

2.1 Formal power series
These are actually purely algebraic objects, a kind of “polynomials of infinite degree”:

Cl[z]] :=={) an?"|VneN, a, € C}.

n>0

This means that we do not attach (for the moment) any meaning to the “sum”, do not consider z

as a number and do not see f as a function. We agree to say that the formal power series Y a,7"
n>0
and Y b,7" are equal if, and only if, they have the same coefficients.
n>0

LetA € Candlet Y a,7" € C[[z]] and ¥ b,2" € C[[z]]. Then we define the following opera-
n>0 n>0
tions:

A. (Z anz”) = Z(X.an)z",
n>0 n>0
Z a,7" + Z b,7" = Z (an+by)7",

n>0 n>0 n>0

Zanz" . anz” : chznwhereVnEN,cn:: Z aib;.
n>0 n>0 n>0 i+j=n

With the first and second operation, we make C|[[z]] into a linear space over the complex num-
bers. With the second and last operation, we make it into a commutative ring. (Its zero element is

Y 07", written for short 0; its unit element is 1 4+ Y, 0.z", written for short 1.) Altogether, we say
n>0 n>1

that C[[z]] is a C-algebra.

Polynomials can be considered as formal power series, with almost all their coefficients being
zero. The operations are the same, so we identify C[z] C C[[z]] as a sub-algebra (sub-linear space
and sub-ring). Among polynomials are the constants: C C C[z] C C[[z]] and so we identify a € C
witha+ ¥ 02" € C[[d].

n>

11



Remark 2.1.1 Although it has no meaning for the moment to substitute a complex number zg € C

to the formal indeterminate z, we will allow ourselves to write f(0) := ap when f:= Y a,7" €
n>0

C|[[z]] and call it the constant term. It has the natural properties that (A.f)(0) = A.f(0), (f +
8)(0) = f(0)+(0) and (f.£)(0) = f(0)g(0).

Invertible elements. In C|[z], only nonzero constants are invertible, but in C[[z]] we can perform

such calculations as

=1-z+2z>—7>+--- Remember that we do not attach any numerical
Z

meaning to this equality, it only means that performing the product (1 +z)(1 —z+z>—2> +---)

according to the rules above yields the result 1 + ) 0.z" = 1. More generally:
n>1

(Zanzn>.<2bnz”> =l<abp=1andVn>1, Y ab;=0

n>0 n>0 i+j=n
<= by=1/apandVn > 1, b, = —(anbo+ - -+ aob,—1)/ao.

Therefore, Y a,Z" is invertible if, and only if ag # 0. The coefficients of it inverse are then
n>0
calculated by the above recursive formulas. The group of units (invertible elements) of the ring

C[[7]] is:
Cllzl]* ={ ) an" € C[[2]] | a0 # 0} = {f € C[[]] | £(0) # O}.

n>0

Valuation. For f:= ¥ a,z" € C|[[7]], we define vo(f) := min{n € N | a, # 0}. This is called the

n>0
valuation of f or the order of f at 0. By convention, vo(0) := +oo. Thus, if vo(f) =k € N, then
f=a? + a1 4 and q; # 0, and therefore f = z*u where u € C[[z]]*. It easily follows
that f|g, meaning “f divides g” (i.e. 3h € C[[z]] : g = fh) if and only if vo(f) < vo(g). Likewise,
f € Clz]]* & vo(f) =0. Other useful rules are: vo(f + g) > min(vo(f),vo(g)) and vo(fg) =
vo(f)+vo(g). An easy consequence is that C[[z]] is an integral ring, i.e. fg=0=f=0o0r g=0.

Field of fractions. Let f,g # 0. If f|g, then g/f € C[[z]]. Otherwise, writing f = zXu and g = z'v
with k,7 € N and u,v € C[[z]]* (thus k = vo(f) and [ = vo(g)), we have g/f = 7!~ *(v/u), where
[ —k < 0 (since f does not divide g) and v/u € C[[z]]*. For example:

@+ =(1—z4+2 -2+ ) 2=z "= 1+z-+-

This means that quotients of formal power series are “extended” formal power series with a finite
number of negative powers. We therefore define the set of formal Laurent series:

C((2)) := Cllel]le'] = Cllz] +27'Cl™").
With the same operations as in C[[z]], it actually becomes a field: indeed, it is the field of fractions

of C[[z]]. Beware that the elements of C((z)) have the form Y  a,z", the symbol n >> —eo
n>>-—oo,

meaning “n > ng for some ng € Z.”.

12



Formal derivation. For f:= Y. a,7" € C[[z]], we define its derivative f' = ¥ na," ' = ¥, (n+
n>0 n>0 n>0

1)ay+17". We also write it d f /dz. For the moment, this has no analytical meaning, it is just an alge-
braic operation on the coefficients. However, it satisfies the usual rules: if A € C then (Af)" = Af;
forany f.g, (f+g) = f +¢ and (fg) = f¢ + f'g (Leibniz rule). Last, f' =0« f € C. Actu-
ally, the definition above as well as the rules can be extended without problem to formal Laurent
series f € C((z)), and we have two more rules: (1/f) = —f'/f*> and (f/g) = (f'g— fg')/g*. If
we introduce the logarithmic derivative f'/f, we conclude that (fg)'/(fg) = f'/f +g&'/g and that

(f/8)/(f/8)=1"/f—¢/s

Example 2.1.2 (Newton binomial formula) These rules sometimes allow one to transform an
algeraic equation into a differential one, which may be easier to deal with, as we shall see. Let
p € Z and g € N, and assume they are coprime and ¢ > 1. Therefore, r := p/q € Q\Z is a
rational in reduced form and not an integer. We are going to define f := (14 z)" by requiring that
f=ao+aiz+--- has constant term f(0) = ap = 1 and that f? = (1 +z)”. Now, using the fact
that 2 = 1 is equivalent to /' /h = 0 and h(0) = 1, one has the logical equivalences:

fl=(0+)l <= f1/(1+2)P =1
< qf'/f=p/(14+z) andaf =1
= (1+2)f =rf,

since we have already required that ag = 1. Thus, we have a kind of Cauchy problem: a differential
equation and an initial condition. Now, (142)f" = ¥, ((n+ 1)a,+1 +na,)z", so, by identification
n>0
of coefficients, we see that our Cauchy problem is equivalent to:
ap=1landVn>0, (n+1)aps) +na, =ra, <= ap=1andVn >0, (n+1)a, = (r—n)ay,
<~ qaqy=1landVn >0, a,y = Han
n+1

<:>Vn20,an:<;>,

where we have defined the generalized binomial coefficients:

(8) i=landVn>1, <”;> - rr=1)(r—n+1)

n!

This gives the generalized Newton binomial formula:
r r n
(1+2)" =Y 4
n>0 n
Note that the right hand side makes sense for any r € C. After the study of the series log(1 + z),
we shall be able to see that then the left hand side is exp(rlog(1+z)).

Substitution (or composition). Let f,g € C[[z]]. If they were functions, we could define the
composition go f. We shall define a formal analogue under some conditions, but rather call it
substitution of z7 by f in g. The restrictive assumption is that k := vo(f) > 1, i.e. f(0) =0. On the
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other hand, we can authorize g to be a formal Laurent series. If we write g= Y. b,z", we consider
n>ng

N
first its truncated series: gy := Y, b,7z". These are “Laurent polynomials™, that is polynomials
n=ny
with a some negative exponents. There are only a finite number of terms, so that it makes sense to

define:
N
gvofi=Y buf".
n=ng

Now, two successive composites gy o f and gy_ o f differ by the term by f, which has order
Nk (or vanishes if by = 0). Therefore, the terms up to degree Nk are the same for all gy» o f for
N’ > N. In this way, we see that the coefficients “stabilize” and we can define go f as the limit
coefficientwise of the gy o f. The composition of formal power series satisfies the usual rules
for functions. For instance, (go f)(0) = g(0) (this only makes sense if g € C|[[z]]), (go f1) o fo =
go(fiofr), (g1+g2)of =(g10f)+(g20f). (g182) 0 f = (g10f)(g20f) and (go f)' = (¢'o ) f".

Examples 2.1.3 (i) If g = z+ 7%, writing f = ajz+ax 2>+ -

gof=f+f
:Z a, + Z aaj | z" and
n>1 i+j=n

fog=f(z+2%)
=Y an(z+2)"

n>1

-2(z ()=

(i) Take g = 1 4z + 22 /2+ 2 /6+ -+ (the formal series with the same coefficients as exp) and
flz) =z—2%/2+7>/3—7*/4+ - (this one corresponds in some sense to log(1+z)). Then the
very serious reader could calculate the first terms of go f and find 1 4 z and then all terms seem
to vanish. This can also be seen in the following way: clearly, ¢ = g and f' = 1/(1 +z), so
that putting & := go f, one has /' = h/(1 +z) and h(0) = 1, from which one deduces easily that
h=1+z

Reciprocation. It is obvious that g oz = g and that, when defined, zo f = f. So z is a kind of
neutral element for the (non commutative) law o. One can therefore look for an inverse!: g being
given, does there exist f such that go f = fog =z ? For this to make sense, one must require that
vo(f),vo(g) > 1. Then one sees easily that vo(go f) = vo(g)vo(f), so that g can be reciprocated
only if vy(g) = 1. This condition is sufficient, and the solution of any of the two problems go f =z
or fog = zis unique, and it is a solution of the other problem; but this is rather complicated to
prove (see the book of Cartan).

Exercice 2.1.4 Solve the two problems when g = z+ 22

I'To distinguish this process for plain inversion 1/, we shall call it reciprocation.
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2.2 Convergent power series

Theorem 2.2.1 Suppose that the series f := Y, a,z; converges in C for some non zero value
n>0
70 € C. Let R := |z0|. Then the series Y. a,z" is normally convergent in any closed disk D(0,R’)
n>0

with0 < R' < R.

Proof. - The |a,zy| = |a,|R" are bounded by some M > 0 and, on D(0,R’), one has |a,z"| <
M(R'/R)". O

Corollary 2.2.2 The map z — Y. a,z" defines a continuous function on the open disk D(0,R),
n>0
with values in C.

Definition 2.2.3 The radius of convergence (improperly abreviated as “r.o.c.”’) of the series Y, a,7"
n>0

is defined as sup{|zo| | ¥ anzf) converges}. If the radius of convergence of f:= Y. a,z" is strictly
n>0 n>0
positive, we call f a power series. If necessary, we emphasize: convergent power series. The set

of power series is written C{z}. (It is a subset of C[[z]] and it contains C|[z].)
Examples 2.2.4 The r.o.c. of Y. z" is 1. The r.o.c. of }.z"/n! is +eo. The r.o.c. of ¥ n!z" is 0.

Corollary 2.2.5 Let r be the r.o.c. of ¥, a,z". If |z9| <, then Y, ayzy s absolutely convergent.
n>0 n>0

If |z9| > r, then goanzﬁ diverges.
nz

The open disk D(0, ) is called the disk of convergence. Its boundary, the circle dD(0,r), is
called the circle of indeterminacy.

Examples 2.2.6 Let k € Z (actually, what follows works for k € R). The series ¥, z/n* con-
n>1

verges absolutely for |z| < 1 and it diverges for |z| > 1, soits r.o.c. is 1.

For k <0, it converges at no point of the circle of indeterminacy.

For k > 1, it converges at all points of the circle of indeterminacy.

For 0 < k <1, it diverges at z = 1. But it converges at all the other points of the circle of indeter-
minacy.

Exercice 2.2.7 Prove the last statement. (This uses Abel’s transform: putting S, :=142z+---+2",

one has
N
Z Zn/l’lk _
n=1

where Ry — 0 and, if |z| =1, z # 1, the S, are bounded.)

™=

(So=Sun) /ot = X S,/ = 1/ n+ 1) + Ry,
n=1

n=1

15



Rules for computing the radius of convergence. The first rule is the easiest to use; it is a direct
ap41
n+ ::L
al’l

consequence of d’ Alembert criterion for series. If a,, # 0 for n big enough and if lirE
n—s~-oo

then the r.o.c. is 1/1.
The second rule is due to Hadamard. it is more complicated, bur more general: it always applies
if the first rule applies, but it also applies in other cases. In its simplest form, it says that if

lim |va, ‘ = [, then the r.o.c. is 1/1. (There is a more complete form using lim but we shall not
n—r—+oo

need it.)

What happens near the circle of indeterminacy. The power series f := Y} a,7" withro.c. r
n>0

defines a continuous function on D(0, ). We shall admit:
Theorem 2.2.8 (Abel’s radial theorem) Suppose that f converges at some zo € 0D(0,r). Then:

f(z0) =1im f(tzo).

<1

O

-1 n—1
Example 2.2.9 Take f(z) := Y, Lz”. Its r.o.c. is 1. By the standard criterion for alternat-
n>1 n

. Lo . . . 1
ing series, it converges at z=1. For 0 <t < 1, f can be derived termwise to give T so that

(-1
f(t) =In(1+7). Therefore y ———

n>1 n

7" =1In2.

Remark 2.2.10 The converse of Abel’s theorem is not generally true. For instance, if we take

1
f(z):= Y (—1)"7", we see that for 0 < ¢t < 1, one has f(r) = T4z which tends to 1 /2 ast — 1,

n>0
t < 1. But of course f(1) does not converge. (When a converse is proved to be true under additional

assumption, it is called a “Tauberian theorem™.)

2.3 The ring of power series

To each power series f with strictly positive r.o.c., we associate a continuous function on some
open neighborhood of 0 (actually a disk), which we also write f. The neighborhood is not the
same for all power series and all the associated functions.

Lemma 2.3.1 If two power series define the same function in some neighborhood of 0, then they
are equal, i.e. they have the same coefficients.

Proof. - Suppose Y a,z" = Y b,z" for all z such that |z| < r, for some r > 0. Then putting
n>0 n>0
z = 0 we have ag = by; then dividing by z, we see that ¥ a, 117" = Y. b,+17" for all z such that
n>0 n>0

0 < |z| < r, hence also for z = 0 by continuity. Therefore, we can iterate the process. [J]
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Therefore, in order to determine the power series f, it is enough to know the function f in
some undetermined neighborhood of 0. We shall say that two functions defined in some neihbor-
hoods of 0 (maybe not the same neighborhood) define the same germ at O if they are equal in some
neighborhood of 0 (maybe strictly smaller than the intersection of the neighborhoods we begun
with). So, to each power series is associated a germ at O and the process is injective. The set
of germs obtained in this way (that is, coming from convergent power series) will be written Oy.
Therefore, we can identify the power series f with the associated germ and the set C{z} with the

set Op.

Let us write temporarily f; ~ f, if f1, f> are functions in some neighborhoods of 0 and if
they define the same germ in Oy. Then the following rules are easily established (with obvi-
ous notations): fi ~ fo = Afi ~Afa; fi ~ f2 and g1 ~ g2 = fi+g1 ~ fa+ g2 fi ~ fo and
g1~ g = fi1g1 ~ f>g2. We deduce from these rules that germs can be multiplied by scalars, and
added and multiplied among themselves. Clearly, they form a C-algebra.

On the other hand, it is not difficult to see that for power series, if f has r.o.c. r and defines the
germ 0, then Af has r.o.c. r (or maybe oo if A = 0) and it defines the germ A¢. Likewise, if f and
g respectively have r.o.c. r and s and define the germs ¢ and v, then f + g has r.o.c. > r and defines
the germ ¢ +; and fg has r.o.c. > r and defines the germ ¢y. If f has r.o.c. r and f(0) # 0, then

its inverse series in C[[z]] is a convergent power series?.

We conclude that C{z} is a subalgebra of C[[z]] and that it is isomorphic to Op. Its invertible
elements are those such that f(0) # 0.

Now let f,g € C{z}. If £(0) = 0, then one can compose the series. One can prove that go f is
a convergent power series (see the book of Cartan for precisions) and that the associated germ is
the composition of the germs associated to f and g. In the same way, the reciprocation processes
for power series and for functions and germ correspond to each other.

Exercice 2.3.2 Taking g = 1 +2z+22/2+2°/6+--- and f(z) =z—22/2+23/3—7*/4+---, use

the relation go f = 1 +z (proved in the section on formal power series) to compute Y i"/n. Then
n>1

deduce the formulas: 1 —1/3+1/5—1/7+---=n/4and 1/2—1/44+1/6—1/8+--- = (In2)/2.

21t will follow from the next chapter on analytic functions that the r.o.c. of 1/ is the smallest |zo| for f(z9) = 0; or
is at least that of f if f has no zero in its disk of convergence.
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2.4 C-derivability of power series

h)"—
First, when £ is small, (z+h)" = 7" +nz"'h+ O(h?), so that }lir% by =2 })z S — ! Fora
—

power series f := Y a,z", we can therefore calculate formally the C-derivative:
n>0

o )~ f@) (+h)" -

m--—-——————————= llm ay—————————
h—0 h h—>0Z " h

n>0
h n
= Z lima,——— (et+h)"—
2S0h—0 h

= Zan nz" 1)

n>0

=Y (n+Dap2".

n>0

The interchange lim }, = Y lim can be justified on the disk of convergence by the fact that
h—=05,>0 n>0h—0

the result converges normally in every strictly smaller closed disk. We conclude that convergent
power series are C-derivable and that the C-derivation is computed in the same way as the formal
derivation. Note that one cannot conclude on the circle of indeterminacy, as shows the example of

the series Y. 7"/n>.
n>1

Theorem 2.4.1 A power series of r.o.c. r defines on D(0,r) an indefinitely C-derivable function
which is equal to its Taylor expansion at 0.

k)!
Proof. - By iterating the argument above, one finds that the " derivative is f* (z)= Y% (n +' ) anx2"s
n>0 N
&) (o
whence a; = ! k'( ) O

By exactly the same computation as in the case of the exponential, we draw:

Corollary 2.4.2 The associated function F(x,y) = (A(x,y),B(x,y)) from D(0,r) (viewed as an
open disk in R?) to R? is indefinitely differentiable. Its Jacobian matrix is given by the formula:

s (f') —Im(f(2))
. ox 0 _ (Re(f'(z —Im(f'(z
TFxy) = vy | = ( Re( /() >

0B(x,y) 0B(x,y) Im(f'(z))
ox dy

In particular, we have the Cauchy-Riemann formulas:

JA(x,y) _ 9B(x,y)

o  dy
dA(x,y) _ 0B(x,y)
dy  ox
which are often summarized as:
3@ _ (@),
dy ox
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Since the Jacobian determinant is | f(z)|*, the local inversion theorem allows us to deduce:

Corollary 2.4.3 At all points of the disk of convergence such that f('z) # 0, the map f is locally
invertible.

Later, we shall prove that, if f is not constant, the zeroes of f are isolated. With the corollary
above, this implies:

Corollary 2.4.4 If f is not constant, it defines an open map on D(0,r). (This means that it trans-

forms open subsets of D(0,r) into open sets.)

Exercice 2.4.5 Let k > 2. Prove using the above corollaries that there exists an open disk U and
a power series f defined on U such that f* = 1+ z. Deduce from that that, for g € C{z} to be the
k" power of a power series, it is necessary and sufficient that v(g) is a multiple of k.

2.5 Expansion of a power series at a point # 0

Let f:= Y a,z" withr.o.c. r >0 and let zo € D(0,r). We compute formally the expansion of f
n>0
near zq as follows:

flzo+2z2) = Z an(zo0+2)"

n>0

=Y a ) nj)!zf)z’”

n>0  [+m=n

= Z (Z l+m) aHmZé)Z

m>0 \/>0

_ Z f( )(ZO)Zm

m! ’

m>0

(I4+m)!
A
fied, and one can prove (see for example the book of Cartan):

since we already know that (") (z0)= X a1+mzf). This calcultion can be rigorously justi-
>0

(m)
Theorem 2.5.1 The Taylor series Y fi(zo)zm
m>0 m!

of the function f at zy is convergent. Its r.o.c. is

at least equal to r — |zo|. The function g(z) it defines is equal to f(zo +z) on D(0,r — |zo|).

U
1
Example 2.5.2 Let f(z) = 1 +z+22+ - = 1= (for |z| < 1) and let |zo| < 1. Then:
-z
(n) _ (I’l‘l‘k)' k: I’l' )
Fre) kgg) kST (T—g)nt
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Therefore:

") (4 2
Z f (' O)Zn _ Z L
>0 =0 (1—20)
This has r.o.c. |1 —zo|. For |z| < |1 —z0|, one has:
7 1 1 1
- = = f(z0+2).
S (1—z) 1 I—z -1 1-z-2 (20 +2)

The very last equality makes sense because |z| < |1 —zo| = |z0 +2z| < 1, so that zp + z is indeed in
the disk of convergence of f.

Exercice 2.5.3 In the example above, for what values of zg is the r.o.c. of the new power series
bigger than |1 — zg| ? Draw the corresponding disk to see how the domain of f has been extended.

Generally speaking, calling r’ the new r.o.c., either D(zp,7’) goes beyond the boundary of

D(0,r), or not. The points of the circle of indeterminacy which cannot be outcrossed in this
way are “boundary points”. It can be proved that there are always boundary points on the circle
of indeterminacy. (This is a consequence of “Cauchy theory”). For some special power series,

like ¥ z%', “Hadamard’s theorem on lacunary series”implies that all the points of the circle of
n>0
indeterminacy are boundary points.

2.6 Power series with values in a linear space

fi(2)

Let V := C¢ and let X(z) := : |, where the f; € C{z} have r.o.c. r;,. The vector-valued
Ja(2)

function X is defined and continuous on D(0,r), where r := min(ry,...,r4) > 0.

X(z+h)—X(2)

Defining the C-derivative of X (z) as X’(z) := lim (also written dX (z) /dz), we

h—0 h
. fi(@)
see that it is indeed C-derivable on D(0, r) and that X'(z) = :
fa(2)
We can also group the power series expansions f;(z) = Y. a;,2" in the form X =Y X,,z", where
aln
X, = : € V. One can prove that, if for an arbitrary norm on V, one has HHTOO {‘/m =1,
Ad.n

then the r.o.c. of X(z) is 1/1.

The derivation of vector-valued functions is C-linear: (A.X)' =A.X"and (X +Y) =X'+Y'.
The Leibniz rule takes the form: (f.X) = f.X + f.X'.

Exercice 2.6.1 Define matrix-valued functions A(z) := (a; j(2))1<i j<a taking values in Mat,(C),
such that all a; ; € C{z}. Write their C-derivatives, the associated rules, the power series expan-
sions. With A and X as described, what can be said of AX ?
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Chapter 3

Analytic functions

3.1 Analytic and holomorphic functions

Definition 3.1.1 (i) Let f be a function or a germ. We say that f admits a power series expan-

sion at zo € C if there is a (convergent) power series Y. a,z" € C{z} such that, for z in some
n>0

neighborhood of 0, one has: f(zo+z) = Y. a,z". We shall then rather write that, for z in some
n>0

neighborhood of zo, one has: f(z) = §Oan(z —20)" € C{z—2z0}. For conciseness, we shall say
n

that f is PSE (“power series expandable”) at zo.

(i1) Let f be a function on an open set Q C C. We say that f is analytic on Q if f admits a power
series expansion at all points zg € Q. An analytic germ is the germ of an analytic function.

(iii) A function analytic on the whole of C is said to be entire.

20
Examples 3.1.2 (i) The function e* = Y}, e—'(z —2z0)" is PSE at any zp € C, so it is entire.

n>0 1:
. .1 1 (=1)" , .
(ii) The function - = ————— = Y} z—2z0)" is PSE at any zo # 0, therefore it is

0(1+52) >0 2t (

analytic on C*. However, no power series describes it on the whole of C*.

(iii) If f is PSE at zp with a r.o.c. r, then it is analytic on D(zg, r) (theorem 2.5.1).

f(z0+h) = f(z0)
h

Definition 3.1.3 (i) We say that the function or germ f is C-derivable at zy if the limit I%in%
5

d
exists. This limit is called the C-derivative of f at zy and written f(zo) or d—f(z()). From now on,

we shall simply say “derivable, derivative” instead of “C-derivable, C-derivative”.
(ii) A function f defined on an open set Q C C is said to be holomorphic on Q if it is C-derivable
at every point of Q. We then write f” or df/dz the function zo — f’(z0).

If we identify f with a function F (x,y) = (A(x,y),B(x,y)) (with real variables and with values
in R?), then a necessary and sufficient condition for f to be holomorphic is that F be differentiable
and that it satisfies the Cauchy-Riemann conditions:

dA(xy) _ 9B(xy) . 0Axy)  9B(xy)

) _ Q)
ox dy dy ox N

dy ox

or, in a more compact form:
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Then the Jacobian matrix is that of a direct similitude’:

0A(x,y) 0A(x,y) F) ()
_ ox d _ (Re(/'(z)) —Im(f'(z
JFEY) = | a8(ry) 9B(y) | = (Im(f’(z)) Re(f'(2)) >
ox dy

Remark 3.1.4 The geometric consequence is that a non constant holomorphic function preserves
the angles between tangent vectors of curves, and also the orientation: it is conformal.

Theorem 3.1.5 (FUNDAMENTAL !) Analyticity and holomorphicity are equivalent properties.

Proof. - The fact that an analytic function is holomorphic has been proved in the previous chapter.
The converse implication will be admitted: see the books of Ahlfors, Cartan, Rudin. [J

Some basic properties.
1. Analytic functions on an open set Q C C form a C-algebra, which we write O(€2).

2. If f € O(Q), then 1/f € O(Q') where Q' := Q\ f~1(0). In particular, the elements of
O(Q)* are the functions f € O(Q) which vanish nowhere.

3. If fe 0(Q), g€ O() and f(Q) C Q'), then go f € O(Q).

4. Let zp € Q and let d denote the distance of zg to the exterior of Q (or to its boundary, it is the
same): & :=d(z9,C\ Q) =d(z0,0Q) > 0. Then f is indefinitely derivable at zo, and equal to

(m)
its Taylor series expansion Y, ()
m>0 m‘

this series has r.o.c. > 9).

(z—z0)™ on D(z9,0) (which means implicitly that

The following theorem will play a central role in our course. We admit it (see the books by
Ahlfors, Cartan, Rudin).

Theorem 3.1.6 (Principle of analytic continuation) Suppose that Q is a domain (a connected
open set). If f € O(Q) vanishes on a non empty open set, then f = 0 (the zero function on Q).

O

As a consequence, if f is not the zero function on £, at every zg € Q it has a non trivial power
series expansion: f(z) = ¥ a,(z—z0)", with a; # 0. Then f = (z —z0)*g, where g is PSE at zo
n>k

and g(z9) # 0. We shall then write v,, (f) = k.

This implies in particular that, in some neighborhood of zg, g does not vanish.

Corollary 3.1.7 The zeroes of a non trivial analytic function on a domain are isolated.

. oo . . U —v .
'Remember that a direct similitude in the real plane R? has a matrix of the form (v " ) . It corresponds in the

complex plane C to the map z — wz, where w := u+iv. These are the only linear maps that preseerve angles and
orientation.
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Remember from the previous chapter that, if f is analytic on a domain € , then, at all points
20 € Q such that f’(z9) # 0, the map f is locally invertible. With the corollary above, this implies:

Corollary 3.1.8 If f is not constant, it defines an open map on D(0,r). (This means that it trans-

forms open subsets of D(0, r) into open subsets of C.)

Corollary 3.1.9 Let f be a non trivial analytic function on a domain. Then, on every compact set,
f has finitely many zeroes. Altogether, the set f~'(0) of its zeroes is at most denumerable.

Exercice 3.1.10 Find the zeroes of sin(m/z). Do they accumulate ? Does this contradict the above
results ?

3.2 Singularities

Theorem 3.2.1 (Riemann’s theorem of inexistent singularities) Let O C C be an open set and
let zo € Q. Assume that f € O(Q\ {0}) is bounded on some punctured neighborhood of z, that
is on some U \ {0}, where U is a neighborhood of zo. Then f admits a continuation at zo which
makes it an analytic function on the whole of Q.

Proof. - See the books of Ahlfors, Cartan, Rudin. [J

Obviously, the said continuation is unique and we shall identify it with f (and write it f).

Example 3.2.2 The function f(z) := is analytic on Q := C\ 2inZ. But since liII(l) flz) =
Z—

Z
et —1
= 1, the function f is bounded near 0 and can be continuated there by putting f(0) := 1.

exp’(0)

Exercice 3.2.3 Show that the power series expansion of f at 0 has r.o.c. 2w. Give a way to
compute recursively its coefficients and find them up to degree 6.

Corollary 3.2.4 Let Q C C be an open set and let zo € Q and f € O(Q\ {0}). Three cases are
possible:

1. If f is bounded on some punctured neighborhood of zy, we consider it as analytic on Q.

2. Else, if there exists N > 1 such that f(z) = O (!Z — ZO\N), then there exists a unique k > 1

such that g := (z — z0)¥f is analytic and g(zo) # 0. In this case, f is said to have a pole of
order k at zo. We put v, (f) := —k.

3. Else, we say that f has an essential singularity at zo.

1/z
Example 3.2.5 The function

1 has simple poles (i.e. of order 1) at all points of 2itZ except
e v —

0 and an essential singularity at 0.
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If f has a pole of order k at zp, it admits a (convergent) Laurent series expansion f(z) =

Y an(z—z20)", with a_y # 0. We write C({z—z0}) the C-algebra of such series. It is the field of
n>—k
fractions of C{z —zo} and it is actually equal to C{z —zo}[1/(z —z0)]. Clearly, poles are isolated.

On the other hand, in the case of an essential singularity, f has a “generalized Laurent se-

ries expansion”, with infinitely many negative powers; for instance, ¢!/ = ¥ z7" /n!. Essential
n>0
singularities need not be isolated, as shows the example of 1/sin(1/z) at 0.

Definition 3.2.6 The function f is said to be meromorphic on the open set Q if there is a discrete
subset X C Q such that f is analytic on Q\ X and has poles on X.

The following is easy to prove:

Theorem 3.2.7 Meromorphic functions on a domain Q form a field M (Q). In particular, if f,g €
O(Q) and g # 0, then f/g € M (Q).

Much more difficult is the theorem (due to Hadamard) that all meromorphic functions are
quotients of holomorphic functions.

Examples 3.2.8 (i) Rational functions f := P/Q € C(z) are meromorphic on C. If P,Q € C|z] are
coprime polynomials and if zo is a root of order k of P, then v, (f) = k. If z¢ is a root of order
k of Q, then it is a pole of order k of f and v, (f) = —k. If 2o is a root of neither P nor Q, then
Vao (f)=0.

(ii) If Q is a domain and f € M (Q), f # 0, then f'/f € M (Q). The poles of f'/f are the zeroes
and the poles of f. They are all simple. All this comes from the fact that if f := (z — z9)*g with g
analytic at zp and g(z9) # 0, then f'/f =k/(z—z0) + &' /g, and g’/ g is analytic at z.

3.3 Cauchy theory

Let Q be a domain, f € O(Q) and 7: [a,b] — Q be a continuous path (a,b € R and a < b). We
shall define:

b
[f@dz= [ ren .
Y a

For this definition to make sense, we shall require the path y to be of class C!, that is, continuously
differentiable. Note however that the weaker assumption: piecewise continuously differentiable
(and continuous) would be sufficient. One can check easily that, in the above formula, reparame-
terizing the path (that is, using y(¢(s) where ¢ : [@’,b'] — [a,b] is a change of parameters) does not
change the integral.

Note that, if f has a primitive F in Q (thatis F € O(Q) and F' = f), then [, f(z)dz=F (v(b)) —
F(y(a)). In particular, if v is a loop, then [, f(z)dz = 0.

Examples 3.3.1 (i) Let k € Z and 7y; : [0,21] — C*, t > € and 5 : [0,1] — C*, t > %™, Let
f(z):=7",n € Z. Then:

/ F(2)dz = / Flo)dz =

2imk if n = —1,
T T2

0 other wise.
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Indeed: N |
T . .
/ dz = / ike* 1 gt and / dz = / QitkeX ™11 gy
Y 0 Y2 0

(ii) From this, by elementary computation, one finds that if f has a generalized Laurent series

expansion (be it holomorphic, meromorphic or essentially singular) Y a,z" at0, and if its domain
nez
of existence contains the unit circle, then:

/ f2)dz = / f(z)dz =2imka_,.
" T2
The following important theorems are proved in the books by Ahlfors, Cartan and Rudin.

Theorem 3.3.2 (Cauchy) If f € O(Q) and y1,Y2 : [a,b] — Q are two homotopic pathes of class
C! (that is, they can be continuously deformed into each other within Q), then:

fR)dz= | f(z)dz.
T Y2

Using the calculations in the examples, one deduces:

Corollary 3.3.3 If f(z) = ¥, an(z—20)" and if the loop 'y has its image in the domain of existence
nez

of f, then:

/f(z) dz = 2inl(zo,Y)a_.

Y

(Remember that the index (zp,7y) is the number of times that the loop 7y turns around zy in the
positive sense.)

Definition 3.3.4 If f(z) = ¥ a,(z—z20)", the complex number a_ is called the residue of f at zo
neZz
and written Res,, (f).

Theorem 3.3.5 (Cauchy residue formula) Let f have a finite number of singularities in  and
ety be a loop in Q avoiding all these singularities. Then:

/Y F(2)dz =2in Y 1(z0,7)Resy (f),

the sum being taken for all singularities 7.

O

Exercice 3.3.6 Let y(t) := Re'" on [0,27], where R is “big” and R ¢ 2inN. For k € N, compute
z

—k
Jyz o dz.
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Corollary 3.3.7 Suppose f € M(Q) (a domain), f # 0, and vy is a loop in Q avoiding all zeroes
and poles of f. Then:

[(#19)@ dz=2im Y 1z 1)ve, 1),

Y 20

the sum being taken for all zeroes and poles.
Corollary 3.3.8 (Cauchy formula) Suppose f € O(Q) and 7y is a loop in Q avoiding zp € Q.
Then:

fO(z0)

/Y(Z_fz(jim dz = 2inl (20,7) ",

Primitives Curvilinear integrals (i.e.integrals on pathes) can serve to compute primitives (or
prove they do not exist: see remark below and next chapter for this). Let Q be a simply connected
domain, that is, all loops can be continuously shrinked to a point. Then by Cauchy theorem on
homotopy invariance, if f € O(Q) and y1,7> : [a,b] —  are any two pathes of class C', we have:

fR)dz= | f(z)dz.
M Y2

Now fix a = zp and consider b = z as a variable. The the above integrals define a same function
F(z) on Q.

Theorem 3.3.9 This function is the unique primitive of f (that is, F' = f) such that F(zp) = 0.
U

Remark 3.3.10 If Q is not simply connected, some functions may have no primitives on €. For
1

Z—a

instance, if a ¢ Q and there is a loop 7y in Q such that I(a,y) # 0, then the function f(z) :=
is holomorphic on Q but has no primitive; indeed, [, f(z)dz = I(a,7).
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Chapter 4

The complex logarithm

4.1 Can one invert the complex exponential function ?

We know that the real exponential function x — ¢* from R to R can be inverted by In: R} — R
in the sense that Vx € R, In(e®) = x and Vy € R, ™) =y, Moreover, In is a rather “good”
function: it is continuous, derivable, etc. We are going to try to extend this process to C, that is,
to invert the complex exponential function exp : C — C*. (However, we shall keep the notation
In for the real logarithm mentioned above.) It is impossible to have a function L : C — C* such
that Vz € C, L(¢°) = z. Indeed, since e“t2m — 2 this would imply z+ 2in = z. Clearly, the
impossibility stems from the fact that exp is not injective. However, we know that exp is surjective,
so that for each z € C* there exists a (non unique) complex number, say L(z), such that M) = 7.
In this way, we can build a function L : C* — C such that Vz € C*, ¢(?) = z. Now, the values L(z)
having been choxen at random (each time among infinitely many choices), it is not clear that one
can get in this way a “good” function. Indeed one cannot:

Lemma 4.1.1 There is no continuous function L : C* — C such that Vz € C* , ¢L?) = 7.

Proof. - Actually, it is not even possible such a continuous function on U. Assume indeed there
was one such function L : U — C and put, for all t € R, f(¢) := L(e'") —it. Then f is a continuous
function from R to C. Since eL(¢") = i , we see that e/ () = 1 for all ¢. Therefore the continuous
function f sends the connected set R to the discrete set 2intZ; this is only possible if it is constant.
Thus, there exists a fixed k € Z such that: V¢ € R, L(e'") = it + 2ink. Now, writing this for ¢ and

t +2m yields the desired contradiction. [

Therefore, we are going to look for local determinations of the logarithm: this means a con-
tinuous function L : Q — C, where Q is some open subset of C*, such that Vz € Q , ¢X?) =z. This
will not be possible for arbitrary Q.

Lemma 4.1.2 Let Q C C* a domain (a connected open set). Then any two determinations of the
logarithm on Q differ by a constant. (Of course, there may exist no such determination at all !)

Proof. - If L and L2 are two determinations of the logarithm on €, then Vz € Q | el2(@)-Li(z) — 1,
so that the continuous function L, — L; sends the connected set 2 to the discrete set 2intZ, so it is
constant. []
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Therefore, if there is at least one determination of the logarithm on €, there is a denumerable
family of them differing by constants 2imtk, k € Z. If one wants to specify one of them, one uses
an initial condition: for some zp € Q, one chooses a particular wy € C such that e"° = z, and one
knows that there is a unique determination such that L(zo) = wy.

4.2 The complex logarithm via trigonometry

We fix 8 € R arbitrary, indicating a direction in the place, that is a half-line R ¢%. We define the
“cut plane” Q := C\ R_¢'% (that is, we think that we have “cut” the “prohibited half-line” R _¢!%);
it is an open subset of C*. Then, for all z € Q, there is a unique pair (,0) € R x |89 — 7,00 + 7|
such that z = re'®. Moreover, r and  are continuous functions of z. Therefore, putting Lg, (z) :=
In(r) 416, we get a continuous function Ly, : Q — C. This is clearly a determination of the loga-
rithm on Q, characterized by the initial condition Lg, (e'%) = i0y.

If we take 0y := 0, we get the principal determination of the logarithm, which we write log. It
is defined on the cut plane C\ R_ C C* and characterized by the initial condition log(1) = 0. Its
restriction to R, is In.

Remark 4.2.1 This nice function cannot be continuously extended to R_. Indeed, if for instance
z€ C\R_ tends to —1, then it can be written z = re'® where r > 0 and —% < 8 < 7. One has
r— 1 and 6 — +m: if z approaches —1 by above, then 6 — +m; if z approaches —1 by below,
then 6 — —m. In the first case, log(z) — im; in the second case, log(z) — —im. In full generality, z
could alternate above and below and then log(z) would tend to nothing.

Remark 4.2.2 If we change the argument 6 by 6y + 27, the open set Q does not change, but the
determination of the logarithm does. We know that Lg, and Lg, 25 differ by a constant, so we just
have to test them on the initial conditions. Since Lg, (%) = i00 and Lg, 2 (¢!®+2™) = i(8 +27),
and since ¢'(®0+2%) — ¢i% we conclude that Lo, 12 = Lg,2im.

The following series of exercices is long, because it is important to get familiar with the strange
behaviour of the complex logarithm.

Exercice 4.2.3 Under what condition on 6y does the open set Q2 contain the positive real half-line
R’ ? Assuming this, under which supplementary condition does one have Lg, (1) =0 ? Assuming
again this, show that the restriction of Lg, to R7_ is In.

Exercice 4.2.4 (i) When does one have log(e®) =z ?
(ii) Compare log(ab) with log(a) +log(b).

Exercice 4.2.5 (i) Suppose 0 € |8y — 7,8 + [ and also 6 € |8, — 7, 0; + 7t[. Then compare Lg, (')
with Lg, (¢').

(ii) Let Qo := C\R_ % and Q, :=C \R_ €91, Describe the intersection QyNQ; and compare
Ly, with Lg, on this set.
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4.3 The complex logarithm as an analytic function

(_1)1171

Let L(z) :== ¥ (z—1)". Then L is analytic on D(1,1) and satisfies the initial condition

n>1

1 o

L(1) = 0. Moreover, L'(z) = ¥, (—=1)"(z—1)" = = on D(1,1), from which one draws (e!) =
n>0 Z

¢! /z, then (e!/z)’ = 0 and one concludes that /(2 = 7. Therefore, L is a determination of the

logarithm on D(1,1). Since D(1,1) C C\R_, we deduce from the initial condition at 1 that L is

the restriction of log (the principal determination) to D(1,1):

° (_l)n_l n
VzeD(1,1), log(z) = ) ~——(z—1)".

n>1 n

Proposition 4.3.1 Let 7o := re™® and wg := In(r) +i0g. Then:

o -1 n—1
vz Dlao,fal) , Loo(@) =m0+ ¥ L ()
0

n>1

Proof. - The function M(z) := wo + L(z/z0) is analytic on D(z,|zo|) and satisfies the relations:
M(z9) = wo and, since wy is a logarithm1 of z9, eM (2) = z. Therefore it is the (unique) determina-

[¢]
tion of the logarithm on D(zo, |zo|) satisfying the same initial condition as Lg,. [J

Corollary 4.3.2 All determinations of the logarithm are analytic functions.

Proof. - Indeed, at any point, there is one determination on some disk which is an analytic function
(the one in the proposition); and they all differ by constants. []

Primitives. We have already used the following argument: L' = 1/z = (e!') = /7= (e /2) =
0. Therefore, if L' = 1/z on a domain Q C C* and, for some zog € Q, L(z) is a logarithm of z,
then L is a determination of the logarithm on Q. Therefore, we can define L in the following way.

Proposition 4.3.3 Let Q be a domain in C* such that for any loopy in Q one has 1(0,7y) = 0. (This
is true for instance if  is simply connected.) Fix zo in Q and fix wg a logarithm of zo. Then the

function: J
Z
L(z) = WO+/77
v <
where v is any path from zg to z, is well defined and it is the unique determination of the logarithm

on Q satisfying the initial condition L(zp) = wy.

O

Exercice 4.3.4 Prove that conversely, if there is a determination of the logarithm on €, then for
any loop yin Q one has 7(0,y) = 0.

'We say a logarithm of z € C* for a complex number w such that ¥ = z; there are infinitely many logarithms of z.
We shall try not to cause confusion with the “determinations of the logarithm”, which are functions.
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4.4 The logarithm of an invertible matrix

We know that, if A € Mat,(C), then exp(A) € GL,(C). We shall now prove that the exponential
map exp : Mat,(C) — GL,(C) is surjective. This fact will be needed in the sequel, but not its
proof: the reader may skip it if he wants to. But the proof is not easily found in books, so I still
prefer to give it.

Semi-simple matrices. On C, these are the same thing that diagonalizable matrices; but the no-
tion is more general, and this terminology is more similar to that of algebraic groups, that we shall
use later. So we consider a matrix S := PDiag(uj,...,u,)P~' € GL,(C). Since S is invertible,
its eigenvalues are non zero: u; € C*, and we can choose logarithms A; € C such that % = ; for
i=1,...,n. Then, A := PDiag(A,,...,A,)P~! satisfies exp(A) = S.

However, for technical reasons that will appear in the proof of the theorem below, we want
more. So we make a refined choice of the logarithms A;. Precisely, we choose them so that, when-
ever u; = uj then A; = A;. It is then not hard, using poynomial interpolation (for instance, Lagrange
interpolation polynomials) to see that there exists a polynomial F € C[z] such that F(u;) = A; for
i=1,...,n. Then one draws that A = F(S).

Unipotent matrices. Let U € GL,(C) be such that U — I, is nilpotent; then we know that (U —

(_ 1)k71
I,)" =0,. Define N := Y}
1<k<n K
composition of the formal series for exp and log, except that here we truncated the latter, taking

off the vanishing terms. Note that again the “logarithm” N of U is obtained in the form G(U) for
some polynomial G € C|z].

(U —1,)k. Then exp(N) = U. Indeed, this follows from the

Jordan decomposition. It is a classical fact in linear algebra that every matrix M € Mat,(C)
admits a unique decomposition in the form M = M, + M,,, where M; is semi-simple, M,, is nilpo-
tent and they commute: MM, = M,M;. This is sometimes called the Dunford decomposition.
Moreover, M has the same spectrum as M. Therefore, we take M € GL,(C), then M; € GL,(C)
and we can write M = MM, = M, My, where M,, := I, +M;'M, = I, - M,M; " is unipotent. This
is the Jordan decomposition of M; it is of course also unique. (In France this is rather called
“multiplicative Dunford decomposition”).

Theorem 4.4.1 Let B € GL,(C). Then there exists A € Mat,(C) such that exp(A) = B.

Proof. - Write B = ByB,, the Jordan decomposition. Find a semi-simple matrix A; = F(B;) such
that exp(A;) = B, and a nilpotent matrix A, = G(B,,) such that exp(A,) = By, where F,G € C[Z]
are polynomials. Last, define A := A;+A,,. Then B;B, = B,B; = F(B;)G(B,) = G(B,)F (By), i.e.
AsA, = AyAy, so that exp(A) = exp(A; +A,) = exp(Ay)exp(A,) = BsB, = B. O

Note that A := A;+ A, is the Dunford decomposition of A.

Exercice 4.4.2 Prove that exp(A) = I, is equivalent to: A is semi-simple and all its eigenvalues
are in 2intZ. Can such an A be upper triangular ?
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Chapter 5

From the local to the global

5.1 Analytic continuation

We saw that there are various incarnations of the logarithm in various regions of the plane. This is
a very general (and fundamental) phenomenon regarding analytic functions. We shall formalize it
as a process of analytic continuation along a path.

The data.

1. Let a € C and let f be analytic in some neighborhood of a. The neighborhood does not
matter, so we consider f as a germ at a and write f € O, = C{z—a}.

2. Let b € C and let y: [0,1] — C be a path from y(0) = a to y(1) = b. We require that y be
continuous, nothing more. Of course, we could take another interval as a source for .

3. LetO=1y <1, <--- <t, =1 asubdivision of [0,1].

4. We cover the image curve Y ([0, 1]) C C by open disks D; := Io)(zi, ri), where, fori =0,...,n,
we have z; = Y(¢;) (thus a point on the curve) and r; > 0. Note that the first and last disk are
respectively centered at zo = Y(0) = a and at z, = (1) = b. We assume that, fori=1,...,n
the disks D; and D;_; have a non empty intersection: D; N D;_1 # 0.

Definition 5.1.1 Suppose that there are functions f; € O(D;) fori =0,...,n such that f is the germ
of fy and that, for i = 1,...,n, the functions f; and f;_; have the same restriction on D; N D;_.
Call g € Oy the germ of f,,. Then g is called the result of the analytic continuation of f along .

Note that, the data above being fixed, this result is necessarily unique. Indeed, from the prin-
ciple of analytic continuation (theorem 3.1.6), and since the D; are domains, fy is uniquely de-
termined by its gem f; and, for i = 1,...,n, each f; is uniquely determined by its restriction to
D;ND;_1, thus by f;_;. Moreover, with some combinatorial and geometrical reasoning, one can
see that the choice of the #;, the z; and the r; does not change the result: that is why it is sound,
in the definition, to speak of y alone and not of the other data. Actually, the process is even much
more invariant as shows the following essential result (the proof of which can be found in the book
of Ahlfors).
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Theorem 5.1.2 (Principle of monodromy) Let Q be a domain, a,b € Q and f € O, an analytic
germ at a. Assume that, for all pathes from a to b in L, analytic continuation of f along 7y is
possible. Then, ify; and 7, are two pathes from a to b which are homotopic in  (that is, they can
be deformed into each other within Q), then the result of the analytic continuation of f alongy; or
Y2 is the same.

O

Remark 5.1.3 Analytic continuation is not always possible: for instance, the germ at 0 defined

by the lacunary series ¥z admits no analytic continuation out of D(0, 1).

Example 5.1.4 Let fy(z) := Zo (lr/lz) (z—1)" = (14 (z— 1))/2, which, for obvious reasons, we
n>
write /z: it is an analytic function on IO)( 1,1). It can be defined trigonometrically by the formula
fo(ré®) = \/re®®/? for —m < @ < . (Argument: both functions are continuous on a domain, with
same square and same initial value at 1.) Put y(¢) = e on the segment [0,27], thus a loop: the
most interesting case ! Take n = 4 and the subdivision of the #, = k/4 for k = 0,...,4, so that
7 = i¥. Take all radii r, := 1. We have zo = z4 = 1, the base point of the loop; and the circle is
covered by four disks, because the first and last disks are equal: Dy = Dj.
Now we define functions similar to fj in the following way; the function f; will be defined on Dy:
fi(re®) = \/re?® for @ € |kn/4 — m, kn/4 4 n[. Thus, each f; is a continuous determination of the
square root on Dy. Thus, on each Dy N Dy (which are non empty domains) the functions f; and
Jfx—1 are equal or opposite (because the quotient of the two functions is continuous with values in
{+1,—1}). To check that they are equal, one initial condition is enough. It can be found each time
by using the point i*"'el™* € Dy N Dy_;.
The conclusion is that the germ g of f4 at 1 is the analytic continuation of the germ f of fy at 1
along v. But f4 = — fo: the square root /z has been transformed into its opposite.

Exercice 5.1.5 If a domain Q C C* contains the image of the above loop, show that there is no
continuous function f on Q such that £(z)?> = z. (Consider the function f(e")e~*/2).

Example 5.1.6 We use the same loop, subdivision and disks than in the previous example and

-1 n—1
look for the analytic continuation of the germ at 1 of the function fy(z) :== Y}, (Gl (z—1)", the
n

n>1
principal determination of the logarithm. We know that fy(re'®) = In(r) 410 for — < 6 < . We
define f; on Dy by fi(re®®) = In(r) +i6 for © € |kn/4 — 7, kTt/4 + w[. These are also determinations
of the logarithms, so in their common domains they differ by constants in 2inZ. Using the same
points as before as initial conditions, we find that f; and f;_; are equal on Dy N D;_; and therefore
that the germ g of f4 at 1 is the analytic continuation of the germ f of fy at 1 along y. But
fa = fo+2im: the logarithm log(z) has been transformed into log(z) + 2im.

Exercice 5.1.7 Deduce from this a new proof that there is no determination of the logarithm on
the whole of C*. (If there was, it would be equal to f; on Dy.)
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5.2 Monodromy

The principle of “monodromy”, after the greek “mono” for unique and “dromos” for path, means
that the result of analytic continuation does not depend on the path - except if something prevents
deformation. We shall see that, for differential equations, what prevents deformations is usually
the presence of singularities, and we shall consider monodromy as the effect of this singularities
on the changes of values by analytic continuations. In some sense, we shall rather try to under-
stand the multiplicity than the unicity !

Now, with some algebraic formalism, we shall give power to the principle of monodromy. It
will be useful to have a notation' for the result of analytic continuation along a path. So if f € O,
and if the path y goes from a to b, then we write f7 the result of the analytic continuation of f
along 7y if it exists: thus the notation may represent nothing in some cases. Here are the successive
steps of the algebraic formalisation. We suppose that a domain Q has been fixed and everything
(points, pathes, homotopies, arguments of functions ...) lives there. For a € Q, we shall write O,
the subset of O, made of germs which admit analytic continuation along any path in Q starting
from a.

1. Suppose that f,g € O, admit an analytical continuation along the path y from a to b. Then
adding them, multiplying them, derivating them yields the same relations and operations
between intermediate functions, and therefore between the results:

(Af +ug)' =MfY +ug?,
(fe) =g,
Y=

Therefore, the subset of O, formed by germs which admit an analytic continuation along 7y
is a sub-C-algebra of 0, and it is moreover stable under derivation: we say that it is a sub-
differential algebra of O,. Of course, O, is itself a sub-differential algebra of this differential
algebra. Moreover, f + f7 is a morphism of differential algebras (it is linear, a morphism
of rings, and it commutes with derivation). Altogether, these facts are called “principle of
conservation of algebraic and differential relations”. They are a natural property of mon-
odromy, true for transcendental reasons (based on analysis) but their algebraization is the
basis of Differential Galois Theory.

2. Ify; goes from a to b and 'y, goes from b to ¢, then we write y;.Y, the composite path from a
to c. Then, if f € O, is continuated to g € O, along ¥; and g is continuated to i € O, along
Y2, it is clear that f is continuated to & along ¥;.Y»:

le - (le )“Yz7

meaning that, if one side of the equality is meaningful, so is the other and then they are
equal.

3. Let y; and ¥, be two pathes from a to b and suppose that they are homotopic (in Q by
convention). We write y; ~ ¥, to express this relation. Then we know that, for functions

'The power of algebra often rests on using good notations !
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satisfying the assumptions of the principle of monodromy (theorem 5.1.2), one has f1' =
1o

Y~ =" ="
As a consequence, f7 only depends on the homotopy class [Y] € I1;(Q;a,b) of y. Therefore,
we can define:

f[Y] = Y,

Then the principle of conservation of algebraic and differential relations says that we have
a map:

H] (Q;a,b) — ISOC,a[gd,'ff(Oa, Ob).
We have added something to the principle of conservation here. First, that analytic contin-

uation sends O, to Op; second, that it is bijective. Both statements come from the fact that
analytic continuation can be reversed by going along the inverse path.

. Remember from the course of topology that homotopy is compatible with the composition
of pathes, so that for pathes y; from a to b and ¥, from b to ¢, and for their homotopy classes
[71] € IT; (Q;a,b) and [,] € IT;(Q; b, ¢), one can define the product [y;].[y2] € I1;(Q;a,c¢) in
such a way that:

vil-v2] = [vi-v2)-

Then, the previous relation on the effect of composition of pathes becomes:
f[Yl Yl — (f[Yl])[Yzl.

. Suppose now that a = b: the case of loop is the most interesting of all. Then IT;(;a,b) is
71 (Q;a), the fundamental group of Q with base point @, and we have a map:

07 (Qsa) — Autc—aigairr(Oa),

the group of automorphisms of the differential algebra O,. Moreover, the equality f vl =
(firh] can be translated as: ¢(xy) = ¢(y)d(x) (taking x := [y;] and y := [y2]). Therefore,
0 is an anti-morphism of groups.

The result can be summarized as follows:

Theorem 5.2.1 The group m;(Q;a) operates at right on the differential algebra O,.

Remark 5.2.2 The fact that ¢ is an anti-morphism instead of a morphism is unavoidable if one
wants to keep intuitive notations. Some books write y,.y; what we have written y;.y> and then they
have a morphism. With their convention, the result of analytic continuation of f along yis written
v.f and one has: [V2.71].f = [y2]([y1].f), that is, the fundamental group operates at left, which is
more usual. But I find awkward that notation for the composition of pathes.

Corollary 5.2.3 The fixed set of the operation of 1 (Q;a) on 0, is O(Q).
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Proof. - Indeed, if a germ can be continuated everywhere without ambiguity, it defines a global
analytic function. [J

Note how this result looks like a theorem from Galois theory !

Exercice 5.2.4 Take Q := C* and a := 1, so that ; (Q;a) is isomorphic to Z. Show that the linear
space generated by 1 and log is stable under the operation of 7;(€;a) and describe the induced
action.

5.3 A first look at differential equations with a singularity

We have already used, in section 1.5, the exponential of a matrix to solve the differential equation
with constant coefficients X' = AX, where A € Mat,(C). We shall presntly use the logarithm
function to solve the (very simple) singular equation zX’ = AX. It is said to be singular because
X' = z7'AX and z7'A is not defined at 0. We shall solve it on C*, that is, we shall look for an
analytic solution X : C* — C".

Lemma 5.3.1 Letzy € C* and let L be a determination of the logarithm in a domain € containing
z0. Then the matrix-valued function X (z) := e!"(2)~L0))A defined in Q and with values in Mat,,(C)
(actually in GL,(C)) satisfies the equation:

X'(z) = (z'A)X(2) = X(2)(z'A).

Proof. - This is an immediate consequence of the following general fact. [

Lemma 5.3.2 Let M(z) be a matrix-valued analytic function on Q be such that, for all z € Q,
M(z)M'(z) = M'(z)M(z). Then e™ is analytic on Q and (M)’ = MM’ = M'eM.

Proof. - Since MM’ = M'M, Leibniz formula applied to M¥ gives (M*)' = kM*~'M' = M’ (kM*—1).
The rest of the proof is standard. [

Returning to our differential equation, we conclude again by a particular case of Cauchy the-
orem for complex analytic differential equations:

Theorem 5.3.3 Let Sol(z'A,Q) C O(Q)" be the set of solutions of our differential equation in
Q. Then the map X + X (z0) from Sol(z~'A,Q) to C" is an isomorphism of linear spaces.

Proof. - It is clear that Sol(z~'A,Q) is a linear subspace of O(Q)" and that the map X — X (zo) is
C-linear.We are going to prove that its inverse is the map Xy — XXy from C" to O(Q)".
X'=(z7'A)X,
X(ZO) = Xov
and we have to see that it is the only one. But any solution X can be written X = XY (since X(z) is

invertible for every z) and the Leibniz rule, along with the first lemma and the equality X (z9) = 1,,,
then gives Y/ = 0 and Y (z9) = Xo. U

Indeed, an immediate calculation shows that X Xj is a solution of the Cauchy problem {

35



Note that this applies to all domains © C C* around zp on which there is a determination of the
logarithm, in particular, to all simply connected domains. Therefore, all the corresponding spaces
of solutions Sol(z~'A, Q) are isomorphic to each other.

Corollary 5.3.4 The space Sol(z~'A),, C 0%, of germs at zg of solutions of the differential equa-
tion is isomorphic to the space C" of initial conditions, through the map X — X (zo).

=1/ S =0
Example 5.3.5 To solve e , we solve the equivalent Cauchy problem ¢ f(1) =0

(because zf” + ' = (zf’)"). We make it into a vectorial differential equation of order 1 by putting

f . X' = (z'A)X 01

X = , ]. Our problem then boils down to , where A := and
zf X(1) =Xo 0 0
0 5 o 1 logz . .

Xy = 1) Here A% = 05, so that ¢A1°22 = [, +Alogz = o 1) which gives in the end

f =logzand zf’" = I: this is correct and consistent.

Monodromy of the solutions. With the same notations as above, let y be a loop in C* based at
Z0. Then the result of the analytic continuation of L(z) along 7y is L(z) + 2imnk, where k := I(0,7);
the result of the analytic continuation of X (z) along v is therefore X (z)e?™4 = ¢%™4 X (7); and the
result of the analytic continuation of a solution X (z) = X (z)Xy along yis X (z)e*™AX), that is, the
solution with initial condition eZ™AX,,. We express this fact by a commutative diagram:

X—X(z0)

Sol(z7'A),, (04
X=X X()>—)€2mkAX()
1 X—X(z0)
Sol(z7"A);, c
2imkA 1 2iwk
Example 5.3.6 In the case of the last example, we get e =lo 1 /) Therefore, the

solution f = a+ blogz with initial conditions f(1) = a and (zf')(1) = b is transformed into

the solution with initial conditions <(1) 21? k> <Z) = <a+imkb> , that is the function fY =

(a+2imkb) + blogz: this is consistent.

Exercice 5.3.7 Solve in the same way z°f” +zf’ + f = 0 and find its monodromy.
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Part 11

The Riemann-Hilbert correspondence
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Chapter 6

Two basic equations and their
monodromy

Remark 6.0.8 The first section 6.1 was written to be the introduction to the whole course, before
I added the preliminary part on complex analytic functions. Now, it is too long and there is a lot of
redundancy with part I, but I did not have the courage to rewrite it: so the reader should browse it
rather quickly. However, the following section 6.2 is not redundant and should be studied carefully.

6.1 The “characters” z*

Let o € Q (the rational numbers) and assume that o is not a rational integer: o ¢ Z. How can
we define z* for complex values z € C ? If z is a strictly positive real, z € R* , then one can use
the real logarithm and complex exponential functions and put 7" := exp(atlnz). In the complex
domain however, the logarithm function is not globally defined (as we saw in chapter 4), so we
expect to obtain a “multivalued” function, that is local determinations and monodromy. In order
to introduce the present chapter on complex differential equations, and also in order to define a
family of useful basic functions for the sequel, we shall tackle the problem differently.

If . = p/q with p € Z and g € N* (a non zero natural integer), we can assume that p and g are
relatively prime; and, since o ¢ Z, we know that ¢ > 2. Then z* must be a complex number w € C
such that w¥ = zP. If 7 # 0, writing z = re!® with » > 0 and 0 € R, one finds that there are g such
q"" roots of z”; these are the complex numbers r*¢'*® j, where r* := exp(alnr) (since r € R*, this
makes sense !) and where j is a ¢'" root of unity:

jeu, = {* ™M 0<k<qg—1}.
Note that 7* can also be defined in a more elementary way as /7.

Thus, for each particular non zero complex number z, the fractional power z* must be chosen
among ¢ possible values. In various senses, it is generally not possible to make such choices for
all z € C* in a consistent way. Here is an example:

Exercice 6.1.1 (i) Show that putting z* := exp(alnz) for z > 0, one has the rule: Vz;,z2 €
R+", (z122)% = (2%)(2)).
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(ii) Taking for example o := 1/2, show that there is no way to define \/z = z!/2 for all z € C* in
such a way that (\/2)2 = z and that moreover Vz1,z2 € R+*, /2122 = /z1/Z2. (Hint: try to find
a square root for —1.).

There is no global definition of z* on C*. In this course we shall be more concerned with
analytical aspects (although we intend to approach them through algebra) and we will rather insist
on the impossibility to define z* in such a way that it depends continuously on z:

Lemma 6.1.2 We keep the same notations and assumptions about o, p,q. Let V be a punc-
tured neighborhood of 0 in C. Then there is no continuous function f : V — C such that Vz €

vV, (f(2)7=2.

Proof. - By definition, V is a subset of C* which contains some non trivial punctured disk centered
at 0:

5 D(0,¢)\ {0}, where > 0.
f(se)

Then, for some fixed 0 < s <1, and for any 6 € R, one can define g(6) := — - This is a
s%

continuous function of 0 and it satisfies:

sPelP®

Ve R, (g(e))q_ i

Therefore, the continuous function g maps the connected set R to the discrete finite set u,, therefore
it must be constant: there exists a fixed j € y, such that:

Ve e R, f(se'®) = js%!®.

Now, replacing 6 by 0 4 2w, the left hand side does not change, while the right hand side (which
is # 0) is multiplied by ¢?™. This imples that ¢*™ = 1, which contradicts the assumption that
agZ. [

The lemma obviously implies that there is no way to define z* as a continuous map on C*.
What we are going to do is to look for local definitions, that is, continuous functions on sufficiently
small neighborhoods of all non zero complex numbers. Then we shall consider the possibility of
patching together these local objects.

Exercice 6.1.3 Use the calculation of the monodromy of /z in example 5.1.4, page 32, to give
another proof that there is no global determination of /z.

Transforming an algebraic equation into a differential one. We fix zp € C* and choose a
particular wy € C* such that wg = zg . This wq will serve as a kind of “initial condition” to define
the function z — z% in the neighborhood of z.

Proposition 6.1.4 (i) There exists a unique power series f(z) =Y. a,(z—z0)" such that f(z9) = wo
and (f(z))? = zP. Its radius of convergence is |z|.

(ii) Any function g defined and continuous in a connected neighborhood V C D(z, |z0|) of zo and
such that (g(z))? = z” inV is a constant multiple of .
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Proof. - (i) We first note that, for any power series f defined in a connected neighborhood U of z,
one has the equivalence:

f(z0) = wo, — f(z0) = wo,
VzeU, (f(z)! =2 VzeU, zf'(z) = of (2).

Indeed, if the algebraic equation ( f (z))q = zP is true, then f does not vanish anywhere on U and
one can take the logarithmic derivatives on both sides, which indeeds yields the differential equa-
tion zf'(z) = o.f(z). Conversely, the differential equation implies that the function (f(z))?/z” has
a trivial derivative, hence (U being connected) it is constant; the initial condition then implies that
it is equal to 1. Now the first assertion follows from the similar one for differential equations,
which will be proved further below (theorem 6.1.8).

(ii) If g is such a solution, then (g/f)? =z/z’ =1 on V. The continuous map g/f sends the
connected set V' to the discrete set g, therefore it is constant. [

From now on, we shall therefore study the differential equation zf’ = a.f, where o € C is an
arbitrary complex number. Indeed there is no reason to restrict to rational o.. We first prove again
the impossibility of a global solution except in trivial cases.

Lemma 6.1.5 If o ¢ Z, the differential equation zf' = of has no non trivial solution in any punc-
tured neighborhood of 0.

Proof. - Of course, if a € Z, the solution z* is well defined in C or C* according to the sign of o;
and for arbitrary «, there is always the trivial solution f = 0.

Suppose that f is a non trivial solution in some punctured disk D(0,¢) \ {0}, where ¢ > 0. Then,

f(se®)

for some fixed 0 < s <1, and for any 8 € R, one can define g(8) := == This is a differentiable
e

function of 0 and a simple computation shows that it satisfies:
Vo eR, g (8)=0.
Therefore, g is constant and there exists ¢ such that:
Ve € R, f(se'®) = ce'®.

Now, replacing 6 by 0 4 2m, the left hand side does not change, while the right hand side (which
is # 0) is multiplied by ¢*™. This implies that e?™ = 1, which contradicts the assumption that
oadZ. [

Exercice 6.1.6 Give another proof that o € Z by integrating f'/ f = a,/z on a small circle centered
at 0 and by using Cauchy residue formula.

Local solutions of the differential equation. Before stating the theorem, let us make some
preliminary remarks about the solutions of the differential equation zf’" = o.f.

1. On R} =0, 4o, there is the obvious solution z* := exp(alnz). Moreover, any solution
defined on a connected open set of R’ (i.e. on an interval) has to be a constant multiple of
this one, because the differential equation implies that f/z* has zero derivative.
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2. If V is any open subset of C*, we shall write 7 (V) the set of solutions of the differential
equation zf” = ouf. Then F (V) is a linear space over the field C of complex numbers.
Indeed, if fi, f> are any solutions and if A;,A; are any complex coefficients, it is obvious
that A; f1 + Ay f> is a solution.

3. Suppose moreover that the open set V C C* is connected and suppose that f; is a non trivial
solution on V. Then, for any solution f, the meromorphic function g := f/ fp has a trivial
derivative (its logarithmic derivative is g’ /g = '/ f — f;/ fo = 0/z— &/z = 0) therefore g is
constant on V. This means that all solutions f are constant multiples of fj.

4. As acorollary, if V is connected, there is a dichotomy:

e Either (V) = {0}, there is no non trivial solution on V. This happens for instance if
V = C*, more generally if V is a punctured neighborood of O (under the assumption
that o0 ¢ Z) and even more generally if it contains the image of a loop ¥ such that
1(0,7) # 0 (see the last exercice!).

e Or 7 (V) is generated by any of its non zero elements, that is, it has dimension 1.

Remark 6.1.7 When V is empty, we shall take the convention that # (V) = {0}, the trivial linear
space. The reader can check that all our general assertions shall remain true in that degenerate
case.

Theorem 6.1.8 For any zp € C* and wy € C, the differential equation (with initial condition):

(6.1.8.1) {f(Zo) = wo,
zf = af,

has a unique power series solution f = Y. a,(z—z0)". If wo # 0 and o & N, the radius of conver-
n>0

gence of f is exactly |zo|.

Proof. - The initial condition f(z9) = wy translates to ap = wp, which determines the first coeffi-
cient. Then, from the calculation:

zof' = (z—20)f +2f =) nan(z—20)"+z0 Y (n+1)ans1(z—20)" = Y (nay+(n+1)an1120)(z—20)",

n>0 n>0 n>0
one gets the recursive relation:

odA—n
VneN, na,+(n+1)ap120 =0a, = Vn €N, (n+1)ap4120 = (0—n)a, = Vn €N, ap4 :Zaln—i—l

an.

Solving this, we get:

o
VnGN,anIWO( >Z(;n7
n

IThe exercice requires a path of class C', but one can prove that any continuous path with values in an open set of
C* is homotopic to such a path. See for instance the article by R. Vyborny, “On the use of a differentiable homotopy in
the proof of the Cauchy theorem”, in the American Matematical Monthly, 1979; or the book by Madsen and Tornehave,
“From Calculus to Cohomology”.
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o
where the generalized binomial coefficients ( ) have been defined in chapter 2. Thus:
n
(6.1.8.2) f(z>=wOZ<°°> (Z_Z(’)n
.1.8. L\, = .

One also recognizes the generalized Newton binomial formula, already met as a formal power
series:

(6.1.8.3) (1+u)*:=Y (“) "

n>0 n

(As we are going to see, this is only well defined for || < 1.) Then our solution can be expressed

as: o
f(2) =wo <1+Z_ZO) :

<0
Of course, if wg = 0 this is trivial, so assume that wy % 0. Then, as we saw, if o € N, this
is a polynomial, so that the radius of convergence is infinite, so assume that & ¢ N. Then the
coefficients a, are all non zero, and:

(n-?—l)

()
so that the radius of convergence of the power series (6.1.8.3) is 1 and the radius of convergence
of the power series (6.1.8.2) is |zo]. OJ

B od—n
Cln+1

)
n—y+oo

Exercice 6.1.9 (i) Remember that the series (6.1.8.3) is the unique power series solution of the
differential equation:

f0)=1,
(1+u)f = of.
Using only this characterization, prove the following formula:

(1+u)*P = (1 +u)*(1 4 u)P.

(i1) As an application, prove the following formula:

wen 2 ()06)= ()

Exercice 6.1.10 Prove the following formulas:

(p+n—1)!
Vp e N*, =Y (-
(1+u)r ,Ef)( ) (p—1)n!
1 ~1\""1/2n-2 U u?
1 :1 - —_— — n:l _—
Vit +2n§(4> n<n1>” Tt

1 —1\" [/2n\ , u  3u?
_ - =]+ ...
V1t+u ,;)<4> <n>” T T
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The principal determination. Now consider all the open disks D(zy, |zo|) with zg > 0. This is
an increasing family of open subsets of the complex plane C, with union the right (“eastern”) half
plane:

L D20, |20]) = Ho := {z € C | Re(z) > 0}.

20>0

The elements of Hy are the complex numbers which can be written z = re'® with » > 0 and
—T/2 <6 <m/2.

For any disk D(zo,|z0|) with zo > 0, there is a unique solution of the differential equation

(6.1.8.1) with initial condition f(z9) = 2§ := ¢*!"%; we temporarily write f, € F (D(zo, |z0|)) for
this solution.

Lemma 6.1.11 If 0 < zy < 73, then the restriction of f,, to D(zo,|z0|) C D(z1,]z1]) is equal to
fz- Temporarily write f the unique function on Hy which, for all zop > 0, restricts to f;, on

o
D(z0,|z0|) (this exists by the previous assertion). Then the restriction of f to R? is the function
7 2% = ez,

o
Proof. - The restriction of f;, to D(zo, |z0|) "R% =]0,2z¢] is equal to the function z — z%: this
is because they satisfy the same differential equation with the same initial condition on that open
interval. Therefore, if 0 < zp < zi, the functions f;, and f;, have the same value at z, hence they

are equal on D(zo, |z0|) by the unicity property in theorem 6.1.8. [J

From now on, we shall write z* := f(z). This function is the unique f € ¥ (Hp) such that

f()=1

Proposition 6.1.12 Let z € Hy be written z = re® with r > 0 and —%/2 < 8 < ©/2. Then z* =

7o e1ot6'

Proof. - Let g(re'®) := r®¢l® = ¢®(In7+18) This defines a function from Hy to C* which coincides

with z* on R*.. Differentiating the relations 2 = x* +y* and tan® = y/x, one draws first:
dy—yd
rdr =xdx+ydy and (1 + tan? 0)d6 = )Lzyx’
X

whence:

or  xdr _y

ox r’dy r’

00 —y 00 X

from which one computes:

a _

98 _ X vy ’
0x 72

3 )
98 _ Y T
dy r?
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d )
& _ i—g, which proves that g is holomorphic on C*. Moreover, zg' = og, which shows

dy  ox
that g € F (Hp). Since g(1) = 1, the function g is equal to the function z — z%. [J

Thus,

Remark 6.1.13 If o € Z, the above formula is trivial. However, if o ¢ Z the formula can only be
applied if —7t/2 < © < 7/2. For instance, trying to compute 1% using the representation 1 = 1.¢*"
would yield the incorrect result ™ £ 1.

Corollary 6.1.14 The unique function f € F (D(zo, |20])) such that f(zo) = wy is defined by z —
wo(z/20)* = wo(r/ro)o‘e"“(efe"), where z = re®® and zg = roe™®, with r,ro > 0 and —1/2 < 6 — 0y <
/2.

Corollary 6.1.15 Let Hy, := ¢ Hy = {z € C | Re(z/e™®) > 0}. Then the function defined by:

re® s r%e®®=%) where r > 0and —m/2 <6 —6) < /2

generates F (Hp, ).

How can one patch the local solutions. We shall now try to “patch together” these “local”
solutions. We start with a simple example.

Example 6.1.16 We consider the upper half-plane (also called Poincaré half-plane) Hy > = iHy =
{z€ C|Im(z) > 0}. Then Hy N Hy/, is the upper right quadrant. The restriction of * € F (Hp)
to Hy N Hy ), has a unique extension to Hy/,. This extension can be described as follows: one
chooses an arbitrary zo € Ho M Hy/»; then this extension is the unique f € ¥ (Hy,) satisfying the
initial condition f(z9) = z{. Note that this makes sense as an initial condition for an element of
F (Hy2), since zo € Hy»; and the right hand hand side z{ makes sense since zo € Ho.

Also note that the particular choice of zp does not matter. Indeed, in any case, the unique f €
F (Hy/>) such that f(zo) = z§ will have to coincide with z* on Hy N Hy/,. (The reader should
check this statement!)

To compute the function f explicitly, we first choose a nice particular value of zg. We shall take
20 1= 1+21 = ¢™*. Since —7/2 < T/4 < /2, using proposition 6.1.12, we see that z& = ¢/%%/4,
Now, by corollary 6.1.15, the function f on Hy/, can be computed as f(z) = wo(z/i)*, which
makes sense because z € H /2= z/i € Hyp. We determine wy using the initial condition at z.
Since z9/i = ™4 1/2 = ¢~/4 and since —m/2 < —n/4 < m/2, using proposition 6.1.12, we
see that (z0/i)* = e /4. Now, from the initial condition f(z9) = z§ = €'*™* = wpe 1%™/4, we
conclude that wy = %%/ and we obtain the formula for f:

Vz € Hyja , f(z) = & (2/1)%

In some sense, we have tried to continuate the function z* along a path that starts at zo := 1
and that turns around the origin O in the positive direction (up, then left). We can go further by
considering any half-plane Hg which meets Hy, that is, any half-plane except —Hy = Hy = H_j.
So we take any 0y such that —1 < 8y < . Then Hy N Hp, is connected, it is actually a sector:

{re® | r>0and 8)—7/2 <0 < 1/2}if Oy > 0,

HyNHg, = .
0 % {{re19]r>0and —m/2<0<0p+m/2}if By <O.
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Lemma 6.1.17 Under these conditions, there is a unique function f € F (Hp,) which coincides
with z* on their common domain of definition. This function is given by the formula:

V0 € Hy, , f(z) = ™ (z/e®)®.

Proof. - Putting f(z) = C(z/€'®)* with C € C*, we just have to replace z by a particular point of
Hy N Hg, to be able to determine the unknown factor C. We choose z := ¢%/? and compute:

2% = ™/2 since —m/2 < 0y/2 <T/2,
(z/e®)* = 7%/ gince —m/2 < —0y/2 < /2,

and we conclude that C = ¢ %%, [J

So suppose we now want to compute (—1)*. To begin with, this is not really defined since
—1 & Hy. So a natural way to proceed is to choose some 6 as before, to take the unique contin-
uation of z% into a function f € Hg, and to evaluate f(—1). As soon as Hg, # Hp one indeed has
—1 € Hy,, so this is guaranteed to work. We shall try two distinct possibilities for 6y.

Example 6.1.18 Take 8 € |n/2,n[. Then —1 = €™ with 8) — /2 < T < 6y + /2, so that, from
the lemma: f(—1) = ™™

Example 6.1.19 Take 8, € |—7, —/2[. Then —1 = ¢~™ with ) — /2 < —Tt < 8y +7/2, so that,
from the lemma: f(—1) = e~ %%,

Therefore, we have two candidate values for (—1)%, that is ¢®™ and e~ %", If o ¢ Z, these
values are distinct. Different continuations of z* from a neighborhood of 1 to a neighborhood
of —1 have given different results. This can be seen as an “explanation” of the impossibility of
defining globally z* on C*.

Analytic continuation and differential equations. Given that we are not in general able to con-
tinuate z* to a solution of zf’ = a.f in the whole of C*, we might decide to relax our condition
and look for functions satisfying weaker conditions. For instance, it is not too difficult to prove
that the function z% on Hj can be extended (in many ways) to a function of which is indefinitely
differentiable on C* in its variables x,y. (Because of the wild behaviour of z* near 0, we cannot
hope for an extension to the whole of C.)

The problem as we study it appeared in the XIX" century, when mathematicians like Gauss,
Cauchy, Riemann . .. had discovered the marvelous properties of analytic functions of a complex
variables. Now, such functions satisfy very strong “rigidity” properties. For instance, if a function
f defined on a connected open set U C C satisfies an algebraic equation (like f¢ = z”) or a differ-
ential equation (like zf” = o.f), then all its analytic continuations satisfy the same equation. We
shall now explain this sentence and prove it in a simple case; the general case for linear differential
equations® will be tackled in the following chapters.

2The case of algebraic equations is studied in all books about “algebraic functions”, or in the corresponding chapter
of many books on complex functions, like the book of Ahlfors.
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So assume either that f¢ = z” or that 7’ = o.f. Now consider an open connected set V such
that U NV £ 0. Suppose there is an analytic function g on V such that f and g coincide on U NV.
This implies that the function & := g7 — z” (in the first case) or & := zg’ — oig (in the second case)
has a trivial restriction to U NV. Since # is analytic by the principle of analytic continuation, this
implies that 4 is trivial on V, thus that g is also a solution of the algebraic or the differential equa-
tion. The function g is called a direct analytic continuation of f. If we consider a direct analytic
continuation of g, etc, we obtain various analytic continuations of f. All these continuations are
solutions of the same algebraic or differential equation as f.

Riemann proved in two celebrated works? that algebraic functions and solutions of differential
equations could be better understood through the properties of their analytic continuations (and
also through the study of their singularities). Galois guessed that the ambiguities caused by the
multiplicity of analytic continuations could be used to build a “Galois theory of transcendental
functions” as he had done for algebraic equations satisfied by numbers.

A formal look at what has been done. We now try to understand the process of analytic contin-
uation of the function z* but more globally, for all functions f € ¥ (Hp) simultaneously. We recall
that F (Hp) is a complex linear space and that it is generated by any of its non trivial elements, for
instance by z*: so the dimension of this complex space is 1.

If we choose any 8y # 0 such that — < 8y < m, then Hy N Hp, is non empty and connected.
Restricting f € F (Hp) to Hy N Hg, gives a function g on Hy N Hy, such that zg’ = ag, that is, an
element g € F (Hy N Hp,). In this way, we obtain a map:

F (Ho) — F (HoN He,),
I = frong, -

This map is obviously linear, and it follows from our previous arguments that it is bijective: it is
an isomorphism.

In the same way, one defines an isomorphism:

F (He,) — F (Ho N Hy,),
f = .f‘H()ﬁHeo .

Then by composition of the first isomorphism with the inverse of the second isomorphism:

F (Ho) — ¥ (Hs,),

S+ the unique extension to Hy, of f| HonH, -

For instance, we proved that the image of z* under this isomorphism is the function €*® (z/¢%).

31 only know the french references: “Principes fondamentaux pour une théorie générale des fonctions d’une
grandeur variable complexe,” and “Contribution a la théorie des fonctions représentables par la série de Gauss
F(a,B,7;x)”, in “Oeuvres mathématiques”; the second one is the most relevant here.
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Now we can prove in the same way that there are isomorphisms:

—(F(Heo) - —(F(HTEQHGO)a
I = i, -

}'(HTC) — ?'(Hﬂ:mHeo)?
I = A, -

Then by composition of the first isomorphism with the inverse of the second isomorphism:

{f(Hw — F (Hy),

S+ the unique extension to Hy of fiy Ho, "

To summarize, we obtain an isomorphism ¥ (Hp) — F (Hy) by following a complicated path:
_T(H()) — f(Ho ﬂHeo) — T(Heo) — T(Hn ﬂHeO) — T(Hn)

All the arrows are restriction maps. The path always goes from left to right, so we follow some
arrows backwards! (Of course, this is possible because they are isomorphisma.)

Now, we shall try to characterize the isomorphism 7 (Hy) — ¥ (Hy) thus defined. It is suffi-
cient to compute the image f of the generator z* of F (Hp). As an element of ¥ (Hy), the function
f must have the form f(z) = C(z/e™)* = C(—z)* (remember that here we have z € Hy, so that
—z € Hyp). The constant C can be determined by taking z = —1: we have C = f(—1). This value
has been computed in examples 6.1.18 and 6.1.19. There, we found that it depends on the choice
of the intermediate plane:

. 0T
Vz € Hy , f(z) = C(—z)%, where C = {C"p = ff. e(_) € Jn/2,7,
Ciown =€ oI §f 90 S ]—TC, —75/2[.

Now we do some very simple linear algebra. We call u the generator of F (Hy) that we wrote
until now z%*. We call v the generator of F (Hy) that we wrote until now (—z)*. We have defined
two isomorphisms ¢, and Qgo,n from F (Hp) to F (Hy): one is such that ¢,,,(u) = C,,v, the other
is such that ¢y, (4) = Cyounv. We can compose one of this isomorphisms with the inverse of the
other and obtain an automorphism y of ¥ (Hy), defined by:

Y= (‘);()lwn O(])up :Hy — Hy.

CMP 20Um

This is characterized by the fact that y(u) = u = e=*"y. Since u is a generator of ¥ (Hy),

Cd own

Vf € F(Ho), w(f) = .

How can we understand the automorphism y of 7 (Hp) ? It has been obtained by following an
even longer complicated path:

this implies:

F(Ho) — F (HoNHgy)  F (Hy) = F (Hx N Hyy) < F (Hz) = -+

e — ff(Hn ﬂHgg) — T(H%/) — _‘F(H() ﬂH%/) — f(H())
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(As before, all the arrows are restriction maps and we follow some arrows backwards.) Here we
have taken two distinct intermediate halph-planes, one “up”, characterized by [, € |n/2, [, the
other “down”, characterized by 6 € |—=, —m/2[. In some sense, we have turned around 0 in the
positive sense (counterclockwise) and f € F (Hp) has been changed in the process.

Exercice 6.1.20 Call Dy the open disk D(¢!®, 1). Define isomorphisms:
,(]'—(DO) - f(DO mDn/Z) A ,{]:(Dn/Z) — .‘]:(DTC ﬁDTC/Z) — T(Dn) o

o= F(DxNDsgy2) < F(Dagj2) = F (Dan N D3gyy) < F (Dor).
From the fact that Dy = Dy, deduce an automorphism of 7 (Dy) and describe explicitly that

automorphism.

6.2 A new look at the complex logarithm

Instead of the equation f’ = 1/z, we shall here use its consequence:
(6.2.0.1) of" +f =0,

because it is a linear homogeneous scalar differential equation, and so its solutions form a linear
space. Of course, we have greatly increased the set of solutions beyond the logarithm; formally:

(zf)Y =zf'+f =0=zf =a= f =alogz+b,

and we can only fix the two constants of integration by specifying initial conditions.

We saw that putting X := (;},), we obtain an equivalent vectorial differential equation (or
system):
;-1 0 1
(6.2.0.2) X =7 AX, where 0 0)

We shall now formalize more precisely in what sense they are equivalent. For any open set U C C,
let us write:

F(U):={f€0(U)|fis asolution of (6.2.0.1)} and F(U) := {X € O(U)?*| X is a solution of (6.2.0.2)}.

These are two linear spaces, and the map ¢ : f — (Z?’) is an isomorphism from the first to the

second. If we want to take in account initial conditions, we introduce the map IC5 : X — X (zo) from
F>(U) to C? and, for compatibility, a map IC; from #;(U) to C? defined as f — (f(z0),20.f"(20)).
Then, we have a commutative diagram:

F(U)

F(U)



In the course, we shall generally study the vectorial form (after having shown that it is equivalent
to the scalar form), but in this particular case we shall rather use the scalar form (6.2.0.1). So, we
simply write F (U) for #;(U) (and IC for the initial map /C;). We shall first study some particular
cases, depending on the open set U. Then we shall see how all these spaces F (U) are globally
related.

The singularity at 0. This is considered as a singularity because, if we write the equation in
the form f” + p(z) ' + ¢q(z)f, the functions p and g are singular at 0 and the Cauchy theorem on
differential equation (which we shall meet later) cannot be applied. Specifically, if we try to solve
(6.2.0.1) with a power series f :=) a,z", we see that it is equivalent to:

'+ =Y n+1) a1 =0 n, (n+1) a1 =0<=VYn#0,a,=0.

Therefore, the only solutions are constants, even on very small neighborhoods of 0. Note that
we said nothing about the values of n: the argument applies as well to Laurent series and even
generalized Laurent series, that is solutions which are analytic in a punctured neighborhood of
0. This is clearly not satisfying, since for an equation of order 2 we hope to obtain two arbitrary
constants of integration. So, from now on, we shall only consider open sets U C C*.

Small scale properties of 7 (U). As already noted, 7 (U) is a complex linear space for any
open set U C C*. We shall make the convention that F (0) = {0}, the trivial linear space. If U is
not connected, we can write U = U; N U, where U;,U, are two non empty disjoint open subsets,
and it is obvious that a solution on U is determined by independant choices of a solution on U
and of a solution on Uy, i.e. there is an isomorphism:

{ﬂw — F(Uy) x F (Ua),
fe (f\Ul’f|U2)-

Whatever the number of connected components of U (even infinite), they are all open and a de-
composition U = |_|Uy, gives rise to in a similar way an isomorphism ¥ (U) — [T (Ux).

Therefore, the case of interest is if U is a non empty domain. In that case, we know for sure
that the constants are solutions: C C #(U), so that dim¢ F (U) > 1. Now, for a domain, one
also has the upper bound: dim¢ F (U) < 2. This is a particular case of the “wronskian lemma”,
which will be proved in section 7.2, so we prefer not to give a proof here (but the reader can try to
imagine one).

So the question is: for what kind of domain does one achieve the optimal dimension 2 ? We
know that puncured neighborhood of 0 are excluded. So we choose zg # 0 and try for a power
series f(z) := ¥ an(z—z0)". We find:

n>0

"+ =Y ((n+1) a1+ (n+1)(n+2)an220) (2—20)"

n>0

and deduce:

'+ f =0=VneN, (n+1) a1+ (n+1)(n+2)an 220 = 0.
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_1\n—1
The recurrence is readily solved: there is no condition on ag, and a, = (alz())in forn > 1.
nzg

0
This means that f = ap + (a120)L, where the series L has r.o.c. |z|. Actually, we recognize
the series for the determination of the logarithm around zo. It follows that, for any disk U :=

]O)(Zo, |z0|), (see how it carefully avoids the singular point O ?) one has the optimal dimension
dimc F (U) = 2. Also note that the image of ag + (a1z0)L by the initial condition map IC is
f > (ao,aizo), so that it is an isomorphism in this case. (Finding out the equality of dimensions
would not be by itself a sufficient argument.)

Large scale properties of 7 (U). Here, “large scale” means that we consider globally the col-
lection of all open sets U C C* and the collection of all linear spaces ¥ (U). The main relation
among these is that if V C U, there is a restriction map f — fiy from ¥ (U) to F (V); of course,
it is linear. The obvious fact that, if U is covered by open subsets Vi, then f can be uniquely
recovered from the family of all the f; := fjy, € F (Vi), provided these are compatible (i.e. f; and
/1 have the same restriction in F (V;x NV})) is formulated by saying that “¥ is a sheaf” (compete
definition in section 7.4).

A property more related to the analyticity of the solutions is that, if U is adomain and if V C U
is a non empty open subset, then the restriction map F (U) — (V) is injective: this is indeed a
direct consequence of the principle of analytic continuation (theorem 3.1.6). As a consequence of
this injectivity and of the calculation of dimensions, we find that if U is a disk centered at zg and
if V is a domain, then the restriction map 7 (U) — ¥ (V) is bijective. Therefore, for all domains

(o]
U contained in some D(zo, |z9|), one has dim¢ F (U) = 2. Another consequence is that all the
spaces ¥, of germs of solution have dimension 2; and also that the initial contition map IC gives
an isomorphism from %, to C2.

Monodromy. We know the rules of the game. We fix a,b € C* and a path y from a to b within
C*. We cover the image curve of v by disks Dy, ...,D, centered on the curve, the first one at «,
the last one at b, and any two consecutive disks having non empty intersection. From this, we
draw isomorphisms: first, F, < F(Dy); then, for k = 1,...,n: F(Dx_1) — F (Dr—1 N Dy) «
F (Dy); last, F (D,) — F». By composition, we get the isomorphism %, — %, induced by analytic
continuation along the path y. By the principle of monodromy (theorem 5.1.2), the isomorphism
Fa — Fp depends only on the homotopy class of yin C*. Taking a = b, this gives a map:

11(C*1a) — GL(%).

From the algebraic rules stated in section 5.2, this is an anti-morphism of groups. However, in
this particular case, we know that ; (C*;a) ~ Z is commutative, so an anti-morphism is the same
thing as a morphism. Actually, this morphism is totally determined from the knowledge of the
image of a generator of the fundamental group, for instance the homotopy class of the positive
loop y: ¢+ ae' on [0,27].

To see more concretely what this “monodromy representation” (it is its official name !) looks

like, we shall take a := 1. Then a basis of 7 is given by (the germs of) the constant map 1 and the
principal determination of the logarithm log. This gives an identification of GL(#;) with GL,(C)
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and we obtain a second description of the monodromy representation, related to the first one by a
commutative diagram:
7 (C*;1) —— GL(F)

L

y/ GL,(C)

The vertical maps are isomorphisms, respectively induced by the choice of a generator of 7 (C*; 1)
(the homotopy class of the loop y) and by the choice of a basis of ¥; (the germs of 1 and log). The
horizontal maps are the monodromy representation in its abstract and in its matricial form. The
lower horizontal map is characterized by the image of 1. This corresponds to the action of the loop
. Along this loop, 1 is continuated to itself and log to log+2imn. Therefore, our basis (1,log) is

transformed to (1,log+2im). The matrix of this automorphism is <1 2im

0 1 > Therefore, we get at

last the concrete description of the monodromy representation:

7 — GLz(C),

k
1 2im 1 2iwk

k+— = )
(0 1 ) <0 1 )

Note that the monodromy automorphisms are unipotent: this is characteristic of the logarithm.

6.3 Return on the first example

We shall describe again what has been found in the first example (section 6.1) in the light of the
constructions of section 6.2. Calling F; the space of germs of solutions of zf' = o.f, where o € C
is arbitrary, we saw that it is a linear space of dimension 1 and that turning around O once in the
positive sense induced an automorphism y : f — Bf of F;, where B := %", Note that an auto-
morphism of 7 is always of this form, that is, we have a canonical identification GL, (#;) ~ C*.
Here, “canonical” means that the isomorphism does not depend on the choice of a basis of 7.
Now if we turn k times around 0, any f € ¥ (Hp) is multiplied k times by P, that is, the corre-
sponding automorphism is y* : f + BXf. (This also works if k < 0.) In the light of the study
of the second example, “turning around 0” just means performing analytic continuation along the
loop y: t — e on [0,27] and thereby identify 7t;(C*, 1) with Z. Since we know that it is only the
homotopy class of the loop that matters, and also that composing pathes, we must compose the
automorphisms (using the rules of section 5.2), we get an anti-morphism of groups from 7; (C*, 1)
to GL(;). As already noted, 7ty (C*, 1) being commutative, this is also a group morphism.

To the equation zf’ = a.f, o € C, we have therefore attached the monodromy representation:

7 — C*,
k— B,

where B := 2%,
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Chapter 7

Linear complex analytic differential
equations

This chapter lays down the basic theory of linear complex analytic differential equations. (The
nonlinear theory is much more difficult and we shall say nothing about it.) Since one of the
ultimate goals of the whole theory is to understand the so-called “special functions”, and since the
study of these functions' shows interesting features of their asymptotic behaviour at infinity, the
theory is done on the “Riemann sphere” which is the complex plane augmented with a “point at
infinity”. Therefore, the first section is a complement to the course on analytic functions.

7.1 The Riemann sphere

We want to study analytic functions “at infinity” as if this was a place, so that we can use geometric
reasoning as we did in the complex plane C. There are various ways to do this. A most efficient
one is to consider that there is a “point at infinity”, that we write co (without 4+ or — sign). The
resulting set is the Riemann sphere:

S :=CU{eo}.

Other names and notations for the same being are: the Alexandrov one-point compactification C;
the complex projective line P!(C). (There are some reasons to say that adding one point to the
complex plane yields a complex line !) We shall not use these names and notations.

The reason why S is called a sphere can be understood through a process coming from car-
tography, the so-called “stereographic projection” from the north pole N(0,0,1) of the sphere
X2 +Y?+ 7%= 1in R? to its equatorial plane P(Z =0). To any point A(X,Y,Z) of § := S\ {N}, it
associates the intersection B(x,y) of the straight line (NA) with P. Now we shall identify as usual
B with z := x+iy € C, whence amap (X,Y,Z) + z from S to C given by the equation:

X .Y

izt z

!In this course, we shall not go in any detail about special functions. The best way to get acquainted to them is from
far the book by Whitaker and Watson “A course of modern analysis”, second part.
ZFor instance, in real projective geometry, one adds a whole (projective) line at infinity.
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This map can easily be inverted into the map from C to S described by the equation:

. <2Re(z) 2Im(z) !z|2—1>.

2P+ 17 P41 (2P 1

Exercice 7.1.1 Draw the corresponding figure and prove these equations.

So we have a homeomorphism (a bicontinuous bijection) of the plane C with S; it is actually
a diffeomorphism (differentiable with a differentiable inverse). Moreover, when z tends to infinity
in the plane in the sense that |z| — +oo (thus without any particular direction) then the correspond-
ing point A € S tends to N. For this reason, we transport the topology and differentiable structure
on S =SU{N} to S = CU{eo}. Therefore, S is homeomorphic to S. In particular, the Riemann
sphere is compact, arcwise connected and simply connected.

The open subsets of S for this topology are, one the one hand the usual open subsets of C;
on the other hand, the open neighborhoods of e. These can be described as follows: they must

o
contain a “disk centered at infinity” D(0,r) := {z € S | |w| < r}, where w := 1/z with of course
the special convention that 1/c0 = 0. There are three particular important open subsets of S:

Co:=S\{x} =C, Con:=S8\{0}, C*=8\{0,00} = CoNCor.

When working with a point z € Cy, we may use the usual “coordinate” z; when working with a
point z € C., we may use the new “coordinate” w = 1/z; when working with a point of z € C*, we
may use either coordinate. This works without problem for questions of topology and of differen-
tial calculus, because on the common domain of validity C* of the two coordinates, the changes
of coordinates z— w = 1/z and w — z = 1 /w are homeomorphisms and even diffeomorphisms.
But note that they are also both analytic, which justifies the following definition:

Definition 7.1.2 A function defined on a neighborhood of a point of S and with values in C is said
to be analytic, resp. holomorphic, resp. meromorphic if it is so when expressed as a function of
whichever coordinate (z or w) is defined at this point.

In the case of usual functions on C, these definitions are obviously compatible with those given
in chapter 3. Note that here again analyticity is equivalent to holomorphy. Practically, if one wants
to study f(z) at infinity, one puts g(w) := f(1/w) and one studies g at w = 0.

Example 7.1.3 Let f(z) := P(z)/Q(z) € C(z), P,Q # 0, be a non trivial rational function. We
write P(z) = ap + -+ -+ aqz¢, with ag # 0 (so that degP = d) and Q(z) = bg + - -- + b.z¢, with
b, # 0 (so that degQ = e). Moreover, we assume that P and Q have no common root. Then, f is
holomorphic on C\ Q~!(0) and meromorphic at points of @~'(0): any root of multiplicity k of Q
is a pole of order k of f. To see what happens at infinity, we use w = 1/z and consider:

d

_ap+-tagwt efdaowd+~~+ad

W) = F W) = e bow* + - + b,
Since agb, # 0, we conclude that, if ¢ > d, then f is holomorphic at infinity; if d > e, then o is a
pole of order d — e. In any case, f is meromorphic on the whole of S.
For f to be holomorphic on the whole of S, it is necessary and sufficient that O has no root, that is
e = 0 (non constant complex polynomials always have roots); and that e > d, so d = 0. Therefore,
a rational function is holomorphic on the whole of S if, and only if it is a constant.
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Exercice 7.1.4 Study the rational fi(z) := on S for k € N: what are its zeroes, its poles and

2
their orders ? Whenever possible, do it using both coordinates z and w.

Example 7.1.5 To study the differential equation zf’ = a.f at infinity, we put g(w) = f(w™!) so
that g'(w) = —f'(w w2 = —ag(w)w™!, i.e. wg’ = —oig. The basic solution is, logically, w~.

Exercice 7.1.6 What becomes the equation zf” + f' = 0 at infinity ?

From the first example above, it follows that C C O(S) and C(z) C M(S). The following
important theorem is proved in the books of Ahlfors, Cartan and Rudin:

Theorem 7.1.7 (i) Every analytic function on S is constant: O(S) = C.
(ii) Every meromorphic function on S is rational: M (S) = C(z).

O

Description of holomorphic functions on some open sets. We now describe O(Q2) for various
open subsets Q of S.

1. O(Cy): these are the power series Y. a,z" with an infinite r.o.c., for example e°. They
n>0
are called entire functions. A theorem of Liouville says that for an entire function f, if

|fl =0 <\z|k), then f is a polynomial. (This theorem and the second part of theorem 7.1.7

are easy consequences of the first part of theorem 7.1.7, which itself follows easily from the
fact that every bounded entire function is constant. That last fact is less easy to prove; see
the books by Ahlfors, Cartan, Rudin.)

2. O(Cw): these are the functions Y a,z " where Y a,z" is entire, for example el/z,
n>0 n>0

3. O(C*): these are “generalized Laurent series” of the form Y a,z", where both ¥ a,7" and
neZ n>0

Y a_,7" are entire functions.
n>0

4. O(D(0,R)\ {0}): these are generalized Laurent series of the form Y a,z", where Y a_,z"
ner n>0
is an entire function and Y a,z" has r.o.c. R.
n>0

5. O(D(eo,r) \ {oo}): it is left to the reader to decribe this case from the previous one or from
the case of an annulus tackled herebelow.

The two last items are particular cases (r = 0 or R = +o0) of the open annulus of radii r < R:

C(r,R) :=D(0,R)\D(0,r) = {z € C| r < |z| < R}.

Then the elements of O (C(r,R)) are generalized Laurent series of the form Y. a,z", where Y, a_,z"
ner n>0

hasro.c. I/rand Y a,7" hasro.c. R.
n>0
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Note that the apparition of generalized Laurent series here means that essential singularities
are possible. For functions having poles at 0 or oo, the corresponding series will be usual Laurent
series. All the facts above are proved in the books by Ahlfors, Cartan and Rudin.

7.2 Equations of order n and systems of rank n

Let Q be a non empty connected subset (a domain) of S and let ay,...,a, € O(Q). We shall call
denote E, the following linear homogeneous scalar differential equation of order n:

FO pa D4 g, f=0.

The reader may think of the two examples f’ — (a/z) f = 0 and f” + (1/z) f'+0f = 0 of chapter
6; there, Q = C*. For any open subset U of Q, we write ,(U) the set of solutions of E, on U:

Fu(U):={f €OU) |Vz€U, f"2)+ai(2) f" V(z)+ +au(z) f(z) = O}.

It is a linear space over C. The reason to consider various open sets U is that we hope to under-
stand better the differential equation E, on the whole of € by studying the collection of all spaces
Fa(U). For instance, we saw in chapter 6 examples where F,(Q) = {0} but nevertheless some
local solutions are interesting.

By convention, we agree that 7,(0) = {0}, the trivial space. If U is not connected and if
U = | |U; is its decomposition in connected components, we know that the U; are open sets and
that there is an isomorphism O(U) — []1O(U;), which sends f € O(U) to the family (f;) of its
restrictions f; := fjy,. This clearly induces an isomorphism of %,(U) with [T #,(U;). For these
reasons, we shall most of the time assume that U is a non empty domain.

Let A = (a; j)1<i j<n € Mat,(Q) be a matrix having analytic coefficients a; ; € O(Q). We shall
call denote Sy the following linear homogeneous vectorial differential equation of rank n and

order 1:
X' = AX.

The reader may think of the vectorial form of the equation of the logarithm in chapter 6; there,
Q=C"

Remark 7.2.1 There may be a difficulty when oo € Q. Indeed, then the coordinate w := 1/z should
be used. Writing B(w) := A(1/w) and Y (w) := X (1/w), S4 becomes: Y'(w) = —w™2B(w)Y (W).
However, it is not true that if A is analytic at oo then —w~2B(w) is analytic at w = 0. For instance,
the differential equation f’ = f is not analytic at o, despite the apparences. The totally rigorous
solution to this difficulty is to write S4 in the form dX = Adz and to require that the “matrix of
differential forms” A(z)dz be analytic on Q. At o that would translate to the correct condition that
—w™2B(w) is analytic at w = 0. Except in the following exercice, we shall not tackle this problem
anymore, except in concrete cases when we have to.

Exercice 7.2.2 Prove that a differential system that is holomorphic on the whole of S has the form
X' =0.
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For any open subset U of Q, we write %4 (U) the set of vectorial solutions of S4 on U:
F(U):={Xe€OoU)"|VzeU, X' (2) =A(z)X(2)}.

It is a linear space over C. By convention, we agree that 74(0) = {0}. If U = | |U; is the de-
composition of U in connected components, the map which sends X € F4(U) to the family of its
restrictions Xy, is an isomorphism of #,(U) with [] #,(U;). We shall also sometimes consider
matricial solutions M € Mat,, ,(O(U)), that is matrices with coefficients in O(U) and such that
M'(z) = A(z)M(z) on U; it is equivalent to say that the columns of M belong to F4(U). For in-
stance, if A € Mat,(C) (constant coefficients), then e“ is a matricial solution of S4. Note that Sy
can be seen as a system of scalar differential equations; if f1,..., f, are the components of X, then:

fl=aiifi+--+ainf,

fr/l = an,lfl +--- +an,nfn-

Proposition 7.2.3 Givenay,...,a, € O(Q) and f € O(U), U C Q, define:

0 1 0 ... 0 0
0 0 1 ... 0 0 f
: : : ‘. : . f/ n
Ag: 0 0 0 0 € Mat(O(Q)) and X;: : e o)".
0 0 0 ... 0 1 fFln=1)
—a, —ay,-1 —ap—> ... —ay —a

Then, the scalar differential equation E, is equivalent to the vectorial differential equation S, for
A := A, in the following sense: for any open subset U C , the map f + Xy is an isomorphism of
linear spaces from F,(U) to F4(U).

Proof. - Let X € O(U)" have components fi, ..., f,. Then:
X' =AX = fi=/r,....fuoi=foand fy +ai fy+ - +anfi =0 <= X =X,

where f := fi is a solution of E, and the unique antecedent of X. [

The Wronskian.

Definition 7.2.4 The wronskian matrix of fi,..., f, € O(U) is:
i o i

Beware that its (i, j)-coefficient is f}i_l). The wronskian determinant of fi,...,f, € O(U) is:

Wn(fl,...,fn) = detW,,(fl,...,fn) S O(U).

It is also simply called the wronskian of fi,..., f,.
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The wronskian is an extremely useful tool in the study of differential systems. We prepare its
computation with two lemmas.

Lemma 7.2.5 LetX,...,X,: U — C" be vector valued analytic functions. Then det(Xi,...,X,) €
O(U) and:

(det(X1,..., X)) =det(X],....Xi,..., X,) 4+ -+det(Xy,.... X!, ..., X,) +--+det(Xy, ..., X;, ..., X)).

n

Proof. - From the “small” Leibniz formula (fg) = f'g+ fg, one draws by induction the “big”
Leibnizformula (flfn)/:fll zfn++f1f,/fn++fl i“.frll' Thenweap_
ply this formula to each of the n! monomials composing the determinant. []

Lemma 7.2.6 LetX,...,X, € C" and let A € Mat,(C). Then:

det(AXy,....Xi, ..., X)) +---+det(Xy,...,AX;,..., X,) +---+det(Xy,....X;,...,AX,) = Tr(A) det(X,. ..

Proof. - The left hand side is an alternated n-linear function of the X;, so, by general multilinear
algebra (see for instance Lang’s “Algebra”), it is equal to Cdet(Xj,...,X,) for some constant C.
Taking for Xi, ..., X, the canonical basis of C" gives the desired result. []

Proposition 7.2.7 Let X,...,X, € Fa(U). Write X := [Xi,...,X,| the matrix having the X; as
columns. Then X € Mat,(O(U)), X' = AX and:

(detX)" = Tr(A)(det X).
As a consequence, if U is a domain, either det X vanishes nowhere on U, or it vanishes identically.

Proof. - The fact that X € Mat,(O(U)) is obvious; the fact that X’ = AX follows because the
columns of AX are the AX; = X/. For the last formula, we compute with the help of the two
lemmas above:

(detX) =det(X],..., Xi,..., Xp) + - +det(Xy,.... X/, ... X))+ +det(Xy, ..., X;, ..., X))

:det(AXl,...,Xi,...,X,,)+---—i—det(Xl,...,AXi,...,Xn)+-~-+det(X1,...,Xi,...,AX,1)
= Tr(A)det(Xy,...,X,) = Tr(A)(det X).

The last statement is proved as follows. Write for short w(z) := (det.X)(z) and suppose that
w(z9) = 0 for some zp € U. Let V be a non empty simply connected open neighborhood of z
in U (for instance, an open disk centered at zp). Then the analytic function Tr(A) has a primitive
f onV (see section 3.3). Therefore, w' = f'w on V, that is (e ~/w)’ = 0 so that w = Ce/ for some
constant C € C. Since w(zp) = 0, this implies that C = 0 and w vanishes on V. By the principle of
analytic continuation (theorem 3.1.6), U being connected, w vanishes on U. []

Corollary 7.2.8 Let fi,...,fn € Fa(U) and write w(z) := wy(f1,...,f1)(z). Then w € O(U),
w' = —ayw and, if U is a domain, either w vanishes nowhere on U, or it vanishes identically.

Proof. - Indeed, Tr(A,) = —a;. O
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Definition 7.2.9 Let U be a domain.

MO IfX,,...,X, € Fa(U) are such that det(Xj, ..., X,,) vanishes nowhere on U, then X := [Xi,...,X,]
is called a fundamental matricial solution of S4 on U.

() If f1,..., fn € Fa(U) are such that their wronskian vanishes nowhere on U, then (fi,..., f,) is
called a fundamental system of solutions of E; on U.

Examples 7.2.10 (i) If (fi,..., f,) is a fundamental system of solutions of E, on U, then [Xy, ..., X,
is a fundamental matricial solution of S4 on U for A :=A,.
(ii) If A € Mat,(C), then e* is a fundamental matricial solution of X’ = AX on C.
(iii) If o € C, then z* is a fundamental matricial solution (of rank 1) and also a fundamental system
of solutions of zf' = a,f on C\R_.
(iv) The pair (1,log) is a fundamental system of solutions of zf” + f/ =0 on C\ R_. Indeed,
. . .. (1 logz
its wronskian matrix is

<O 1/z
w' = —a;w with here a; = 1/z (and a; = 0).

). Its wronskian determinant is w(z) = 1/z, which satisfies

Remark 7.2.11 If X € Mat,(O(U)) is a fundamental matricial solution of Sx, then X ~! € Mat, (O(U)).

1
v ‘com(A), where com(A) (the so-
e
called “comatrix” of A) has as coefficients the minor determinants of A. In our case, com(X)
and its transpose ‘com(.X) are obviously in Mat,(O(U)); and, since det.X is analytic and vanishes

detx © O(U). We shall therefore write X € GL,(O(U)). More generally, for any com-
e

mutative ring R, the matrices A € Mat,(R) which have an inverse A~! € Mat,(R) are those such
that detA is invertible in R. The group of such matrices is written GL,(R).

Indeed, the inverse of an arbitrary matrix A is computed as

nowhere,

Theorem 7.2.12 LetU be a non empty domain. LetX,...,X, € F4(U) and let X :=[X;,...,X,] €
Mat,(O(U)). Write w(z) := (detX)(z). If there exists zo € U such that w(zy) # 0, then w vanishes
nowhere (and therefore X is a fundamental matricial solution of Sy on U ). In that case, (X,...,X,)
is a basis of F4(U).

Proof. - Suppose that there exists zo € U such that w(zg) # 0. The fact that w vanishes nowhere
is contained in the previous proposition. Then X is invertible. Let X € 74(U) be an arbitrary
solution. Taking ¥ := X !X, we can write X = XY with Y € O(U)". From X' = AX we draw:

(XY) =A(XY) = XY+ X'Y =AXY = XY+ AXY =AXY = XY =0=Y' =0,

so that Y € C”" since U is connected (otherwise, having a zero derivative would not imply being
constant). If A;,...,A, € C are the components of Y, we conclude that X = A1 X; +--- + A, X,,, and
(X1,...,X,) is a generating system. The same computation shows that the coefficients Aj,...,A,
are unique, so that (Xj,...,X,) is indeed a basis of F4(U). O

Remark 7.2.13 If w = 0, then it is clear that, for all zo in U, the vectors X;(z9),-..,Xn(z0) are
linearly dependent over C. One can prove algebraically the much stronger statement that X, ..., X,
are linearly dependent over C (with coefficients that do not depend on z): this is the “wronskian
lemma” (lemma 1.12 in the book by van der Put and Singer “Galois theory of linear differential
equations”).

58



Corollary 7.2.14 If Sy admits a fundamental matricial solution X = [X\,...,X,]|, then, for any
basis (Yi,...,Y,) of Fo(U), the matrix ) := [Y},...,Y,] is a fundamental matricial solution.

Proof. - We write Y; = XP;, with P; € C" as in the theorem. Then, putting P := [Py,...,P,], one
has 9" = XP with P € Mat,(C). Since P links two bases, detP # 0. Thus det?)” = (det.X')(detP)
does not vanish. []

Corollary 7.2.15 LetU be a non empty domain. Let f,..., fn € Fo(U). Writew(z) := (Wn(f1,...,/n))(2).
If there exists zo € U such that w(zo) # 0, then w vanishes nowhere and (f1,..., f,) is a basis of
Fa(U). In that case, any basis of F,(U) is a fundamental system of solutions of E,.

Proof. - This just uses the isomorphism f — Xy from %,(U) to F4(U), where A := A, (proposition
7.2.3). 0

As the following result shows, the existence of a fundamental matricial solution or a funda-
mental system of solutions actually corresponds to an “optimal case, where the solution space
has dimension n.

Theorem 7.2.16 For any domain U C Q, one has dimc F4(U) < n.

Proof. - This can be deduced from the “wronskian lemma” (see remark 7.2.13), but we shall do
it using linear algebra over the field K := M (U). Since elements of F4(U) belong to K", the
maximum number of K-linearly independent elements Xi,...,X; € F4(U) is some integer k < n.
If k=0, then F4(U) = {0} and the result is trivial, so assume k > 1. Choose such elements
Xi,...,Xy; we are going to prove that they form a basis of the C-linear space %4 (U) and the con-
clusion will follow.

Since Xi,...,X; are K-linearly independent elements, they are plainly C-linearly independent
elements. Now let X € F4(U). By the maximality property of Xi,..., Xk, one can write X =
fXi+ -+ fiXk, with fi,... fy € K =M (U). Derivating this relation and using S4, we find:

X'=fiXi+- A+ X+ X[+ + X = AX = fiX1 + -+ [ X+ fLAX) + -+ il X
= AX = fiXi+ -+ fiXa +A(1X1 + -+ fiXe)
= fiXi++ fiXk =0
— fi="=f=0,

since X1, ..., Xy are K-linearly independent; this implies fi,... fy € C. O

Corollary 7.2.17 For any domain U C Q, one has dim¢ %,(U) < n.

Proof. - Again use the isomorphism f +— Xy from %,(U) to F4(U), where A := A, (proposition
72.3). 0

Exercice 7.2.18 Prove the wronskian lemma mentioned in remark 7.2.13 and deduce from it the-
orem 7.2.16.

3In old litterature on functional equations, the authors said that they had a “full complement of solutions” when they
reached the maximum reasonable number of independant solutions.
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7.3 The existence theorem of Cauchy

From now on, we shall state and prove theorems for systems S4 and leave it to the reader to
translate them into results about equations E,. Also, we shall call S4 a differential equation,
without saying explicitly “vectorial”.

Lemma 7.3.1 (i) Let A € Mat,(C|[z]]) be a matrix with coefficients in C[[z]]. Then there is a
unique X € Mat,(C|[z]]) such that X' = AX and X (0) = I,. Moreover, X € GL,(C|[[Z]]).

(ii) Suppose that A has a strictly positive radius of convergence, i.e. A € Mat,(C{z}). Then X also
has a strictly positive radius of convergence, i.e. X € GL,(C{z}).

Proof. - (1) Write A =Ap+zA|+--- and X = Xp+zX; +---. Then:

X' =AX, — Xo =1,
X(0) =1, Vk>0, (k4+ 1)Xep1 = Ao X+ -+ +ArXo,

so that it can be recursively solved and admits a unique solution. Then (detX)(0) = 1, so that
det X is invertible in C|[z]]; as already noted, this implies X € GL,(C|[[z]]).

(i) We use the same norm as in section 1.4. Choose R > 0 and strictly smaller than the r.o.c. of
A. Then the |||A¢|||R¥ tend to 0 as k — oo, so that they are bounded: there exists C > 0 such that
I||Ax]|| < CR7F for all k > 0. If necessary, reduce R so that moreover CR < 1. We are going to
prove that ||| X¢||| < R for all k > 0 which will give the conclusion. The inequality is obvious for
k = 0. Assume it for all indexes up to k. Then:

1 1 o
< — Al X < —— CR-V (R = (CR\R—*+1) < gp—(k+1)
\I)@+1|!_k+1i+]2_:k!| 1l ’“‘k+1,-+,z-:k< )(R™7) = (CR) <

Theorem 7.3.2 (Cauchy existence theorem) Let A € Mat,(Q). Then, for all zy € Q, there exists

a domain U C Q, U > zo such that the map X — X(z9) from F4(U) to C" is an isomorphism. In
X' =AX, ) ) )
other words, on such a domain, the Cauchy problem X(20) = X admits a unique solution for
20) = Xo
any initial condition Xy € C".

Proof. - Suppose for a moment that we put B(z) := A(zo +z) and Y (z) := X(z0 +z). Then the

X' =AX, ) , Y =AY,
Cauchy problem is equivalent to . In other words, we may (and
X (z0) = Xo Y(0)=Xp

shall) assume from the beginning that zo = 0.
From the previous lemma, there exists X € GL,(C{z}) such that X’ = AX and X(0) = I,. Let
U C Q be any non empty domain containing 0 on which X converges and detX does not vanish.

Then, we may look for X in the form XY. With the same computation as in theorem 7.2.12, we
/

)

Y(0) = Xo

find that our Cauchy problem is equivalent to { , that is to ¥ = Xy. Therefore, its

unique solution on U is XXp. [J
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Corollary 7.3.3 For all 7y € Q, there exists a domain U C Q, U > 7y, such that dim¢ F4(U) = n.
Corollary 7.3.4 There are no singular solutions on any open subset of Q.

Proof. - Suppose X is a solution in a punctured disk D(zo,R) \ {z0}, where D(zo,R) C Q and R > 0.

Let X be a fundamental solution on D(zo,R’) C D(zo,R), R’ > 0. Then X = XX, on D(z,R’), with
Xo € C"; thus zg is an inexistent singularity of X. [

7.4 The sheaf of solutions

Let Q be a non empty domain of S, ay,...,a, € O(Q) and A € Mat,(O(2)). Remember that
we have denoted 7,(U), resp. F4(U), the complex linear space of solutions of E,, resp. S4 on an
open subset U C Q. In this section, we shall study at the same time some topological and algebraic
properties of the maps ¥, : U — F,(U) and F4 : U — F4(U). To that end, we shall indifferently
write F either for ¥, or for F4.

Sheaves. The first important property is that ¥ is a sheaf. (For the general theory, see the book
by Godement, ‘“Topologie algébrique et théorie des faisceaux; the book of Ahlfors uses a less
flexible presentation, resting on “espaces étalés”.) To be precise, F is a sheaf of complex linear
spaces over Q, meaning that it associates to every open subset U C Q a C-linear space ¥ (U ), with
the following extra structure and conditions (which are of course completely obvious in the case

of F, and Fy):

1. If V C U are two open subsets of Q, there is a morphism (linear map) of restriction F (U) —
F (V). In general, an element of F (U) is called a “section” over U (in our cases of interest,
sections are solutions f or X) and we shall write s}y its restriction to V. The restriction maps
must satisfy natural compatibility conditions: if V = U, it is the identity map of ¥ (U); if
W CV C U, then the restriction map ¥ (U) — F (W) is the composite of the restriction
maps F(U) — F(V)and F(V) — F(W).

2. Given an open covering U = |JU; of the open subset U C Q by open subsets U; C U, there
arises a map 7 (U) — [1F (U;), defined as s — (s;) where s € F(U) and the s; are the
restrictions s|y,. Then, the second requirement is that the map be injective: a section is
totally determined by its restrictions to an open covering.

3. In the previous construction, it is a consequence of the compatibility condition stated before
that one has for all i, j the equality (s;)|y,v;, = (5;)j;ny; on UiNU;. Our last require-
ment is that conversely, for every open covering U = |JU; and for every family of sections
(s;) € T1F (Uy), if this family satisfies the compatibility condition that for all i, j one has the
equality (s;)y,nu; = (5))uinu;» then there exists a section s €  (U) such that, for all i, one
has s; = s|y;,- The section s is of course unique, because of the second requirement.

Local systems. We will not give here the precise and general definition of a “local system” of
linear spaces, but rather state the properties of F = ¥, or ¥4 which imply that it is indeed a
local system; and then, draw the consequences, using direct arguments (taking in account that our
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“sections” are actually functions or vectors of functions). But most of what we are going to do
until the end of this chapter is valid in a much more general form, and the reader should look at
the beginning of the extraordinary book of Deligne “Equations différentielles 2 points singuliers
réguliers” to see the formalism. The basic fact is the following.

Proposition 7.4.1 Every a € Q has a neighborhood U C Q on which the sheaf F is “constant”,
meaning that, for every non empty domainV C U, the restriction map ¥ (U) — F (V) is bijective.

Proof. - Choose for U the disk of convergence of a fundamental system of solutions (case F = ¥,)
or a fundamental matricial solution (case F = #4); if necessary, shrink the disk so that U C Q.
Then we know that dim¢ F (U) = n (section 7.3). Now, for every non empty domain V C U, we
know that the restriction map F (U) — F (V) is injective (principle of analytic continuation) and
that dimc F (V) < n (theorem 7.2.16). (J

Germs. We defined germs of functions and germs of solutions, but germs can actually be defined
for any sheaf ¥ on Q as follows. Call “local element” of ¥ a pair (U,s) where U is an open
subset of Q and s € ¥ (U). Fix a point a € Q. We say that two local elements (U, s;) and (Ua,s2)
define the same germ at a if there exists an open neighborhood V of a such that V. C U; NU, and
(s1)jv = (s2)v. The germ defined by a local element (U, s) at a € U will be denoted s, and called
the germ of s at a. The set of all germs at a is written %,. (Do not confuse this notation with that
of %, !) In our case (sheaf of linear spaces), germs can be added and multiplied by scalars, so that
F, is actually a linear space. Moreover, there is for @ € U a natural map ¥ (U) — ¥, and it is of
course a linear map. Now, our sheaves being local systems, we get the following consequence of
the previous proposition:

Corollary 7.4.2 For all sufficiently small connected neighborhoods of a, the linear maps F (U) —
. are bijective.

In the particular case of ¥, and ¥4, there is an additional structure and property that do not
make sense for general local systems. Indeed, there is an “initial condition” map form F (U) to C",
which sends f € %,(U) to (f(a),...,f" V(a)) and X € F4(U) to X (a). We know from Cauchy
theorem that it is bijective for all sufficiently small connected neighborhoods of a.

Corollary 7.4.3 The initial condition map induces an isomorphism ¥, — C".

Exercice 7.4.4 Check that U — O(U) is a sheaf of C-algebras, and that the C-algebra of germs
O, is C{z—a}. (However, beware that O is not a local system.)

7.5 The monodromy representation

Monodromy. We shall play the usual game but described in a more general guise. (For an
even greater generality, see the book of Deligne.) To begin with, we fix a,b € Q and a path y
from a to b in Q. We cover the image curve by “sufficiently small” disks Dy,...,Dy in such a
way thata € Dy, b € Dy and, fori=1,...,N, D;N\D;_; # 0. Then there are isomorphisms (linear
bijections): F, < F(Dy); F (Di—1) = F (DiND;_1) < F(D;) fori=1,...,N;and F (Dy) — F».
Composing all these maps, we get an isomorphism s — s¥ from 7, to 7. We know that this

62



isomorphism depends only on the homotopy class of yin IT; (Q;a,b). In case F is F, or F4, this
follows from the principle of monodromy. For an arbitrary local system, this can be proved in
exactly the same way (see the book of Deligne). To summarize, we get a map:

1, (Q;a,b) — Iso( Fu, Fo)-

Last, we know that the composition of pathes (or homotopy classes) gives rise to the composition
of these maps: the proof is just as easy in the case of an arbitrary local system as in the case of ¥,
or F4. Therefore, taking a = b, we get an anti-morphism of groups:

Pra:T(Qsa) — GL(F,).

This is the monodromy representation of the local system ¥ at the base point a.

Remark 7.5.1 Call “opposite” of a group G with multiplication x *xy the group G° having the
same elements but the group law x*y := y*x. Then an anti-morphism of groups G — H is the
same thing as a morphism G° — H. For this reason, it is sometimes said that the monodromy
representation is:

(m1(Q5a))° — GL( ).

However, the distinction will have no consequence for us.

Definition 7.5.2 The monodromy group of F at the base point a is the image of the monodromy
representation:
Mon(¥ ,a) :=Imps , C GL(%,).

In the case of ¥, and ¥4, writing z( the base point, we will denote p, ;, or pa ;, the monodromy
representation and Mon(E,, zo) or Mon(S4,z0) the monodromy group.

Now we illustrate by an easy result the reason one can consider monodromy theory as a “ga-
loisian” theory. Remember that the map F (Q) — %, is injective, so that one can identify a “global
section” s € F (Q) with its germ s, at a: global sections are just germs which can be extended all
over Q.

Theorem 7.5.3 The germ s € ¥, is fixed by the monodromy action if, and only if, s € F (Q).

Proof. - The hypothesis means: Vg € m(Q,a) , ps 4(g)(s) = s. In this case, it translates to: for
every loop 7y based at a, one has s¥ = s. This implies that, for every point b € Q and every path
vy from a to b, the section s¥ € 7, depends on b alone and not on the path y. Then one can glue
together all these germs to make a section s € 7 (Q) whose germ at a is the given one. (We already
met a similar argument in section 5.2.) [J

Remark 7.5.4 The similarity with Galois theory of algebraic equations is as follows. Suppose
P(x) = 0 is an irreducible equation over Q. Then, a rational expression A(xi,...,x,)/B(x1,...,%)
in the roots x; of P is a rational number if, and only if, it is left invariant by all permutations of
the roots. Here, the field K of all rational expressions of the roots plays the role of ¥,; the base
field Q plays the role of F (Q); the symmetric group plays the role of the fundamental group; and
the Galois group, which is the image of the symmetric group, plays the role of the monodromy
group. One good source to pursue the analogy further is the book by Adrien and Régine Douady,
“Algebre et théories galoisiennes”.
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Corollary 7.5.5 (i) If the monodromy group of S, is trivial, then S4 admits a fundamental matri-
cial solution on Q.

(ii) If the monodromy group of E, is trivial, then E, admits a fundamental system of solutions on
Q.

Corollary 7.5.6 (i) For every simply connected domain U of Q, S4 admits a fundamental matricial
solutionon U.

(ii) For every simply connected domain U of Q, E, admits a fundamental system of solutions on
U.

Using the last of the “basic properties” of section 3.1, one obtains:

Corollary 7.5.7 (i) The r.o.c. of every fundamental matricial solution of S4 at zo is > d(zp,0Q).
(ii) The r.o.c. of every fundamental system of solutions of E, at zo is > d(zp,0Q).

Proof. - Indeed, they can be extended to holomorphic functions on the corresponding disk (since
this disk is simply connected). [

Exercice 7.5.8 (i) Why is the map F (Q) — 7, injective ?
(i1) Prove rigorously the glueing argument in the theorem.

Dependency on the base point a. If a,b € Q, since Q is arcwise connected (as any domain in
C), there is a path y from a to b. This path induces an isomorphism ¢y : 7 (Q;a) — 71 (£;0),
A] — [y"'.A.y]. Actually, ¢y only depends on the homotopy class [y] of Y, so we could as well
denote it ¢py, but this does not matter. Therefore, all the fundamental groups of € are isomorphic,
but beware that the isomorphisms are not canonical:

Exercice 7.5.9 Let Y be another path from a to b. Then oy lo ¢y is an automorphism of the
group 71 (Q;a) and ¢y 0 ¢ !'is an automorphism of the group 7;(Q;b). Show that these are inner
automorphisms (that is, of the form g — gogg, h.

The path v also induces an isomorphism uy : F, — 5, s — s¥, whence, by conjugation, an
isomorphism Wy : GL(#,) — GL(%5), u > uyouou, ! (Again, these isomorphisms only depend
on the homotopy class [y].) This gives a commutative diagram:

1 (Q;a) > GL(7,)

o) v

7 (Q;b) aree GL(%)

Indeed, the element [A] € 7;(Q;a) goes down to [y~ '.A.y], then right to uy o uy ouy!; and it goes
right to uy, then down to uyouy o u;l.

As a consequence, Yy sends Mon(F ,a) =Imp, to Mon(F ,b) =Imp,: the monodromy groups
of F at different points are all isomorphic (but the isomorphisms are not canonical).
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Matricial monodromy representation. Let B be a basis of ¥,, whence an isomorphism C" —
Fa, Xo — BXp. The automorphism u,_of analytic continuation along a loop A based at a transforms
B into a new base B* = BM, s Where My € GL,(C). It transforms an element X = BX,, € ¥, into
X =B Xy =B (MpyXo) € Fa- Therefore, in the space C", the automorphism of analytic continua-
tion is represented by the linear map Xo — My;Xo. In this way, our monodromy representation has
been conjugated to a matricial monodromy representation T (Q,a) — GL,(C), [A] = Mp;. Note
that, as usual, this is an anti-morphism of groups. Its image is the matricial monodromy group of
F at a with respect to the basis B. So let B’ = BP be another basis, with P € GL,(C). The corre-
sponding monodromy matrices are defined by the relations B = B’ Mm, where MfM € GL,(C).
On the other hand:

A - -
B" = (BP)* = B*P = BM)P = B'P~'MpyP so that Mjy; = P~ My P,

Therefore, changing the base yields a conjugated representation: the matricial monodromy groups
of ¥ at a with respect to various bases are all conjugated as subgroups of GL,(C).

In the case of the sheaf of solutions of a differential system or equation, the “initial condition
map” Fa, = C", X = X(20) or Fo, = C", f 1= (f(z0),--.,f" V(z0)) allows us to make a
canonical choice of a basis: indeed, we can use that one whose image by the initial condition
map is the canonical basis of C". For instance, in the case of systems, that means that B has as
elements the columns of the fundamental matricial solution such that X (zg) = I,. However, this
natural choice is not always the best do describe the matricial monodromy group:

Example 7.5.10 Consider the equation 22 f” —zf' + f =0« f"—z7 ' f +772f =00on Q:= C*,
take the base point zp := 1 and the usual fundamental loop A such that 1(0,A) = +1. For the

obvious basis B := (z,zlogz), one has B* = (z,z(logz + 2im)) = BM)y) with My = <(1) 2?).

. . . L . 1 0).
However, the basis which corresponds to the “canonical” initial conditions ( 0 1) is rather B’ =
1 0

(z—zlogz,zlogz), that is BP with P := (_1 1

). The corresponding monodromy matrix is

1-2ir  2in
=2t 1+2iw
group generated by M, than the matricial monodromy group generated by M f?»]‘

th] =P M wP = ( ) . It is clearly easier to compute the matricial monodromy

Exercice 7.5.11 Check that B = B’ Mf?»] in the example.

7.6 Holomorphic and meromorphic equivalences of systems

Gauge transformations and equivalence of systems. The basic idea here is that of change of
unknown function. Instead of studying (or trying to solve) the system X’ = AX, we introduce
Y := FX, where F is an invertible matrix of functions. We then find that:

Y = (FX) =F'X+FX =F'X +FAX = (F' + FA)F 'y,

i.e. Y = BY where B:= F'F~! + FAF . Conversely, since F is invertible, one can see that, if
Y' = BY, then X := F~'Y satisfies X’ = AX. The matrix F as well as the map X > FX are called
a gauge transformation. Note that there is no corresponding notion for scalar equations.
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Definition 7.6.1 We shall write F[A] := F'F~! + FAF~!'. If B = F|[A], we shall write F : A ~ B
orF:8Sy~Sg oreven* F:A— BorF:S4— Sp.
If F € GL,(0(Q)), we shall say that the systems S4 and Sg on Q are holomorphically equivalent,

or holomorphically isomorphic, and we write A ~ B, or Sy ~ Sx.
n

If F € GL, (M (Q)), we shall say that the systems S4 and Sg on Q are meromorphically equivalent,
or meromorphically isomorphic, and we write A ~ B, or S4 ~ Sp.
m m

Example 7.6.2 The relation A = F[0,] means that F' is a fundamental matricial solution of Sy4.
Thus, A ~ 0y, resp. A ~ 0,,, means that A admits a fundamental matricial solution that is holomor-
m

phic, resp. meromorphic on Q.

Exercice 7.6.3 Give a necessary and sufficient condition for two rank one systems x’ = ax and
y' = by to be holomorphically, resp. meromorphically equivalent.

Proposition 7.6.4 One has the following equalities: 1,[A] = A and G[F[A]] = (GF)[A]; and the
following logical equivalence: B = F[A] < A = F~![B].

Proof. - Easy computations, left to the reader ! [J

Corollary 7.6.5 Holomorphic and meromorphic equivalences are indeed equivalence relations.

Remark 7.6.6 One can say that the group GL,(O(Q)) operates on Mat,(O(Q)), but the similar
statement for GL,,((€2)) is not correct: the operation is partial, since F[A] could have poles.

The following result says that, in essence, one does not really generalize the theory by studying
systems rather than scalar differential equations.

Theorem 7.6.7 (Cyclic vector lemma) Every system S, is meromorphically equivalent to a sys-
tem coming from a scalar equation Eg, i.€. Sa, .

Proof. - We want to find F € GL,(M (Q)) such that F' 4+ FA = A,F for some functions aj, ... ,a.
We shall actually find such an F with holomorphic coefficients. To ensure that F € GL, (M (Q)),
it will then be sufficient to ensure that (det F)(zo) # 0 at one arbitrary point zg € Q. Obviously, we
can as well assume that 0 € Q and choose zp := 0. Call Ly, ..., L, the lines of F. Then:

F'+FA=AF < L+ LA=1L,,....L, +L, 1A=L, and L, +L,A = —(a,Ly +---+aL,).

Since ay,...,a, are not imposed, it is therefore enough to choose L holomorphic on € and such
that the sequence defined by L, := L;+ L;A for i = 1,...,n— 1 produces a basis (L, ...,L,) of
M (Q)". (Such a vector L, is called a cyclic vector, whence the name of the theorem.) To that end,
we shall simply require that det(L,,...,L,)(0) = 1.

Now, choose a fundamental matricial solution X at O such that X (0) = [,,. Putting M; := L; X (recall
that these are line vectors), one sees that L;. | := L; +LA S My = Ml{ . Thus, we must choose

M;:= Miifl) for i = 2,...,n. On the other hand, det(M,,...,M,)(0) = det(L,...,L,)(0) since

4This is the notation for the more general notion of “morphism” (see remark at the end of the chapter), so in this
case we would say explicitly “the equivalence F : A — B” or “the isomorphism F : A — B”.
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det X (0) = 1. Therefore, we look for M, such that det(M, ... ,ME"_I))(O) = 1. This is very easy:

Zn—l
—F,.
(n—1)r"
However, in that case, L; := M, X~ would not be holomorphic on the whole of Q. Therefore we
truncate the vector M X~! (which is a power series at 0) in order to eliminate terms containing
Z". This does not change the condition on the first (n — 1) derivatives at 0 of M;.

To summarize: L; is the truncation of the line vector:

calling Ey,. .., E, the canonical basis of C", we could just take M| = E; +zE>,+--- +

Zn—l
Ei+zEr+ -+ ———FE, | X!
(n—1)!

up to degree (n— 1); the line vectors Ly, ...,L, are defined by the recursive formulas L;;; :=
L+ LAfori=1,...,n—1; the gauge ransformation matrix F has lines L,, ..., L,; then F[A] = A,
for some a. [(J

Remark 7.6.8 We cannot conclude that S4 is holomorphically equivalent to S4,, because F is
holomorphic on © but F~! might have poles if detF has zeroes. A more serious drawback of
the theorem is that the a; are meromorphic on  and not necessarily holomorphic. There is no
corresponding result that guarantees an equation with holomorphic coefficients.

The problem of finding cyclic vectors is a practical one and software dedicated to formal
treatment of differential equations uses more efficient algorithms than the one shown above, which
requires finding a fundamental matricial solution. Note however that taking for L; a vector of
polynomials of degree (n— 1) at random will yield a cyclic vector with probability 1 ! (Suggestion:
prove it.)

a

Example 7.6.9 Let A := b), where a,b,c,d € O(Q). Take L; := (1,0). Then L, := L} +

d
L1A = (a,b), so that (Ly,L,) is a basis except if b = 0, which is obviously an exceptionnal condi-
tion. In the same way, (0, 1) is a cyclic vector, except if ¢ = 0.

Exercice 7.6.10 Starting from an arbitrary system of rank 2, find an equivalent scalar equation.
(Method: by brute force it is not very difficult.)

Meromorphic equivalence and sheaves of solutions. We now describe more precisely the ef-
fect of a meromorphic gauge transformation on solutions. Let F' : A ~ B be such a transformation.
Let X € 74(U) be a solution of S4 on U. Then, FX is a meromorphic solution of ¥ on U. But
we know from corollary 7.3.4 that then FX is analytic: FX € Fg(U). Thus, X — FX is a linear
map F4(U) — Fp(U). For the same reason, Y + F~'Y is a linear map F3(U) — Fa(U), and it is
the inverse of the previous one, so that they are isomorphisms.

Definition 7.6.11 An isomorphism ¢ : & — F’ of sheaves of complex linear spaces on Q is a

family (¢y) indexed by the open subsets U of Q, where each 0y : F(U) — F'(U) is an isomor-
phism (of complex linear spaces) and where the family is compatible with the restriction maps in
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the following sense: if V C U, then the following diagram is commutative:

F(U) N F'(U)  (the vertical maps are the restriction maps).

dv

Example 7.6.12 If A = A,, the maps F,(U) — F4(U) defined in proposition 7.2.3 make up an
isomorphism of sheaves.

Theorem 7.6.13 The systems S, and Sp are meromorphically equivalent if, and only if the sheaves
¥4 and ¥Fp are isomorphic.

Proof. - We just proved that Sy ~ Sp implies F4 ~ Fp. (The compatibility with restriction maps

was obviously satified.) Assume conversely that (¢y/) is an isomorphism from 4 to Fz. From the
compatibility with restriction maps, it follows that (¢y/) induces isomorphisms ¢, : Fa ;, = 5.z,
between the spaces of germs at an arbitrary zg € Q. As a consequence, a fundamental matricial
solution X of S4 at zp has as an image a fundamental matricial solution 9" := ¢, (X) of Sp at zo.
Again from the compatibility conditions (and from the fact that #4, Fp are local systems), it
follows that, along a path ¥ from zg to z;, endowed with the usual small disks Dy,...,Dy, the
successive continuations Xy := X,..., Xy and Yo := 9/,..., 9 satisfy: 0p,(X;) = 9;. In other
words, 0, (X¥) = 9. Itis in particular true that, for any loop A based at zy, one has ¢, (X*) = 9.
On the other hand, X* = XM, n and 9 M=oy Np, (the monodromy matrices) and, by linearity of
0,, one has:
YNy =™ = 00 (X) = 0y (XMp)) = 02 (X)Mppy = Y M,

ie. Mm = Nm.
Now, if we set F := 9 X! GL, (M) (the meromorphic germs at zp), we see that:

F*= 9 (M) = (Y Mpg)(XMpy) ' =X =F.

As in the “galoisian” theorem 7.5.3, we conclude that F € GL,, (M (Q)).
Last, from the facts that X’ = AX and (FX)' = B(FX), it follows that F’ + FA = BF (we use the
fact that X is invertible). [J

Note that it was made an essential use of monodromy considerations. The information carried
by the local systems ¥4, ¥3 is clearly topological in nature.

Meromorphic equivalence and monodromy representations. Again consider a meromorphic
isomorphism F : A — B. Fix zp € Q and fundamental matricial solutions X, 9 of S4, Sp at
zo. (We do not require that 9" = F X.) The monodromy representations m; (Q,z9) — GL(%4 ),
[A] = M) and 1 (€2,20) — GL(7B4,), [A] — Nj are characterized by the relations X = XMp,

and 9/7” = Q’Nm.

Since F X is an invertible matrix and a matricial solution of Sg at zy (because of the relation
F' = BF — FA), it can be written F.X = 9P, where P € GL,(C). Since F is globally defined on Q,
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it is fixed by the monodromy: F* = F for any loop A based at zy. The effect of A on the equality
FX =9Pis (FX)* = (9P)*, whence:

F}L)C}L = 9’7‘P7” - F.Xh = Q/XP - FXM[M = Q/NWP - yPMm = Q/N[MP - PMW :NWP'

Definition 7.6.14 Two linear representations G — GL(E) and G — GL(E’) are said to be equiv-
p p

alent or conjugate or isomorphic if there exists an isomorphism p : E — E’ such that:
VgeG,p'(g)op=pop(g) ie p'(g)=pop(g)op "

Example 7.6.15 All the monodromy representations attached to S4 at the point zy are isomor-

phic. This includes the intrinsic representation 7, (Q,z9) — GL(%4,) as well as all the matricial

representations arising from the choice of a basis of 74 ;.

Theorem 7.6.16 Two systems are meromorphically equivalent if, and only if, their monodromy
representations at some arbitrary point are isomorphic.

Proof. - We have already proved that, if S4 ~ Sp, then their monodromy representations at z( are
m

conjugate.

So we assume conversely that these representations are conjugate, i.e. there exists P € GL,(C)
such that, for all loops A based at z9, one has PM[; = N P (where these monodromy matrices
come from X, 9 and zo chosen as before).

We then put F := 9 PX~!. This is a meromorphic germ of invertible matrix and, since FX = P
is a matricial solution of Sg, the usual computation implies F’ + FA = BF. On the other hand, the
effect of monodromy on F is as follows:

Fh = (yPX ™) = 9 PH(X%) ! = Ny PM X = PX = F.

Thus, by the usual “galoisian” argument, F is global: F € GL,, (M (Q) and S4 ~ Sp. O
m

Corollary 7.6.17 The monodromy group Mon(¥4,zo) is trivial if, and only if the system ¥4 ad-
mits a meromorphic fundamental matricial solution.

Proof. - Indeed, the second statement is equivalent to being meromorphically equivalent to 0,,. [

Exercice 7.6.18 The construction of the monodromy representation really depends only on the
local system ¥ (not the fact that it comes from a differential system). Prove that two local systems
are isomorphic (as sheaves) if, and only if, the attached monodromy representations are equivalent.

Remark 7.6.19 In all three definitions of isomorphism (meromorphic equivalence of differential
systems, isomorphism of sheaves, conjugacy of representations), one can relax the requirement
of bijectivity. One thereby obtains the notion of morphism (of differential systems, of sheaves,
of representations) and one proves more generally that (meromorphic) morphisms from S4 to and
Sp, morphisms from %4 to Fz and morphisms from the monodromy representation 7;(Q,z0) —
GL( %4 z,) to the monodromy representation 7, (€2,z9) — GL( %3 ,) correspond bijectively to each
other. See the book of Deligne.
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Chapter 8

Regular singular points and the local
Riemann-Hilbert correspondance

References for this chapter are chapter 8.3 of the book by Ahlfors (for a gentle introduction to the
problem); and the following, mostly about technical information on scalar differential equations:

e Birkhoff and Rota, “Ordinary differential equations”, chapter 9.

e Coddington and Levinson, “Theory of ordinary differential equations”, chapter 4 (4.5 to
4.8).

e Hille, “Ordinary differential equations in the complex domain”, chapter 5 (5.1 to 5.3).

e Ince, “Ordinary differential equations”, chapter 16.

The book by Ince, although somewhat old fashioned, is a great classic and rich in information.

8.1 Introduction and motivation

Many special functions discovered in mathematics and in physics since the XVIII"*century were

found to be solutions of linear differential equations with polynomial coefficients. This includes
the exponential and logarithm functions, the functions z* and the hypergeometric series, which
we shall study in detail in chapter 9. Note that this does not include the most famous Gamma,
Zeta and Theta functions: but these ones do satisfy other kinds of “functional equations” that also
proved useful in their study.

Exercice 8.1.1 Prove that 1/log is not the solution of a linear differential equation with polyno-
mial coefficients.

We want to make a global study of such functions. It turned out (as experience in the domain
accumulated) that their global behaviour is extremely dependent on the singularities of the equa-
tion, that is the singularities of the coefficients ¢; when the equation is written in the form E,.
So it is worth starting with a local study near the singularities. The most important features of a
solution near a singularity are:

1. Its monodromy. This says how far the solution is of being uniform. Solutions “ramify” and
for this reason singularities are sometimes called “branch points”.
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2. Its rate of growth (or decay), which maybe moderate or have the physical character of an
explosion.

That monodromy alone is not a sufficient feature to characterize solutions near a singularity
is shown by the following examples: zf' — f =0, zf' + f = 0 and Z2f’ + f = 0. The first one
has z as a basis of solutions: the singularity is only apparent. The second one has 1/z as a basis
of solutions: the solutions have a simple pole. The third one has e'/? as a basis of solutions: the
solutions may have exponential growth or decay, or even spiralling, according to the direction in
approaching the singularity 0. Yet, in all three cases, the monodromy is trivial.

So the first step of the study (beyond ordinary points where Cauchy theorem applies) is the
case of a singularity where all solutions have moderate growth. For uniform solutions near 0,
this excludes e!/% (and actually all solutions having an essential singularity at 0) but includes
all meromorphic solutions, since the condition f(z) = O(z™") (see the corollary of theorem 3.2.1)
means that they have polynomial growth as functions of 1/z. However, for “multivalued” solutions
(i.e. those with non trivial monodromy), the definition has to be adapted:

Example 8.1.2 The analytic continuation L of the log function along the infinite path y(z) :=
H t2 . .

e "¢ [t € Ry, takes the value L(y(r)) = —¢ +ie”’, so that IL(y(t))| > ¢, while |y(r)] = e

clearly the condition L(z) = O(z ") is satisfied for no N along this path. (This example will be

detailed in section 8.2.)

Exercice 8.1.3 Find a similar example with a function z%.

So we shall give in section 8.2 a reasonable definition of moderate growth (one which would
not exclude the logarithm and z* functions). We shall then find that equations all of whose so-
lutions have moderate growth can be classified by their monodromy: this is the local Riemann-
Hilbert correspondance'. Of course, the equivalence relation used (through gauge transforma-
tions) must be adapted so as to take in account what goes on at O: there will be a new definition of
meromorphic equivalence.

Conventions for this chapter. All systems and equations considered will have coefficients which

are holomorphic in some puntured disk D := ]O)(O,R) \ {0}, and which are meromorphic at 0; in
other words, they will be elements of the field My = C({z}) (meromorphic germs at 0). This
means that we consider only the singularity O: other points will be treated in examples. (One can
always change variables so as to reduce the problem to this case.)

Definition 8.1.4 LetA, B € Mat, (C({z})). We say that A and B, or S4 and Sp are meromorphically
equivalent at 0 if there exists F € GL,, (C({z})) such that F[A] = B, i.e. F/ = BF — FA. We then
write A ~ B or S4 ~ Sp.

Note that, the zeroes and poles of a non trivial meromorphic function being isolated, A and B
are then holomorphically equivalent in some punctured neighborhood of 0.

Exercice 8.1.5 Are the equations zf' — f = 0, zf' + f = 0 and 22’ + f = 0 meromorphically
equivalent at O ?

'The global Riemann-Hilbert correspondance will be studied in chapters 9 and 10.
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8.2 The condition of moderate growth in sectors

To understand the condition we are going to use, let us examine more closely the example of the
logarithm in the previous section.

Example 8.2.1 Let y(¢) := e"*ietz, for t > 0. Then y(t) — 0 as t — +oo. This infinite path
starts at y(0) = ¢' € C\ R_, the domain of the principal determination of the logarithm, and
log (1) = —t +ie"” as long as the path does not leave the domain, that is 7 < v/InT.

To give a proper meaning to analytic continuation, we “thicken” the image curve (which is a spiral)
into a simply connected domain U D Imy such that 0 € U. Let

V:={(t,u) €R*| ¢ >0and |u| < argsh(me ") }.
The latter condition implies that:

(t7u1)7(t,1/l2) EV:> eu2+t2_eul+t2 <2n

and allows us to deduce that (7,u) — e HE T s g homeomorphism from V to a “thick spiral”
U D Imy (the latter curve being the image of the subset u = 0 of V). Since V' is simply connected,
V is also. Now, by a (by now) standard continuity argument, the determination of the logarithm on
the simply connected domain U which coincides with log on their common domain is given by the

7 12 u . . . . .
formula L (e‘”‘e ! ) — —t+ie” ¥, in particular, for r € Ry, it takes the value L(y(1)) = — +ie"’,

so that (as we already saw) |L(y(r))| > ¢, while [Y(¢)] = e~': clearly the condition L(z) = O(z™")
is not satisfied in U for any N.

We now consider a punctured disk D := ]O)(O,R) \ {0} and an analytic germ f at some point
a € D such that f admits analytic continuation along all pathes in D originating in a. (This will
be the case for solutions of linear differential equations.) The collection F of all germs obtained
from f in this way is called a multivalued function on D. For any open subset U C D, an analytic
function on U all of whose germs belong to the collection F is called a determination of F on U.
(Such a determination is therefore an element of O(U).) For simply connected domains, such de-
terminations always exist. For an arbitrary domain U, determinations subject to initial conditions
are unique, i.e. two determinations of F on U which take the same value wy at some zg € U are
equal. Clearly, one can linearly combine, multiply and derive multivalued functions: they form a
differential algebra containing O(D).

In the following definition, we shall use the following notation for open angular sectors with
vertex at 0; if 0 < b —a < 2w, then:

Sap:={re® | r>0anda<0<b}.

Definition 8.2.2 We say that a multivalued function F on D has moderate growth in sectors if, for
any a,b € R such that 0 < b —a < 2x and for any determination f of F on the simply connected
domain U := DN S,, there exists N € N such that f(z) = O(z ") as z — 0 in U. (The exponent
N may depend on the sector and on the determination.)
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Note that restricting to a smaller punctured disk (with radius R’ < R) does not affect the condi-
tion (or its negation), so, in practice, we expect it to be true (or false) for some unspecified R and
do not usually mention the punctured disk D.

Example 8.2.3 Any determination of the logarithm on DS, , is such that L(re'®) = Inr+i(0 +
2kom) for r > 0 and a < 6 < b, where ky is fixed. Thus |L(z)| < |Inr|+ C for some fixed C, so
that L(z) = O(1/z) for z — 0 in U: the (multivalued) logarithm function has moderate growth in
sectors.

Exercice 8.2.4 Prove that z* has moderate growth in sectors while e'/% has not.

Basic and obvious properties. For all the following, proof is left as an (easy) exercice:

e Multivalued functions with moderate growth in sectors are closed under linear combinations
and multiplication: they form a C-algebra.

e The matricial function z! = exp(Alogz), where A € Mat,(C), has moderate growth in sec-
tors, meaning that all its coefficients have: this follows from the example, the exercice, and
the previous property.

e For a uniform function on D, the condition of moderate growth in sectors is equivalent to
being meromorphic after the corollary of theorem 3.2.1.

A non obvious property is that multivalued functions with moderate growth in sectors actually
form a differential C-algebra.

Lemma 8.2.5 If g is analytic and bounded in U’ := DN Sy 1, then, for any a,b € R such that
d <a<b<b,the function zg' is bounded in U := DN S, .

Proof. - By elementary geometry, there exists a constant C > 0 such that:
Vz € Sup, d(z,084 ) >Clz|.

Now, assuming |g| <M on U and using Cauchy estimates (Ahlfors, chap 4, §2.3 p. 122), one gets:

g'(z)] < M

< deasey) = |cd'(z)] <

B

Theorem 8.2.6 If f has moderate growth in sectors on D, so has f'.

Proof. - For a given sector S, fix a slightly bigger one Sy, with @’ < a < b < b’ such that
b —d' < 2m. Choose N such that g := z" f is bounded on DN S« p- Then zg' — Ng is bounded on
DN S, after the lemma, so f' = (z¢' = Ng)z V"' =0(z V") onDNS,,. O

Exercice 8.2.7 Use trigonometry to compute the constant C in the lemma.
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8.3 Moderate growth condition for solutions of a system

Let A € Mat,(C({z})) be holomorphic on the punctured disk D := ]S(O,R) \ {0}. Let X a funda-
mental matricial solution of the system S4 at a € D. Then, if X has moderate growth in sectors, the
same is true for all fundamental matricial solutions of S4 at any point of D (because thay can be
obtained from X by analytic continuation and multiplication by a constant matrix), and therefore
also for all (vector) solutions.

Definition 8.3.1 We say that Sy has a regular singular point at 0, or that S4 is regular singular at
0, if it has a fundamental matricial solution at some point with moderate growth in sectors.

The following properties are then obvious:

1. The system S4 is regular singular at O if, and only if all its (vector) solutions at some point
have moderate growth in sectors.

2. If S4 has a regular singular point at 0 and if A ~ B (meromorphic equivalence at 0), then Sg
is regular singular at 0. Indeed, if B= F[A] with F € GL,(C({z})) and if X is a fundamental
matricial solution of Sy, then F X is fundamental matricial solution of S and it has moderate
growth in sectors.

Example 8.3.2 If A = 7~ !C with C € Mat,(C), then z€ is a fundamental matricial solution and it
has moderate growth in sectors, so O is a regular singular point for Sy.

This example is in some sense “generic”:

Theorem 8.3.3 If the system X' = AX is regular singular at 0, then there is a matrix C € Mat,(C)
such that A ~ 77 'C.

Proof. - Let X a fundamental matricial solution at some point a € D. The result of analytic con-
tinuation along the fundamental loop A is X* = XM for some invertible monodromy matrix M €
GL,(C). From section 4.4, we know that there exists a matrix C € Mat,(C) such that ™ = M.
Let F := Xz €. Then F* = X} (z ) = XMe 2"C7;C = XMM~'77C€ = Xz7C =F, that is, F is
uniform; but also X and z~ having moderate growth, so has F. Therefore, F € GL,(C({z})); and
of course F[z7'C] =A. O

Definition 8.3.4 We say that S has a singularity of the first kind at 0, or that 0 is a singularity of
the first kind for Sy, if A has at most a simple pole at 0, i.e. zA € Mat,(C{z}). We also sometimes
say improperly for short that Sy is of the first kind.

Examples 8.3.5 1. The rank one system zf’' = o.f is of the first kind.

2. If ay,...,a, have simple pole at O and if A := A,, then S4 has a singularity of the first kind
at 0.

3. Suppose p and g are holomorphic at 0. We vectorialize the equation f” +(p/z) f' +(¢/2*) f =
0 by putting X := <f> so that X’ = AX with A = 77! ( 0 !

zf g 1-p : this is a system of
the first kind.
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Theorem 8.3.6 The system S, is regular singular at 0 if, and only if it is meromorphically equiv-
alent to a system having a singularity of the first kind at 0.

Proof. - The previous theorem shows a stronger version of one implication. For the converse
implication, it will be enough to construct a fundamental matricial solution for a system having
a singularity of the first kind at 0, and to prove that this solution has moderate growth in sectors.
This will be done in the next section (theorem 8.4.1). []

The main difficulty in using this theorem is that it is not easy to see if a given system is
meromorphically equivalent to one of the first kind.

8.4 Resolution and monodromy of regular singular systems
The following result and method of resolution are, in essence, due to Fuchs and Frobenius.

Theorem 8.4.1 The system X' =z 'AX, A € Mat,(C{z}), has a fundamental matricial solution
of the form X = Fz, F € GL,(C({z})) and C € Mat,(C).

Proof. - This amounts to say that F is a meromorphic gauge transformation from z~'C to z7'A,
i.e. zZF' = AF — FC. This “simplification” of A into a constant matrix C = F~'AF — zF ~'F' will
be achieved in two main steps.

Elimination of resonancies. Resonancies® are here occurrences of pairs of distinct eigenval-
ues A # u € Sp(A(0)) such that u— A € N. The second step of the resolution of our system
(using a Birkhoff gauge transformation) will require that there be no resonancies, so we begin
by eliminating them. To do that, we alternate constant gauge transformations (with matrix in
GL,(C)) and “shearing” gauge transformations: these are transformations with diagonal matrices
Sk, := Diag(z,...,z,1,...,1) (k times z and [ times 1).

We begin by triangularizing A(0) € Mat,(C). Note that if P € GL,, then P’ = 0 and the
gauge transformation P[A] = PAP~! is just a conjugation; also, we then have P[A](0) = PA(0)P~!,
which we can choose to be upper triangular. Assume that there are resonancies and choose A #
u € Sp(A(0)) such that m := u— A € N* is as big as possible. We can choose P such that the
eigenvalue y is in the top left block of PA(0)P~!:

A= PpAP ! = <Ccl Z) , where a(0) € Mat;(C),Sp(a(0)) = {u};

b(0) =0 ¢(0) =014; d(0) € May(C),u ¢ Sp(d(0)).
We now apply the shearing gauge transformation Sy ; to A" and get:

a—1I Zlb>

".__ n_
A .SkJ[A]( R

so that A”(0) has the same eigenvalues as A(0), except that all u have been transformed to u— 1 =
A+ m — 1: the total quantity of resonancies has strictly decreased. Iterating the process, we get rid
of all resonancies.

2The name is due to a similar situation in the study of periodic differential equations.
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Birkhoff gauge transformation. A Birkhoff gauge transformation has matrix F =1, +zF +- -
(it can be formal or convergent).

Proposition 8.4.2 If A € Mat,(C[[z]]) has no resonancies, then there is a unique formal Birkhoff
gauge transformation F such that F~'AF — zF~'F’ = A(0).

Proof. - The condition F = I,, + zFj + -+, i.e. F(0) = I,, implies that F is invertible, so that the
relation F~'AF — zF~'F’ = A(0) is equivalent to zF" = AF — FA(0). Writing A = Ag+zA; +---,
this equivalent to Fy = I,, and, for k > 1:

kFy = Ao+ -+ Arky — FrAg < Fk(A() +k]n) —AgF, =A1F_ 1 +---+AF.

Note that, by the assumption of non resonancy, the matrices Ay + kI, and Ay have no common
eigenvalue for k > 1. Using the following lemma, we conclude that the F} are unique and can be
recursively calulated using the following formula:

F = ‘bXO],AOHd,, (A1F—1 + -+ ArFp).
O

Lemma 8.4.3 Let P € Mat,(C) and Q € Mat,(C) and define the linear map ®po(X) :=XQ—PX
from Mat, ,(C) into itself. Then, the eigenvalues of ®po are the u— A, where A € Sp(P) and
u € Sp(Q). In particular, if P and Q have no common eigenvalue, then ®p is bijective.

Proof. - 1f P and Q each are in triangular form, then ®py is triangular in the canonical basis of
Mat,, ,(C) put in the right order. In general, if P and P’ are conjugate and Q and Q' are conjugate,
then ®pp and ®p (o are conjugate. [

Proposition 8.4.4 In the previous proposition, if A moreover converges: A € Mat,(C{z}), then
the Birkhoff gauge transformation also converges: F € GL,(C{z}).

Proof. - We use very basic functional analysis (normed vector spaces). When k grows, ®4, ao+kz, ~

kId in End(Mat, ,(C)), so for an adequate norm: H\CI)XOI. A +k1,,M ~ 1/k. Therefore, there is a

constant D > 0 such that:
k—1

1F < 070 Y Al IE-

i=0
Also, by hypothesis of convergence, there exists C,R > 0 such that H|A ]’H < CR/. Putting

gk = RF||Fi

1=

that CD > 1 and an easy induction gives g; < (CD)*, whence |||F||| < (CD/R)*. O

k=1
, one sees that g < (CD/k) Y. g;. Now, increasing C or D, we can clearly assume
0

This ends the proof of theorem 8.4.1. [J

Corollary 8.4.5 If we choose as a fundamental matricial solution X := FzC as constructed in the
theorem, we find the monodromy matrix:

M[M — x*lx)\, — Z*CFleZCeZiTEC — eZiTtC.

76



Exercice 8.4.6 Fill in the details in the proof of the lemma.

The local Riemann-Hilbert correspondance. Remember that we saw in definition 7.6.14 when
two linear representations are equivalent. In the case of the group m; (C*,a), a linear representation
is completely characterized by the image M € GL,(C) of the standard generator (the homotopy
class of the fundamental loop A); and the representations characterized by M,N € GL,(C) are
equivalent if, and only if, the matrices M and N are conjugate, i.e. N = PMP~!, P € GL,(C).
When we apply these general facts to the monodromy representation of a particular system, we
identify 7t; (C*,a) with (D, a).

Theorem 8.4.7 Associating to a regular singular system X' = z7'AX, A € Mat,(C{z}) one of
its monodromy representations p : T, (C*,a) — GL(4¥,) yields a bijection between meromorphic
equivalence classes of regular singular systems on the one hand and isomorphism classes of linear
representations of the fundamental group on the other hand.

Proof. - Suppose A, B € Mat,(C{z}) define equivalent systems: z 'A ~ z~'B, and let F the cor-
responding gauge transformation. Then, if X, 9" respectively are fundamental matricial solutions
for these two systems, one has F X = 9P for some P € GL,(C) and their respective monodromy
matrices M := X' X* and N := 9’*19/7‘ satisfy the relation:

N = (FXP Y ' (Fxp Y =px~'F Y (FX*P~") = PMP".

Therefore, the mapping from classes of systems to classes of representations mentioned in the
theorem is well defined.

Conversely, if we are given A and B, the fundamental matricial solutions X, ¥, the monodromy
matrices M := X~ 'X* and N := 9~'9* and a conjugating matrix P € GL,(C) such that N =
PMP~!, setting F := YPX~!, we see first that:

F*=o9*P(xM ' =oyNPM~' X' =9PX"! = F,

that is, F' is uniform; and since the systems are regular singular, so that X, 9" have moderate
growth in sectors, so has F' which is therefore a meromorphic gauge transformation relating the
two systems. Thus the mapping from classes of systems to classes of representations mentioned
in the theorem is injective.

Last, since any M € GL,(C) can be written ¢, we know from the corollary to the previous
theorem that the above mapping from classes of systems to classes of representations is surjective.
O

2inC

Exercice 8.4.8 In the proof of injectivity above, check rigorously that F' has moderate growth in
sectors.

8.5 Moderate growth condition for solutions of an equation
We now look for a condition on the functions a;(z) ensuring that the scalar equation E, has a basis

of solutions at some point a € D having moderate growth in sectors. Of course, in this case, every
basis at every point has moderate growth, and all solutions have moderate growth.
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Definition 8.5.1 We say that E, has a regular singular point at 0, or that E, is regular singular at
0, if it has a basis of solutions at some point with moderate growth in sectors.

Examples 8.5.2 (i) If all g; have a simple pole at 0, then the system with matrix A, is of the first
kind, hence it is regular singular, and E, is too.

(ii) If p has a simple pole and ¢ a double pole, then vectorializing with <ZJ},> yields a system of
the first kind, so that f” + pf’ + qf = 0 is regular singular at 0.

d
The last example suggests that we should use the differential operator & := - (which is
Z

d
sometimes called “Euler differential operator”) instead of the differential operator D := 7 Both
Z

are “derivations”, which means that they are C-linear and satisfy “Leibniz rule”:

D(fg) = fD(g) +D(f)s,
3(fg) = f3(g) +3(f)g.

Both operate at will on C(z), on C{z}, on C({z}) and even on C|[[z]] and C((z)). We are going to
do some elementary differential algebra with them.

The operator 8 = zD is the compositum of operator D : f — Df and of operator z : f +— zf.
This composision is not commutative: the operator Dz sends f to D(zf) = f+zD(f), so that one
can write: Dz = zD + 1, where 1 denotes the identity operator f — 1.f = f.

Exercice 8.5.3 Show that for all k,/ € N, D*Z is a linear combination of operators z'D/.

Lemma 8.5.4 (i) One has the equality: XD =8(8§ —1)---(§ —k+1).
(ii) For k > 2, the operator & is equal to Z*D*+ a linear combination of zD, ... ,zx 1D 1.

Proof. - (i) can be proved easily by induction, but it is simpler to look at the effect of both
sides acting on 7", m € Z. Clearly, 8(z") = mz™, so that, for any polynomial P € C[X], one
has P(8)(z") = P(m)zZ" (these are the classical rules about polyomials in endomorphisms and
eigenvectors). On the other hand, we know that D¥(z") =m--- (m—k+1)z" ¥, so that XDk (") =
m---(m—k+1)7".

(i) We now have a triangular system of relations that we can solve recursively:

zD =9, d=1zD,
7?D* =& -3, . 8% =7°D* +zD,
2D =8 —38%+28, & =73D3+32D* + 7D,

Using these relations, we can transform a differential equation £ + b, f®=1) ..., f =0
into one involving J in the following way: rewrite the equation in the more symbolic form (D" +
byD" ' +...+b,)f = 0; then multiply at left by 7" and replace "D’ by 7" /(z'D') = 7"7§--- (8 —
i+ 1). The process can be reversed.
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Proposition 8.5.5 Assume 7"(D" +b;D" ' +---+b,) =8 +a;8" ' +---+a,. Then:
(vo(b1) > —1,...,vo(by) > —n) <= ay,...,a, € C{z}.

Proof. - Call T the triangular matrix such that (1,zD,...,z"D") = (1,9,...,8")T. According to the
lemma above, its coefficients are in C and its diagonal coefficients are all equal to 1. Then, setting
ao,b() =1
a, b, 7"
=T
ao bo

which shows that the g; are linear combinations with constant coefficients of the bz, and con-
versely. [

The following criterion shows that, contrary to the case of systems, it is very easy to check if
all the solutions of an equation have moderate growth at 0. This is a justification for the utility of
cyclic vectors.

Theorem 8.5.6 (Fuchs criterion) The equivalent equations f™ +b; "~V +...b, f =0and & f +
a18" ' f+---+a,f = 0 are regular singular at 0 if, and only if, vo(b;) > —i fori=1,...,n; or
equivalently: ay,...,a, € C{z}.

Proof. - It follows from the proposition above that the two criteria stated are indeed equivalent.
f
of

Suppose they are verified. Then the system obtained by the vectorialisation X := has

Snflf

the matrix A, so it is of the first kind and thus regular singular; so the equation is also regular
singular.

Conversely assume that the equation is regular singular. If n = 1, the equation can be seen as a
system f' = —by f of rank 1 and we apply the criterion for systems: there exists a meromorphic
non zero u such that u[—b;] = —b; +u’ /u has a simple pole at 0. But «’/u itself has a simple pole
at 0, so b; also has, which is the desired conclusion. The proof for the general cas n > 2 will be
by induction and it will require several steps.

Step 1. So we suppose that n > 2, that aj,...,a, € C({z}) and that all the solutions of the
equation 8" f +a; 8" ' f+--- +a,f = 0 have moderate growth.

Lemma 8.5.7 The equation has at least one solution of the form f = uz*, where o. € C and u =
1+uiz+--- € C{z}.

Proof. - Let (fi,...,fn) be a fundamental system of solutions at some point and M € GL,(C)
the matrix of its monodromy along the fundamental loop A, i.e. ( ff“, N =(f1, . )M, We
triangularize M: there is P € GL,(C) such that M = PTP~! and T is upper triangular; call j its
first diagonal coefficient. Since M is invertible, so is T and B # 0, so that we can write = e*™*
for some o € C. Then (gi,...,8n) := (fi,...,fn)P is a fundamental system of solutions and

(gi\’vagz\z’):(flxu7fn7L)P:(f177fn)MP:(g17agn)PilMP:(glu7gn)T7
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which implies in particular that g71‘ = Bg1. Thus, g1z~ % is uniform and has moderate growth (by
the assumption of regularity), so it is a meromorphic function cz™u with u as indicated in the state-
ment of the lemma. Then, changing o to a.+m, we find that g; is a solution af the form required. [J

Step 2. We this have a particular solution of the form fy = uz* as above and we look for the
equation the solutions of which are the f/z%, where f is a solution of 8 f +a;8" ! f+---+a,f =
0. This a change of unknown function. So we put f = z%g, and, noticing that 8.z% = z*.(d + o),
we obtain:

§'(2%g) +ard" " (%) + - +an(%g) = (B +0)"g + a1 (8+a)" g+ +ang),
whence a new equation d8"g + b &1 g+ +b,g =0, where the a;, b; are related by the formula:
X'+b X" by = (X ) +ar (X +0)" " - a

In particular, the a; are holomorphic if, and only if, the b; are. And of course, since f = z%g has
moderate growth if, and only if, g has moderate growth, we see that the equation 8" f +a;8" ! f +
.- +a,f = 0 is regular singular if, and only if, the equation 8"g + 58" 'g +--- 4+ b,g = 0 is.
Therefore, we are led to prove the theorem for the latter equation. But we know that this one has
a particular solution u = 1 4+ujz+--- € C{z}.

Exercice 8.5.8 Is f = z%g a gauge transformation in the sense of section 7.6 ?

Step 3. We are now going to operate a euclidean division of polynomials, but in a non commu-
tative setting !

Lemma 8.5.9 Let v € C({z}). Then every differential operator 8" + p;8 ' +--- + p,, with
Pl Pm € C({z}) can be written in the form (8" ' 4+ q;8" > +--- 4+ qu_1)(8 — v) +w, where
Wygi,..-yqdm—1 S C({Z})

Proof. - We note first that § —&1(8 —v) is a sum of terms r;8/, j =0,...,i — 1, with all
rj € C({z}). From this we deduce by induction that the theorem is true for each differential
operator &. Then we get the conclusion by linear combination. [J

Now we apply the lemma with v := §(u) /u and get:
O+ b8 by = (8 8 ) (8 )

Applying this to u, and noting that (8§ — v)u = 8(u) — vu = 0, we get wu = 0 so that w = 0. There-
fore, we have the equality:

" +b 8" by = 18 F ) ().
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Step 4. Now we will apply the induction hypothesis to the new operator. We note that, if
g1,---,8n are a basis of solutions of the equation &g +5,8" g+ ---+b,g =0, then the h; := (8§ —
v)g; are solutions of 4+ ¢18"2h+---+c,_1h =0, and, of course, they have moderate growth
(since the g; and v have). We choose the basis such that g, = u. Then hy,..., h,_; are linearly
independant. Indeed, if Ay + -+ A,_1h,—1 = 0, then the function g :=Ajg1+ -+ Ay_18n-1
satisfies 8(g) = vg; but since v = &(u) /u, this implies 8(g/u) =0, whence A g1+ -+ Ay—18n—1 =
Agn, which is only possible if all A; = 0. Therefore, hy,...,h,_; are a basis of solutions of
8" 'h+c18"2h+ - +c,_1h = 0 and, since they have moderate growth, this is a regular sin-
gular equation. By the inductive hypothesis of the theorem, all ¢; € C{z}. But then, from
8"+ b8 by = (8 41824+ ¢, 1) (8 —v) and the fact that v € C{z}, we con-
clude that all b; € C{z}, which ends the induction step. [J

8.6 Resolution and monodromy of regular singular equations

We shall only present the basic cases and examples. The general case is rather complicated be-
cause of resonancies, which anyway are exceptional. For the complete algorithms (mostly due to
Fuchs and Frobenius), see the references given at the beginning of the chapter.

We start with equation 8" f +a;8" ! f +--- 4 a,f = 0, which we assume to be regular singular
at0, i.e. ay,...,a, € C{z}. As we saw in the proof of theorem 8.5.6, there certainly is a solution
of the form f =z%, a € C,u = 14+u;z+--- € C{z}. Actually, it even follows from the argument
given there that, if the monodromy is semi-simple, there is a whole basis of solutions of this form.
From the relation we had proved: 8z* = z%*(8+ o), we draw the equation:

(S+)"u+ay(8+a)" 'ut--+amu=8u+b8"'ut--+bu=0,

where, setting P(X) := X" +a; X" ' +---+a, and Q(X) := X"+ b X" ' +--- +b,, we have
Q(X) =P(X +a). Now In the equation Q(3) () = 0, all terms are multiple of z and thus vanish at
0, except maybe b,u, so that: b,(0)u(0) = 0. But u(0) = 1, so that b,(0) = 0, whence the indicial
equation:
o' +a(0)o" '+ +a,(0) =0.

This is a necessary condition for o to be a possible exponent. It can be proved that, if o is a
non resonant root of this equation, that is no o+ k, k € N*, is a root, then the condition is also
sufficient. We only prove a slightly weaker result.

Theorem 8.6.1 If the indicial equation has n distinct and non resonant roots O.p,...,0, (so that
o; —o; & Z for i # j), then there is a fundamental system of solutions of the form f; = z{'u;,
u; € C{Z}, Mi(()) =1.

Proof. - The matrix of the corresponding system is A := A, and the characteristic polynomial
of the companion matrix A(0) is the one defining the indicial equation: therefore, by assump-
tion, A(0) is non resonant in the sense of section 8.4. So the system has a fundamental ma-
tricial solution Fz*("), where F is a Birkhoff matrix. Since A(0) is semi-simple, we can write
A(0) = PDiag(a.y, . ..,a,)P~! and conclude that FPDiag(z%,...,z%) is another fundamental ma-
tricial solution. Its first line gives the fundamental system of solutions of the required form. []
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From there on, we only study examples !

Example 8.6.2 We consider 8°f — §f = 0. The indicial equation is o> — o = 0, whence two
roots 0 and 1. In this case both roots yield solutions, because 1 and z are indeed solutions (and a
fundamental system of solutions since their wronskian is 1).

Actually, the system obtained by vectorialisation has constant matrix A := (8 i) and A2 =A, so
1 z—-1

0 ) , whence the fundamental system of solutions (1,z—1).

that we easily compute z4 = (

Example 8.6.3 We consider 8% f —8f — zf = 0. The indicial equation is again &> — ot = 0, whence
two roots 0 and 1. In this case there is a problem. Indeed, looking for a power series solution

Y. f.2", we find the equivalent relations (n> —n)f, — f,_1 = 0. This implies that fo = 0, f; is free
n>0
1

nl(n—1)!
for n > 1. This has the required form for o = 1, a non resonant root, but the resonant root 0 gave
nothing.

and can be taken equal to 1, and the other coefficients are recursively computed: f, =

0 1
resonant and we must transform it before solving (since it is not constant, computing z* would not

make any sense). The shearing transform ((1) 2) gives B:=F[A] = ( 0 Z). But now, B(0) is

To see why, we vectorialize the equation: here, A := < > . But A(0) has roots 0 and 1, it is

-1 0
non resonant but nilpotent and z%() contains a logarithm, so the fundamental matricial solutions
of B and A also do.

Example 8.6.4 Consider the divergent series f := ¥ (n—1)!z" (Euler series®). It satisfies the
n>1

non homogeneous first order equation f = z+z8, that is, (1 —z8) f = z. Since z = &z, the series
f is solution of (1 —8)(1 —z8)f = 0, that is z8°f — 8f + f = 0, an irregular equation.

Example 8.6.5 Bessel equation is 22 f” + zf" + (z> — o) f. It is regular (i.e. it has only ordinary
points) in C* an it has a regular singular point at 0. With the Euler differential operator, the
equation becomes & f + (z2 — a?) f = 0. The indicial equation is (using by necessity the letter x
for the unknown) x> — a2, which has roots +o. We assume that 2ot & Z, so that both exponents give
rise to a solution. For instance, putting f = z%g gives rise to the equation (84 a)?g + (> — a?)g =
0, i.e. 8g+208g +z°g = 0. We look for g in the form g = go + g1z + - - -, with go = 1. This gives
for all n > 0 the relation: (n? +20n)g, +g,_2 = 0 (with the natural convention that g | =g _» =0)
so that g1, and then all g, with odd index n are 0. For even indexes, setting A, := g, we find

ho =1 and h -1 h, i forn > 1, wh h (=1/4)"
= an = — N, _ orn , whence =
0 " dn(nto) ! - " nl(a41)--0+n)

- In the end, we get

the solution: ( 1/4)n
o — 2n
TO=2L et ) (atn)

3For a very interesting account of the importance of this series, see the monograph “Séries divergentes et théories
asymptotiques” of Jean-Pierre Ramis.
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It is customary to consider a constant multiple of this solution, the Bessel function:

(=" 2
Jou(2) = (2/2)* Yy ———F——(2/2)"".
)= /D" B
Here, the Gamma function* T is an analytic function on C\ (—N), which satisfies the functional
equation I'(z+ 1) = zI'(z), from which one draws immediately thatI'(n+a+1) = (a4 1) - -- (ot +
n)['(o+ 1) and then that f(z) = 2T (ot + 1)Ja(2).

Exercice 8.6.6 What can be said of Bessel equation when 2o € Z ? In all cases, how does it
behave at infinity ?

| e
Example 8.6.7 The Airy function is defined, for real x, by Ai(x) := p [ cos(t3/3 +xt)dt. Tt is
0

not difficult to prove that it is well defined and satisfies the differential equation Ai” (x) = xAi(x).
So we decide to study the complex differential equation f” = xf. It is regular on C, from which
one deduces that it has a fundamental system of uniform solutions in C, so that The Airy function
can be extended to an entire function. To study it at infinity, we set w := 1/z and g(w) := f(z) =
f(1/w), so that g'(w) = —w2f'(1/w) and g"(w) = w4 f"(1/w) +2w 3 f'(1/w). We end with
the differential equation: g” + 2w~ !¢’ —w g = 0, which is irregular at w = 0. Actually, the
asymptotic behaviour of the Airy function at infinity was the origin of the discovery by Stokes of
the so-called “Stokes phenomenon” (see the book of Ramis already quoted).

I'la
Example 8.6.8 Put (o), =o(ot+1)---(a+n—1) = (1“@:)’1) (using the Gamma function in-
troduced above). For instance, (1), = n!. The hypergeometric series of Euler-Gauss is defined
as:
() (B)n
F(ouB,vz) = ) ~— 2"
,g) n!(Y)n

We consider o, 3,y as parameters and z as the variable, so we will here write for short F(z) instead
of F(a,B,v;z). We must assume that ¥ ¢ —N for this series to be defined. We also assume that
o, B & —N, so that it is not a polynomial. Then the radius of convergence is 1. The coefficients

Joi= W satisfy the recursive relation (n+1)(n+7Y) futr1 = (n+ o) (n+B) fn. We multiply
n!(Y)n

both sides by z**! and sum for all n > 0. Recalling that 8(¥ f,2") = Y.nf,z" and 8 (¥ f,2") =
Y. n? f,7", we obtain the equality:

3(0+y—1)F =z(8+0a)(6+P)F,
from which follows the differential equation:
(1—2)8F + (y—1— (a4 B)z)8F — afzF = 0.

This equation is regular singular at 0. The indicial equation is x> + (y— 1)x = 0. If we assume
that y € Z, we find that there is as fundamental basis made up of a power series with constant term
1 (this is F(z)) and of a solution z!7YG(z), where G is a power series with constant term 1. The
study of the hypergeometric equation will be continued in the next chapter.

Exercice 8.6.9 Show that G is itself a hypergeometric series with different parameters.

4More will be said on the Gamma function in the next chapter.
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Chapter 9

Hypergeometric series and equations

For all complements about this chapter, the following books are warmly recommended:
e Anosov and Bolibrukh, “The Riemann-Hilbert problem”;

e Iwasaki, Kimura, Shimomura and Yoshida, “From Gauss to Painlevé” (abreviated GP in the
text);

e Whittaker and Watson, “A course of modern analysis” (abreviated WW in the text);

e Yoshida, “Fuchsian differential equations”.

9.1 Fuchsian equations and systems
Fuchsian systems.

Definition 9.1.1 A fuchsian system is a meromorphic differential system on S which has only
singularities of the first kind.

First we look at the meromorphy condition. The system X’ = AX is meromorphic on C if
A € Mat, (M (C)). Atinfinity, we put w:=1/zand Y (w) := X (z) so that Y'(w) = B(w)Y (w), where
B(w) = —w™2A(w™!). Thus, X’ = AX is meromorphic at infinity if —w~2A(w~!) is meromorphic
at w = 0, that is if A is meromorphic at infinity. The condition is therefore A € Mat, (M (S)),
i.e. A € Mat,(C(z)) according to theorem 7.1.7. Next we look at the condition on singularities.
The rational matrix A has a finite number of poles on C, and they must be simple poles. Call
them ay,...,a, (of course it is possible that m = 0). Then by standard properties of rational

m
functions, one can writeA = ).
k=12—ak

Ay +C, where C has polynomial coefficients. Then, we want

mo ]
B(w) = —w2A (w_l) to have a simple poleatw=0. ButB(w) = }, ———
=1 w(l —aew)

and so we want w—2C(w~!) to have a simple pole at w = 0, which is only possible if C = 0. We
have proved:

Ar—w2C(wh),

mo A
Proposition 9.1.2 Fuchsian systems have the form X' = < Yy k
k=12—ak

> X, where the Ay, € Mat,(C).

O
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The monodromy group of a fuchsian system. Using the local coordinate v := z — ai, the sys-
tem above has the form vdX /dv = (Ax + multiples of v)X. If we suppose that Ay is non resonant,
there is a fundamental matricial solution X; = Fy(z — ak)Ak, where F;, is a Birkhoff matrix. The lo-
cal monodromy (i.e. calculated along a small positive fundamental loop around a;) relative to this

. m
basis therefore has matrix e?™4, In the same way, at infinity, wB(w) = — ¥ A; + multiples of w,
k=1
Y . ) . oY A
so, if Y Ay is non resonant, the local monodromy relative to that basis has matrix e~ #=!
k=1

However, it is difficult to describe the global monodromy from these local data, because all
these matrices are relative to different bases. If one fixes a basis, then one will have to use conju-
gates of the monodromy matrices computed above; and the conjugating matrices are not easy to
find.

Example 9.1.3 If m = 2, assuming nonresonancy, we have matrices A, A and A. = —A| — A».
If one fixes a base point a, three small loops A1, A7, A based at a and each turning once around
one of the singular points, then there is a relation, for instance A, ~ AjA;. If one moreover fixes
a basis B of solutions at a, then there are monodromy matrices M|, M», M., such that BM = BM;,
Bl — ‘BM> and B = BM... Then, on the one hand, M., = M>M;. On the other hand, M,
is conjugate to ™1 M, is conjugate to ™2, and M., is conjugate to ¢*™-=: these are not
equalities and the conjugating matrices are different.

Exception: the abelian cases. If the monodromy group is abelian, the problem of conjugacy
disappears. There are a few cases where abelianity is guaranteed. First, if m = 0, the system is
X" = 0 which has trivial monodromy. If m = 1, since the fundamental group of S\ {a;,c} =
C\ {a;} is isomorphic to Z, the monodromy group is generated by ™1 (local monodromy at a;)
and e~ 2™1_ In the same way, if m = 2 but there is no singularity at infinity, then A; +A» = 0, the
local monodromies at a; and a; are respectively generated by e?™!1 and ™2 = ¢=21™1 and the
global monodromy is generated by either matrix.

Exercice 9.1.4 Explain topologically why we obtain inverse monodromy matrices in the last two
cases .

If m =2 and there is a singularity at infinity, or if m > 3, the fundamental group of S\
{ai,...,am,o} is far from being commutative (it is the so-called “free group on m generators”).
But, if n = 1, the linear group GL (C) = C* is commutative, so the monodromy group is also com-
Ol

m
mutative. This is the case of a scalar equation f’ = < )
k=12 —dg

condition, the global monodromy group is generated by the ¢*™*, k = 1,...,m (thus a subgroup
of C¥).

> f- Then, without any resonancy

In summary, the first non trivial (non abelian) case will be for m = 2, with a singularity at
infinity, and n = 2. We shall describe it at the end of this section.

Fuchsian equations. We shall rather study the monodromy representation for scalar equations
of order n = 2.
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Definition 9.1.5 A scalar differential equation is said to be fuchsian if it is meromorphic on S and
has only regular singularities.

A similar argument to that given for systems shows that a meromorphic equation on S must
have rational coefficients. However, the condition to be fuchsian is a bit more complicated. We
shall just need the case n = 2 (see the exercice); the general case is desribed in the references given
at the beginning of chapter 8.

Exercice 9.1.6 Show that Fuchsian equations of the second order have the form " +pf' +qf =0

& Pk & qk Tk
where p = Y , the p; € C, and where ¢ = Y, 5+ , the gy, € C and
k=12 — ak =1\ (z—a)?  z—a

m
Y re=0.
k=1

It can be proved moreover that, when n = 2, m = 2 and there is a singularity at infinity, then
all fuchsian equations are reducible to the “hypergeometric equations” that we are going to study
in this chapter: see the book GP.

Exercice 9.1.7 Show that if the equation has exactly three singularities on S, then using changes
of variable 1/z and z+ ¢, one may always assume that the singularities are at 0, 1, 0.

The first non abelian case In summary, the first non trivial (non abelian) case will be for
m = 2, with a singularity at infinity, and n = 2. As we said, we can take the two points aj,a,
to be 0,1. Therefore, the monodromy representation will be an anti-morphism of groups from
T (S\ {0, l,oo},a) to GLQ(C).

The fundamental group is here a free group on two generators. Once chosen a base point
a €8S\{0,1,}, a small loop Ay turning positively once around 0 and a small loop A; turning pos-
itively once around 1 (both based at a), the group is freely generated by the homotopy classes of

1, 1,
these loops. We shall choose a := 1/2 and the loops Ay () := Eezm, M) =1- Eez”", t €[0,1].

A representation of ; (S\ {0, 1,0}, 1/2) in GL,(C) is therefore entirely characterized by the
matrices My, M; € GL,(C) which are the respective images of the homotopy classes [Ag], [A1].
Moreover, the generators [Ao], [A] being free, the matrices My, M| may be chosen at will.

The description of the monodromy representation requires the choice of a basis B of solutions
at 1/2. Then, the effect of monodromy is encoded in matrices My, M, M.. € GL,(C) such that
B = BM,, BM = BM; and B*> = BM.., where some loop A has been chosen. However, there
must be a relation btetween the homotopy classes [Ag], [A1], [A] and therefore a corresponding
relation between the monodromy matrices Mo, M}, M... We shall take A := (Ag.A;)~!, whence
the relation: MMMy = I, (remember we have an anti-morphism).

9.2 The hypergeometric series
Definition 9.2.1 The Pochhammer symbols are defined, for o € C and n € N, by the formula:

()p:=1and,ifn>1, (&), :==o(ot+1)---(a+n—1).
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The hypergeometric series of Euler-Gauss with parameters o, 3,y € C is the power series:

We must of course require that Y & —N so that the denominators do not vanish. We shall also
require that o, f & —N so that the series is not a polynomial. Last, for reasons that will appear in
the next section (to avoid resonancies), we shall require that y,o. — 3,7 — ot — B & Z. (The study is
possible in these degenerate cases, see the book GP or the book WW).

Wl satisfy the relation fy,41/f, = (n+o)(n+B)/(n+1)(n+7).

Since the right hand side of this equality tends to 1 when n — 4o, the radius of convergence of
the hypergeometric series is 1.

The coefficients f, :=

Example 9.2.2 From the obvious formula (), = (—1)"n!("%), we draw that F (o, B, p;z) = (1 —
7)~ % (the generalized binomial series).

Exercice 9.2.3 Show that log {2 = 2zF(1/2,1,3/2;7?) and that arcsinz = zF(1/2,1/2,3/2;2%).

About the Gamma function. The hypergeometric series is related in many ways to the Gamma
function of Euler. (On the Gamma function, see the book WW, or most books of complex analy-
sis.) For Rez > 0, one can show that the integral:

—+oo
I'(z) ::/ e 't hdr
0

is well defined and that the function I is analytic on the right half plane. Moreover, integra-
tion by parts gives the functional equation I'(z + 1) = zI'(z). This allows one to extend I to the

(2)n

Re(z+n) > 0. The extended function is holomorphic on C\ (—N) and has simple poles on —N.
It still satisfies the functional equation I'(z + 1) = zI'(z), whencee I'(z 4 n) = (2).I'(z).

whole complex plane by putting: I'(z) := I'(z+n), where n € N is chosen big enough to have

The hypergeometric series can be written:

I'(y) y L(nt+o)l'(n+B) ,
L()T(B) S Tn+ )0(n+y) ™

F((X, B,'Y;Z) =

Here are some special values related to the Gamma function:

F(l):/;We’dt: 1,
['(n) = (n—1)! forn € N,

I(1/2) = / et = Vi,
O

where y:= gl}} (1+1/24---4+1/n—1nn) is “Euler-Mascheroni constant”, a very mysterious
n oo

number. We shall use other formulas related to the Gamma function in section 9.5.
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9.3 The hypergeometric equation

(@Bl o

(V)
tion f,11/fn = (n+a)(n+P)/(n+1)(n+7y). From this, recalling that (Y. f,z") = Y. nfnz" and
that 8 (Y. f,2") = Y.’ f,2", we start with (n41)(n+7) fur1 = (n+a)(n+B) f, and calculate:

Y D+ funr =Y (o) (n+B) fr !

We saw in the previous section that the coefficients f, = o, B,7v;z) satisfy the rela-

n>0 n>0
= Y (n+ 1) fr+ Y (- D+ D fu2 =2 (Z nfd + Y (o BInfud + ) ochnz">
n>0 n>0 n>0 n>0 n>0

= (8 + (v~ 1)8)F (0. B, 1:2) = 2(8° + (o + )3 + o) F (ot B, 1:2),

that is, the hypergeometric series F (o, 3,7;z) is solution of the hypergeometric differential equa-
tion with parameters o, B, y:

HGypy: (1—2)&F+((y—1)— (a+P)z)8F — apzF = 0.

We shall also need the form using the standard differential operator D := d/dz instead of d. Re-
placing 8 by zD and &% by z2D? + zD and then dividing by z, we get the other form of the equation:

HG'

wpy:  (1—2)D°F +(y—(a+ B+ 1)z)DF — aBF = 0.

After the exercice of previous section, it should be fuchsian. It is actually obvious that equation
HG gy is meromorphic on S, that its only singularities in C are 0 and 1 and that they are regular
singularities. We shall verify that o is also a regular singularity. We shall also look for the local
solutions at singularities, applying the method of Fuchs-Frobenius that we saw in section 8.6. In
order to describe the local monodromies, we shall use the base point 1/2 and the loops described
at the end of section 9.1.

Study at 0. We use the first form HGg,. The indicial equation is x* 4+ (y—1)x =0 and the
two exponents 0, 1 — v are non resonant since we assumed that y & Z. Therefore, there is a unique
power series solution with constant term 1: it is clearly the hypergeometric series F(c,,Y;z)
itself; and a unique solution z!~YG, where G is a power series solution with constant term 1. To
find G, remember that 8.z~ = z'=¥.(§ + 1 — ), so G is solution of the equation:

(1-2)@+1-7°G+((y—1) — (a+B)2)(8+1 -G —aPzG =0.
Expanding and simplifying, we find:
(1-2)FG +((1-7) — (a+B+2—29)2)3G — (a4 1 —7) (B+ 1 —1)zG = 0.

This is just the hypergeometric equation HG | _yp+i—y2—y. Its parameters o+ 1 -7, +1—7v,2—
y satisfy the same nonresonancy condition as a, 3,7y, sothat G=F(o.+ 1 —vy,B+1—7,2 —;2).

Proposition 9.3.1 A basis of solutions near 0 is:

B = (F(oB,7:2),2 "F(at+1-7,B+1-7,2-72)).
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Corollary 9.3.2 The monodromy matrix along the loop A relative to the basis By is My :=

1 0
0 e—Ziny :

Exercice 9.3.3 Describe the two solutions when 3 =.

Study at 1. We must use a local coordinate, that vanishes at z = 1. We take v := 1 —z. Therefore,
if F(z) = G(v), then F'(z) = —G'(v) and F"(z) = G"(v). In symbolic notation, D, = —D, and

D2 = D?. The second form H Gy, p.y gives for G(v) the equation:

v(1 =v)D*G+ ((a+B+1—7) — (a+B+1)v)D,G— oG = 0.

We recognize the hypergeometric equation H G&’Bya By with parameters o, B, o+ + 1 —.

Again for these new parameters, the non resonancy conditions are met. We conclude:

Proposition 9.3.4 A basis of solutions near 1 is:

By = (F(oc,B,oc+B+1—v;1—z),(1 — )" PRy By — oy + 1ol —z)) :

Corollary 9.3.5 The monodromy matrix along the loop A, relative to the basis By is M) :=

1 0
0 e2inl-ap) )

Study at .. We use the coordinate w = 1/z. If F(z) = G(w), then zF’'(z) = —wG’(w) which
we write symbolically §,, = —3,. Likewise, 82 = 82. The equation H Go.py gives for G(w) the
equation:

(1 _$)5§G_<(y_ 1)—°‘jVFB)5wG—°fG:0<:> (1—w)82G— ((a+B) — (y— 1)w)8,G+apG =0.

This is not an hypergeometric equation (miracles are not permanent !) but it is regular singular,
with indicial equation x> — (04 B)x +of = 0. The exponents are o and B and they are non
resonant. There fore there are solutions of the form w*H; and WBHQ, with H; and H, two power
series with constant term 1, and they form a basis. To compute a solution w*H, we apply the rule
O, w* = w*(d,, + a), whence the equation:

(1—=w) (8 +0)2H — (0t +B) — (Y= 1)w)(8,, + ) H +aPH = 0 <= (1 —w)SZH + ((a—B) — (2ot —y+ 1)w)8,.H — au(ct—y-

We recognize the hypergeometric equation HGg o —y41,0—p+1 With coefficients o, —y+ 1,00 —
B+ 1 and no resonancy, so H = F(a,a.—y+ 1,00 — B+ 1;w). The calculation for a solution of the
form zBH is symmetric and we conclude:
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Proposition 9.3.6 A basis of solutions near < is:

B = ((1/z)°‘F(0c,oc—Y+ La—B+1;1/2),(1/2)PF(B,p—v+1,p—o+1; 1/1)) :

To define the local monodromy at e, we consider the 100p Ac. : 7+

Corollary 9.3.7 The monodromy matrix along the loop A, relative to the basis B, is M., :=
2imo
e 0

( 0 eZiTcB)‘

9.4 Global monodromy according to Riemann

By elementary but genial considerations, Riemann succeeded in finding explicit generators of the
monodromy group of the hypergeometric equation, but relative to a non explicit basis. Starting
from the bases By, B; and B.. found above, he considered transformed bases (, (; and C. whose
elements are constant multiples of those of By, B; and B.. but with unspecified coefficients. For
instance:

G = (pOF(OCa&Y;Z)vC]OZFYF(a‘F1 _%B+1 _772_7;Z)> = ByDy, where Dy = (pOO (?()) )

Po,qo € C* being unspecified, and similarly for ; and C.

We shall consider all functions as defined in the cut plane:
Q:= 8\ ([ee, 0] U1, 00]) = C\ (] =00, O] U[L, +ee[).
This is a simply connected set, so indeed all three bases of germs By, B; and B.. extend to bases
of the solution space F (€2). (We use the principal determinations of all z# and (1 —z)V.)
The connection formulas are the linear formulas relating the various bases of this space. We
write them for & = (Fy,Go), Ci1 = (F1,G1) and Co = (Fi, G=) in the following form:
Fo=a F1 +b,G| = aFo + boo G,
Go=c1F1 +di1G| = cooFoo + dosGoo.

In matricial terms:

— _ _ (41 €1 [0 Co
Co = (1P| = CoPw, where P| = <b1 d1> and P, = <b°o doo> .

The local monodromies were previously found relatively to the bases By, B; and B.:

. 1 0
?(7)‘0 — %MO, with MO = < eZiTVY) ,

0
% . 1 0
B = BiM, with M| = <0 eZiTE(Y—OC—ﬁ)> )

- ) eZinoc 0
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All these bases are bases of eigenvectors of the corresponding monodromy matrices. This comes
essentially from the fact that matrix Dy relating By to (h commutes with My, and similarly at 1
and . Therefore, we also have the local monodromies relative to the bases ¢, (1 and C.:

o =GMy, CcM=cM,, and = CM..

If we can determine P; and P.., then we will be able to describe the monodromy group relative to
(v. Indeed, we already know that Cg‘“ = ()M, and also:

G =GP =P =M P = G (P M Py),

G = (CoPu)™ = P = CoMwPoo = Co(P ' M.Ps).

Therefore, the monodromy group relative to ( will be generated by Mo, P, "M\ P and PZ'M..P...
Moreover, from the relation Ao = (Ag. A1)~ !, we draw:

(P 'MoP.) (P M PO)My = 1.

In the next section, we shall find an explicit connection matrix relating the explicit bases By and
B.. Here, we only find connection matrices for the non explicit bases (, (1 and C.. The conse-
quence is that one cannot compute the monodromy for a given solution, because we cannot express
it in those bases !

Calculation of the connection formulas. We perform analytic continuation along the loop A; =
Ay 2!, applied to the connection formula. For instance, in the first connection formula:

Fo=a1F1+b1G| = awFo + oo Go,

the middle expression a;F; + b1 G is transformed into a F; + by eimr-a-B) G, along A;. On the
other hand, Fy = @wFo + oG is left invariant along A, ', then transformed into dee 2 ™F,, +
bee ™G, along A'. We eventually get the “new formula”:

a\Fy + b1 2B G = g e BE 4 poe  HBG.
In the same way, starting from the second connection formula:
Go=c1F1+d1G| = coFoo + doGo,

and noticing that G is multiplied by ™ along Ao ! we get the “new formula”:
c1F +d 2™ 0BG, = 2™y (cooe_zime + dme_Zi”BGm> )

Now we take some arbitrary ¢ € C. It will be specialized later to particular values. For each of
the two pairs of formulas above (original connection formula and deduced “new formula”), we
compute e°" times the original formula minus e ~°' times the new formula. Taking in account the
general equality:

in

Cin —OiT eZ‘cm — 2 Sin(G . ‘l:)ﬂ:en ,

e —e X
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we end up with the two following relations:
a1 sinGnF, + by sin(c — (y—a— B))me""*Pi"G, = 4. sin(6+ a)we “"F, + b..sin(c + p)ne P"G.,,
¢ SinOTF| 4 dy sin(c — (Y— o — B) ) eV PG, = ¢ sin(c+ o —Y)m e @V, 4 d sin(c+ B —y)m e PG,
If we take 6 :=y— o — B in each of these two equalities, we find:
apsin(y— o — ) Fi = desin(y—B)T e % F, + b, sin(y— a))mw e PF,,,
c1sin(y— 00— B)T Fi = coosin(—B)m e @ VTE, 4 4. sin(—a)m e PVImE,.
Likewise, if we take ¢ := 0 in the same two equalities, we find:
—bysin(y—a— P)m "B G, = 4. sinomw e “F,, + bosin P e PTE,,
—dy sin(y— o —P)n 4P G| = e sin(a—y)m e VT, dsin(B—y)m e BVITE,.
Now we make one more special assumption:
All the connection coefficients a;,b;,c1,d, 0w, Do, Cwo,dw are supposed to be non zero. This is of

course “generically”; the opposite “degenerate” case will be discussed in the last paragraph of this
section.

We then have above two expressions of Fj in the basis (.., and the same for G;. Identifying,
we get:
a; . sin(y—P)me M" b,
¢l Cosin(—P)me @V d sin(—o)m e~ BV’
by A sin ot e~ %iT _ be sin pr e Pim
di  cesin(a—y)me @ NiT  d,sin(B—7y)me BT

Now we remember that all the basis elements Fy, Go, F1,G1, Few, G are defined up to an arbi-
trary constant factor. This means that we can fix arbitrarily a;,b;,c;,d; and one of the four other
coefficients. Among the various possibilities, this was the choice of Riemann in his paper on the
hypergeometrical functions:

1 <sin(y— o) e T sin B >

P = = a—p)n \sinom e @B gin(y— B)r elt-a-Bin

)

- sin(fp—a)m \ —sinomw sinBw

Theorem 9.4.1 The monodromy group of HGy, gy expressed in an adequate basis is generated by
the matrices Mo, P, "M P, and P M.P... These generators obey the relation:

(P2 'MoP.) (P M PO)My = 1.

Exercice 9.4.2 (i) By inspection, verify that the sum of the six exponents (two at each singularity)
is an integer.
(ii) Prove this a priori by a monodromy argument.
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The meaning of the non degeneracy condition on the connection coefficients. If one of the
connection coefficients ay,b;,c1,d,0e,bo,Co,d 18 0, that means that there is an element of
By which is at the same time (up to a non zero constant factor) element of B; or B.. Such a
function is an eigenvector for the monodromy along Ao and at the same time along A; or A,
and therefore an eigenvector for all the monodromy. On the side of the monodromy represen-
tation 71 (S \ {0, 1,00}) — GL(F (Q)), this means that there is a subspace (here the line gener-
ated by the eigenvector) which is neither {0} nor 7 (Q) and which is stable under the linear
action of the monodromy group. Such a representation is said to be reducible'. On the side of
the equation HGy gy, We have a solution f such that fho = Mo £ where g € {0,1—v} and
M =¥ f where uy € {0,y— o —B}. Then f = z%0(1 —z)*1 g where g is at the same time

uniform and of moderate growth at all singularities, whence meromorphic on S, whence rational.
D D

Then v := —f = g—l—@ﬂL 1#1

Z -z

D — v (the same kind of non commutative euclidian division that we performed in the third step of

the proof of theorem 8.5.6), we get an equality:

Y—(a+B+1)z af D v
Dt 7(1—72) D_z(l—z)_(D JD=),

with u,v € C(z): that is, the hypergeometrical differential operator is reducible over C(z).

is itself rational. Dividing the hypergeometrical operator by

9.5 Global monodromy using Barnes connection formulas

Here, we give the results with incomplete explanations and no justification at all, because thay
require some more analysis that we are prepared for. See the books WW and GP for details. The
main tool is Barnes integral representation of the hypergeometric series:

Fo o) = % (y) / F(OH—s)F(B—i—s)F(—s)(
inL()I'(B) Je I(v+s)

The line of integration C is the vertical imaginary line, followed from —ico to +ice, with the

following deviations: there must be a detour at the left to avoid —1 + N; and there must be two

detours at the right to avoid —a.— N and —3 — N. Using this integral representation, Barnes proved

the following connection formulas, from which the monodromy is immediately deduced:

—z)°ds.

F(a,B,v;2) = m(—z)‘“ﬂa,a—y+ La—B+1;1/z2)

+ M(—z)_BF(B,B—V—i— L,B—o+1;1/z).
pomaLWE(B—0) o D(Y)D(P — ')
Theorem 9.5.1 (i) One has By = B..P, where P = . FE%)FF ((g: ([)3? e Egg’)rf((g:, - gj;
(o)l (y—B) I(o)I(Y = P')

Here, we seto/ :==o—vy+ 1, :=B—y+1landy :=2—.
(ii) The monodromy group relative to basis By is generated by Mo and P~'M..P.

0

'A complete discussion of this case can be found in the books quoted at the beginning of the chapter.
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Chapter 10

The global Riemann-Hilbert
correspondance

10.1 The correspondance

Fix aj,...,a, € C and set £ := {ay,...,ay,0}; also choose a € Q := S\ X. Then, to each sys-
tem X’ = AX holomorphic on Q is attached a well defined monodromy representation 7t; (Q;a) —
GL(¥4,a). Up to a choice of a fundamental matricial solution of S4 at a, we also get a matricial
representation 7y (Q;a) — GL,(C), but this one is only defined up to conjugacy.

We shall restrict to systems which are regular singular at each point of X. To abreviate, we
shall call them RS systems (not specifying ¥, which is fixed for the whole chapter). In particular,
for a RS system, A must be meromorphic on the whole of S, thus rational: A € Mat,(C(z)). If X
is a fundamental matricial solution of S4 at a, then it defines a multivalued invertible matrix which
has moderate growth in sectors in the neighborhood of every point of . As a consequence:

Lemma 10.1.1 If F : A — B is a meromorphic equivalence on Q between two RS systems, then
it is a rational equivalence: F € GL,(C(z)).

Proof. - Let X, 9 be fundamental matricial solutions for A, B. Then F.X = P with P € GL,,(C)
and F = 9PX~! is uniform and has moderate growth near points of X, so that it is meromorphic
at those points, thus on the whole of S and therefore rational. []

We are going to consider rational equivalence of RS systems. We proved in section 7.6 (under
much more general assumptions) that two equivalent systems have conjugate monodromy repre-
sentations. Therefore, we have a well defined mapping:

{rational equivalence classes of RS systems} — {conjugacy classes of linear representations of ; (Q;a)}
This is the Riemann-Hilbert correspondance in its most general form.

Proposition 10.1.2 The above mapping is injective.

Proof. - Suppose the RS systems with matrices A and B give rise to conjugate monodromy rep-
resentations. We must show that they are rationally equivalent. We choose fundamental systems
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X and 9 and write M, , N, the monodromy matrices, so that X » = XM, and Y* = N, for each
loop A in Q based at a. The assumption is that there exists P € GL,,(C) such that PM; = N, P for
all A. We put F := 9 PX~!. Then F is uniform:

Fr=9*P(x" ' =yNPM; ' X =9y PX ! =F.

It is meromorphic on € and has moderate growth near points of ¥, therefore it is meromorphic on
S, thus rational. Last, from F.X = 9P one concludes as usual that F[A] = B. [J

10.2 The twenty-first problem of Hilbert

At the International Congress of Mathematicians held in 1900 in Paris, Hilbert stated 23 prob-
lems meant to inspire mathematicians for the new century. (And so he did: see the two volumes
book “Mathematical developments arising from Hilbert problems” edited by the AMS.) In the
twenty-first problem, he asked “to show that there always exists a linear differential equation of
the fuchsian class with given singular points and monodromy group”. The problem admits var-
ious interpretations (systems or equations ? of the first kind or regular singular ? with apparent
singularities or only true singularities ?), see the books by Anosov-Bolibruch, Deligne, Yoshida
and the book GP as well as the above quoted book on Hilbert problems. Some variants have a
positive answer, some have a negative or conditional answer. We are going to sketch a proof of
the following:

Theorem 10.2.1 Any representation 1y (Q;a) — GL,(C) can be realized (up to conjugacy) as the
monodromy representation of a system S4 which is of the first kind at ay,...,a,, and which is
regular singular at oo.

Corollary 10.2.2 The mapping defined in the previous section (Riemann-Hilbert correspondance)
is bijective.

Remark 10.2.3 As a consequence, RS differential systems can be classified by purely algebraic
objects, the representations of the fundamental group (of which the algebraic description is per-
fectly known). Note however that in the simplest non trivial case, that is m = n = 2, we already
get a complicated problem, that of classifying the linear two dimensional representations of a free
group on two generators. Generally speaking, the case m = 2, n arbitrary, is not well understood.
See for instance the paper by Deligne “Le groupe fondamental de la droite projective moins trois
points”.

Exercice 10.2.4 We consider the following equivalence relation on pairs of matrices of GL,(C):
(M,N) ~ (M',N') <= 3P € GL,(C) : M' = PMP~ ' and N' = PNP~ ',

(i) What is the relevance to the above remark ?
(ii) Try to find a classification similar to that for matrices (such as Jordan form, or invariant factors).

The proof of the theorem will proceed in two main steps: on C, then at infinity.

95



First step: Resolution on C. Up to a rotation, we may assume that all Re(ay) are distinct; and
up to reindexing, that Re(a;) < --- < Re(a,). Up to conjugacy of the monodromy representation,
we can also change the base point and assume that Re(a) < Re(a;). We then define closed rect-
angles Ry, ..., R, with vertical and horizontal sides, all having the same vertical coordinates and
such that: a belongs to none of the Ry; each a; belongs to the interior of R; and belongs to no R;
with [ # k; any two consecutive rectangles overlap, i.e. they have common interior points.

We consider the prescribed monodromy representation as defined through monodromy matri-
ces My,...,M,,, each M corresponding to a small positive loop in C around a; (and around no
other a;). We first solve the problem separately in a neighborhood of each rectangle by using the
local theory of chapter 8: this defines for each k a matrix A; of the first kind and a fundamental
matricial solution X; having prescribed monodromy matrix M.

Suppose the problem has been solved on a neighborhood of the rectangle R’ := Ry U--- URy,
where k < m. Call A’ and X’ the corresponding system (of the first kind) and fundamental matrix
solution (with monodromy matrices My, ...,M}). Then X" and X; | are analytic and uniform on
some simply connected neighborhood of the rectangle R’ N Ry, 1. According to Cartan lemma
stated herebelow, there exist analytic invertible matrices H' on a neighborhood of R and H; on
a neighborhood of Ry, | such that H' X’ = H; 1 X;.1 on a neighborhood of R' N Ry ;. This implies
that H'[A’"] = Hy.11[Ak+1] on the same neighborhood, and so that they can be glued into a matrix of
the first kind A” on a neighborhood of R” := R'URy.; 1, having as fundamental solution the glueing
X" of H' X' and of H; X1, which has monodromy matrices M1, ...,M; . Iterating, we solve
the problem in a neighborhood of the rectangle Rj U - UR,,.

Theorem 10.2.5 (Cartan’s lemma) Let K' := [ay,a3] + i[b1,b2] and K" := [ay,a4] + i[b1, D7),
where a; < ay < a3 < a4 and by < b, so that K := K'NK" = |ay,a3] + i[b1,b2]. Let F be an
invertible analytic matrix in a neighborhood of K. Then there exist an invertible analytic matrix
F' in a neighborhood of K’ and an invertible analytic matrix F" in a neighborhood of K" such that
F = F'F” on a neighborhood of K.

For a proof, see Gunning and Rossi, “Analytic functions of several complex variables”.

Second step: Taking in account . The problem has now been solved on a neighborhood Uy of
a rectangle R containing ay,...,a,. Up to a translation, we can assume that this rectangle contains
0. There is an anlytic contour C C Uy containing R; this means a simple closed curve ¢ — C()
defined by the restriction to [0, 1] of an analytic function. (For the existence of such a contour, see
the chapters of the books by Ahlfors, Cartan and Rudin devoted to Riemann mapping theorem.)
We call Ap the matrix of the first kind that solves the problem on Uy and Xy a corresponding fun-
damental matricial solution, having monodromy matrices My, ..., M,,.

We also solve the problem locally at infinity on a neighborhood U, of o, with a matrix A
of the first kind and a fundamental matricial solution X., having as monodromy matrix M., :=

(M -- -Mm)*l.

Now, by Jordan theorem, S\ C has two connected components each homeomorphic to a disk.
(See Dieudonné, “Eléments d’analyse, t I” for a proof.) We call D the connected component con-
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taining 0 and D.. the connected component containing e. Then Uy is a neighborhood of Dy. There
is a neighborhood U.. of D.. such that Xy and X.. are analytic and invertible on the neighborhood
UpNU of C. Now, Xy and X., are multivalued, but they have the same monodromy along C, so
that M := )(;o)q)_l is uniform in a neighborhood of C. We conclude from Birkhoff’s preliminary
theorem, stated herebelow, that there exist a neighborhood Vj of Dy, a neighborhood V., of D.., an
analytic invertible matrix My on Vj, an analytic matrix M., on V., which is invertible on V., \ {eo}
(but maybe not at o) such that MyXy = MwXe on Vo N Ve.. Glueing My[Ag] and Mw[A], we get
the desired system with matrix A. Note that, since we are not sure that M. is invertible at oo, we
cannot guarantee that A is of the first kind at oo.

Theorem 10.2.6 (Preliminary theorem of Birkhoff) With C, Dy, D.. as above, suppose we have
an invertible analytic matrix M in a neighborhood of C. Then there exist a neighborhood Vj of Dy,
a neighborhood V., of D.., an analytic invertible matrix My on Vy, an analytic matrix M., on V.
which is invertible on V.. \ {eo} (but maybe not at «) such that My = MM on VN V..

For a direct proof (without the theory of vector bundles, but using some functional analysis)
see Birkhoff, “The generalized Riemann problem for linear differential equations and the allied
problems for linear difference and g-difference equations”, American Acad. Proc. 49, 521-568;
Amer. Math. Soc. Bull. (2) 19, 508-509 (1913).
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Part I11

Differential Galois theory
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Chapter 11

Local differential Galois theory

The most characteristic feature of the monodromy action is that it preserves algebraic and differen-
tial relations. We ara going to axiomatize this fact and study the group of transformations having
that property.

In this chapter and the following, we perform the local study. Therefore, equations and systems
will have coefficients in the field K := C({z}) of germs of meromorphic functions at 0. This field,
equipped with the derivation D := d/dz, is a differential field. Note that we can (and sometimes
will) use equivalently the derivation & := zd /dz.

Remark 11.0.7 The standard approach in this domain has for a long time been to consider exten-
sion of K which are themselves differential fields. However, a different point of view begins to
spread, of using differential algebras instead. First of all, in spite of the fact that classical Galois
theory accustomed us to the theory of fields, they are less natural in the context of differential
equations. For instance, 1/log is not solution of a linear differential equation with coefficients in
K. Another reason is that in the allied domain of difference and g-difference equations, there ap-
pear differential algebras which are not integral and therefore cannot be embedded in a difference
field. Since Birkhoff, we have been trying to give as unified a treatment as possible. So here, I
chose to do things with algebras.

11.1 The differential algebra generated by the solutions

In the case of an equation E, with coefficients ay,...,a, € K, we consider a fundamental system of
solutions at some point zg # 0, say B = (fi,..., f»), which is a basis for %, .. In order to be able
to express the preservation of algebraic and differential relations, we have to “close” the space of
solutions under multiplication and derivation. This is most easily done in the case of systems. (We
come back to equations afterwards.)

Let A € Mat,(K) and let X be a fundamental matricial solution of S4 at some point zy # 0.
We shall write A4(A, z) the K-algebra generated by the coefficients x; ; of X. All the elements of
A(A,zo) are polynomial expressions in all the x; ; with coefficients in K. Thus, if we consider the
morphism of K-algebras from K[T} 1,...,T,.,] (polynomials in n* indeterminates with coefficients
in K) to O, defined by T; j — x; j, the image of this morphism is A(A,zo). The absence of X in
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the notation is justified by the fact that, if 9" is another fundamental matricial solution at zg, then
Y = XP for some P € GL,(C); therefore, each y; ; = ¥ p; xxx,j belongs to the algebra generated
by the x; ;, and conversely since P is invertible.

Here are the basic facts about 4(A,z):
1. As already noted, it does not depend on the choice of a fundamental matricial solution at 7.

2. If A ~ B (meromorphic equivalence at 0), then 4(A,z9) = A(B,z0). Indeed, let F € GL,(K)
such that F[A] = B and let X be a fundamental system of solutions of S4 at zgp. Then ) :=FX
is a fundamental system of solutions of Sp at zo. Now, the relations y; ; = )’ f; (X, j and the
converse relations (using F ~1) show that the x; j and the y; ; generate the same K-algebra.

3. A(A,zp) is a sub-differential algebra of the differential K-algebra O,,. Indeed, it is by def-
inition a sub-algebra. By Leibniz rule, it is enough to check that D sends the generators of
A(A,z0) into itself; but this follows from the differential system since D(x; ;) = Y. a; Xk, ;-

Exercice 11.1.1 Show rigorously that we have only to consider the case of generators.

4. If z; is another point at which A is defined and Y is a path from z to z;, then analytic contin-
uation along 7y yields an isomorphism of differential K-algebras from 4(A,zo) to 4(A,z;).
This isomorphism depends only on the homotopy class of y in an open set avoiding the
singularities of A (for instance, in a small enough punctured disk centered at 0).

Examples 11.1.2 1. Let E, the equation fO) pa f=Y 4 g, f =0 with coefficients ay , ..., a, €
K. Let B := (fi,...,fn) a fundamental system of solutions at some point zp # 0. Then the
algebra 4(a,zo) := A(A4,20) is generated by fi,..., f, and their derivatives; it is enough to
go up to the (n— 1) derivatives.

2. Let o € C. Then zf' = af with 7o := 1 gives 4(A,z0) = K[z*]. The structure of this K-
algebra depends on o in the following way:

e If o € Z, then of course 4(A,z9) =K.

e If o € Q\Z, then write o= p/q with p € Z, g € N* and p, q coprime. Then A(A,zy) =
K [zl/ 9], which is a field, an algebraic extension of degree ¢ of K. (It is actually a cyclic
Galois extension, with Galois group yy, the group of ¢"" roots of unity in C.)

e If x € C\Q, then 4(A,zp) = K[z%] and z* is transcendental over K, that is, the mor-
phism of K-algebras from K[T] to A4(A,zo) sending T to z* is an isomorphism. Equiv-
alently: the (z%)¥, k € N, form a basis of K[z%].

Exercice 11.1.3 Prove the second and third assertion. (For the second one, the proof is
purely algebraic; for the third one, use monodromy.)

3. Consider the equation zf” + f' =0, zo := 1 and set zp := 1. Then B := (1,log) is a funda-
mental system of solutions. Since 1 € K and log’ € K, we have 4(a,z9) = K[log] and log is

transcendental over K.

Exercice 11.1.4 Prove it.
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4. Consider o € C and the equation (8 —®)?f = 0. A fundamental system of solutions at
70 := 11is B:= (z%,z%log). Since 8(z%) = az* and 8(z%logz) = az*logz + z%, the algebra
K[z%,z%log| generated by ‘B is stable under 8, whence it is stable under D, and A(a,zo) =
K[z*,z%log].

Exercice 11.1.5 Prove that, if o € C\ Q, then z%,z%log are algebraically independant over
K, that is, the morphism of K-algebras from K[T, 7] to 4(A,zo) sending T to z* and 75 to
z*log is an isomorphism. Equivalently: the elements (z*)(z*log)’, k,I € N, form a basis of
K[z%,z%1og].

5. Consider the equation f’ + Z% f =0. A fundamental system of solutions is (el/ %), so that
A(a,z0) = K[e'/?]. Moreover, e'/? is transcendental over K.

Exercice 11.1.6 Prove it using the growth rate when z — 0 in R...

11.2 The differential Galois group

Let A4 be an arbitrary differential K-algebra, i.e. a K-algebra equipped with a derivation D: 4 — 4
extending that of K. An automorphism for that structure is, by definition, an automorphism ¢ of
K-algebra (that is an automorphism of ring which is at the same time K-linear) such that Doc =
coD. If we write more intuitively f’ for D(f), this means that 6(f") = (6(f))’. Note that an
automorphism of K-algebra automatically satisfies 6|x = Idk, that is, o(f) = fforall f €K.

Examples 11.2.1 1. Let Q € C a domain and a € Q. Let O, the differential algebra of an-
alytic germs at a that admit an analytic continuation along every path in Q starting at a.
Then, for every loop A in Q based at g, analytic continuation along A yields a differential
automorphism of O,.

2. Let A € Mat,(K) and let 4 := 4(A,z). Analytic continuation along a loop based at 7y (and
contained in a punctured disk centered at 0 on which A is analytic) transforms a fundamental
matricial solution X into XM for some M € GL,(C), therefore it transforms any of the
generators x; ; of A4 into an element of A4 and therefore (because of the preservation of
algebraic relations) it sends A4 into itself. By considering the inverse loop and matrix, one
sees that this is a bijection. By preservation of algebraic and differential relations, it is an
automorphism of differential K-algebras.

The following lemma shall make it easier to check that a particular ¢ is a differential automor-

phism.

Lemma 11.2.2 Let A4 be a differential K-algebra and let ¢ a K-algebra automorphism of 4. Let
fi,-.., fn be generators of 4 as a K-algebra. If 6(f]) = (6(fx))' fork =1,...,n, Then © is an
automorphism of differential K -algebra.

Proof. - Suppose that 6(f’) = (6(f))" and 6(g’) = (o(g))’. Then, for h:= Af +ug, A,u € K one
has (by easy calculation) 6(h") = (o(h))’; and the same is true for i := fg. Therefore, the set of
those f such that 6(f’) = (o(f))’ is a K-algebra containing fi,..., fy, therefore it is equal to 4. [J

In all the following examples, we abreviate 4 for A(A,zy) or 4(a,z)-

101



Examples 11.2.3 1. Letzf' = a.f, o € C and set 7 := 1. We distinguish three cases:

o If o € Z, then A4 = K and the only differential automorphism is the identity of K.

e Ifo€ Q\Z, o= p/q, then we saw that 4 = K[z'/4]. By standard algebra (for instance,
field theory in the book of Lang), the automorphisms of K-algebra of A4 are defined
by 7V jz'/4, where j € ug. Now it is easy to see that all of them are differential
automorphisms.

Exercice 11.2.4 Check it. (Use the lemma.)

e If o € C\ Q, then we saw that 4 = K[z*] and that z* is transcendental over K. For
every differential automorphism G of 4, 6(z*) must be a non trivial solution of zf" =
of, thus 6(z%) = Az* for some A € C*. Conversely, this formula defines a unique
automorphism G of the K-algebra 4; and since this & satisfies the condition 6(f’) =
(o(f))’ for the generator z*, by the lemma, it is a differential automorphism.

2. Letzf” + f' =0 and z9 := 1, so that 4 = K[log] (and log is transcendental over K). From
log’ = 1/z one deduces that (5(log))’ = 1/z for every differential automorphism ©. Thus,
6(log) =log+u for some u € C. Conversely, since log is transcendental over K, this defines
a unique automorphism of the K-algebra A4; and, since it satisfies the condition 6(f’) =
(o(f))’ for the generator log, by the lemma, it is a differential automorphism.

3. Let (§—a)?f =0and zg := 1. Then 4 = K[z%,z%log]. As in the first example, one must
have 6(z%) = Az for some A € C*. Then, from 8(z%log) = az*log +z%, we see that f :=
6(z*1og) must satisfy 8(f) = of +Az%, so that g := f — Az*log satisfies 8(g) = ag, so that
g = uz®* for some u € C. Therefore, we find that 6(z*log) = Az*log +uz®. For the converse,
assume that o € C\ Q. Then z* and z*log being algebraically independent, for any (A,u) €
C* x C, there is a unique automorphism & of the K-algebra A4 such that 6(z*) = Az* and
o(z%log) = Az*log +uz®. Since o satisfies the condition 6(f”) = (o(f))’ for the generators
z% and z%log, by the lemma, it is a differential automorphism. Note that it all works as if we
had computed c(log) = log+Vv and set u = Av but we could not because log ¢ 4.

Exercice 11.2.5 Whatifa € Q ?

Definition 11.2.6 The differential Galois group of Sy at zo, written Gal(A, zo), is the group of all
differential automorphisms of 4(A, zp). The differential Galois group of E, at zp, is Gal(A4,z0).

The basic facts are:
1. The monodromy group is a subgroup of the differential Galois group.

2. Ifyis a path from z to z; and if we write W the corresponding differential isomorphism from
A(A,z) to A(B,zo), then 6 — Yoo oy~ ! is an isomorphism from the group Gal(A,z9) to
the group Gal(B, 7).

In the examples below, we call for short G the differential Galois group.

Examples 11.2.7 1. Letzf'=oaf, o€ Candsetzyg:=1. Ifa€Z,then G={Id}. fa € Q\Z,
o= p/q, then G=p,. If o € C\ Q, then G = C*.
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2. Letzf”+ f =0and zo := 1, then G = C.

Exercice 11.2.8 In the two last examples, explain precisely how an element of G acts, i.e.
how it is to be considered as an automorphism of 4. (You may find inspiration in the
following example.)

3. Let (§—a)%f =0and z9 := 1. Then G can be identified with C* x C. The element (A,u) € G
corresponds to the automorphism G of the K-algebra 4 = K[z*,z%log| defined by 6(z%) =
Az* and 6(z%log) = Az*log +uz®. In order to see C* x C as a group, we must understand
how to compose elements. So write Gy, ,, the automorphism just defined. Then:

Gk/7#/ e} G;M’/_,(Za) = GN,/,:’ (XZOL)
= NAZ%,
O\ ©Ohp (Za lOg) =Ouu O"Za log +IL[Z(X)
= NMAz%log +(Md + N p)z”,
so that the group law on C* x C is:

(V1) % (1) 1= (WA Ml + N p).

There is yet another way to understand this group. We notice that ¢ is totally determined by
its C-linear action on the space of solutions. The latter has as basis B = (z*,z%*log) and we

find 6(B) = BM, where M = (}M K

0 7\,) . Therefore, G can be identified with the subgroup:

{(70‘ ’Q | () € C* x c} € GL,(C).

The reader can check that the multiplication law coincides with the one found above.

Since the monodromy group is a subgroup of the Galois group, we should find it inside each
of the examples we computed. This is indeed so:

Examples 11.2.9 1. In the first example, the monodromy group is generated by the factor
Ao := 2™ If o € Q, it is equal to the Galois group.

2. In the second example, the monodromy group is generated by the constant g := 2im.

3. In the third case, the monodromy group is generated by the pair (Ao, o) := (€%, 2ime?™®);
or, in the matricial realisation, by the matrix:

eZinoc 2ine2iﬂ:0c eZinoc 0 1 2ir
0 g2ima = 0 2ine ) \g 1 /-

Exercice 11.2.10 For the equation f’ 4z 2f, prove that the Galois group is C* while the mon-
odromy group is trivial.
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11.3 The Galois group as a linear algebraic group

Let S4 be a system with coefficients in K, 4 := 4(A, zo) be its algebra of solutions at some point
70 and Gal := Gal(A, z9) be its differential Galois group. For every fundamental matricial solution
X at zg and every © € G, one has:

(6(X))' = 6(X') = 6(AX) = Ac(X),

so that 6(X) = XM for some M € GL,(C). (The matrix 6(X) has to be invertible because
deto(X) = o(detX) # 0.) We write M this matrix, and so we have a map 6 — Mg from Gal
to GL,(C). Of course, we hope it to be a representation. It is indeed a morphism (not an anti-
morphism) of groups

XMgr = (07)(X) = 6(1(X)) = 6(XMz) = 6(X)My = XMcM; —> Mgz = MgM.

Moreover, it is injective: for if Mg = I,,, then 6(X) = X so that the morphism of algebras G leaves
fixed all the generators of the K-algebra A4, so that it is actually the identity of 4.

Proposition 11.3.1 The map 6 — Mg realizes an isomorphism of Gal(A,zy) with a subgroup
of GL,(C), the matricial differential Galois group relative to the fundamental system X. This
subgroup contains the matricial monodromy group relative to X.

O

Exercice 11.3.2 How are related the matricial differential Galois groups relative to two different
fundamental systems ?

Now, we are going to compare the matricial monodromy and Galois groups for our three
favorite examples.

Examples 11.3.3 1. In the first example, n = 1, GL(C) = C*. The monodromy group is
Mon = <ezim>. If o = p/q, p,q coprime, then Gal = Mon = y,. If e & Q, then Gal = C*.

2. In the second example, n = 2, the matricial monodromy and Galois group are:

Mon:{((l) 2?‘") ]keZ}CGalz{G) ‘1‘) yyec}cGLz(C).

3. In the third example, n = 2; assuming again o ¢ Q, the matricial monodromy and Galois
group are:

2imok : 2imok
Mon = { <e 0 2”2]2(;“,( > | ke Z} C Gal = { <2; ﬁ) |AeCrue C} C GLy(C).

The big difference is that the Galois group can in all cases be defined within GL,(C) by a set
of algebraic equations:

1. In the first example, if @ = p/q, p,q, then:
Vae GL|(C), acGal <= a7 =1.

If o € Q, the set of equations is empty.
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2. In the second example:

V(¢ ) eao), (¢ °)ecaesa—d=1andc=o.
c d c d

3. In the third example:

V(¢ P) com(c), (¢ b)) ecGae=sa=dandc=o.
c d c d

Except in the first very special case of a finite monodromy group, there is no corresponding
description for Mon.

Theorem 11.3.4 The matricial realisation of the differential Galois group of A is a linear algebraic
group, that is a subgroup of GL,(C) defined by polynomial equations in the coefficients.

Proof. - We shall write 4 := K[xi 1,...,Xn,] Where the x; ; are the coefficients of a fundamental
matricial solution X. The matricial realisation of the differential Galois group of A is the set of
matrices P € GL,(C) such that there is a morphism of K-algebras from A4 to itself sending X to
XP, that is each generator x; j to ) x;xpx, j. Indeed, we then get automatically from the relation
X' =AX:

o(X') =6(AX) =Ac(X) =AXP=X'P = (o(X)),

so that the relation 6(x; ;) = (6(x; ;)" is true for all generators x; ; of 4, so after the lemma of
section 11.2, such a ¢ is indeed a differential automorphism.

To say that x; ; — y; j := Y. X xPk,; comes from a morphism of K-algebras from A to itself is

equivalent to say that, for each polynomial relation F(xj i,...,x,,) = 0 with coefficients in K, the
corresponding relation for the y; ; holds: F(y11,...,Yn,s) = 0. We shall express this in a slightly
different way. We call (Mg,)qe; the family of all monomials M, (x1 1. .., Xpn) = ng;:-’ in the x; ;.

Therefore, each index o is a matrix (o ;) of exponents, and the set / is the set of such a. For
each o € I, we then call Ny, the corresponding monomial with the x; ; replaced the by y; ;. Itis a
polynomial expression in the x; ;, and therefore a linear combination of the M:

N()L(xl,la- .. axn,n) :M(x(yl,la- .. a))n,n) = Hy?f}.j = Zq)(x,ﬁ(pl,la- .. apn,n)Mﬁ(xl,la- .. axn,n)a
B

where the @, g(p1,1,. .., Pnn) are themselves polynomial expressions in the p; ; with constant co-
efficients (actually, these coefficients are in N).

What we ask for P is that, each time there is a linear relation ¥ AqMy = 0 with coefficients
Ao € K, the corresponding relation ¥ Aq Ny, = 0 should hold. Now, the latter relation can be written

YugMp = 0, where ug := Y0 Aa@og(P1,15- -+, Pnn)-

Lemma 11.3.5 Let E C KU) be a subspace of the space of all finitely supported families (Aer)-
Then, for a family (¢o,p) to have the property:

V(he) € KU, setting up 1= Zka(])aﬁ, one has (Ay) € E = (up) € E,
o
is equivalent to a family of K-linear conditions of the form ch)ﬁq)mﬁ =0.
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Proof. - Left to you as a nice exercice in “abstract linear algebra”. []

So there is a family I'(Y)(p1.1,- .., Pn,n) of polynomials in the p; ; with coefficients in K such
that P € Gal is equivalent to I'V)( Pils---,Pnn) =0 for all y. But we want polynomial equations
with coefficients in C. Therefore, we expand each T'Y) = ¥, T()z* and finally obtain the charac-
terisation:

PeGal <.k, T (pi1,..., pun) =0.

Here, of course, the F,(CY) eClT,..., Tn7n] so we do have polynomial equations with coefficients
in C. O

Remark 11.3.6 What we found is an infinite family of polynomial equations. But a polynomial
ring C[T11,..., T, is “noetherian”, so that our family can be reduced to a finite set of polynomial
equations. This is Hilbert’s basis theorem: see the chapter on noetherian rings in the book of Lang,
or any good book of algebra.
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Chapter 12

The local Schlesinger density theorem

We are going to describe more precisely the Galois group for regular singular systems and prove
that its matricial realisation is the smallest algebraic subgroup of GL,(C) containing the matricial
realisation of the monodromy group. This is Schlesinger density theorem (here in its local form).
We shall not discuss the possibility of extending this result to the global setting, nor to irregular
equations. Maybe another year ...

In this chapter, we consider A € Mat,(K) and suppose that S4 is regular singular. Then we
know that A = F[z7!A] for some Ay € Mat,(C), so that X := Fz is a fundamental matricial
system for S4. The matricial monodromy and Galois groups of S4 computed relatively to X are
equal to the matricial and monodromy groups of the system X’ = z~'AoX computed relatively to
its fundamental matriciaal solution z49. Therefore, we will from start study a differential system
X' = z7'AX where A € GL,(C). For the same reason, we can and will assume that A is Jordan
form (this is because a conjugation of A is also a gauge transformation of z~'A). We shall write
Mon and Gal the matricial realisations of the monodromy and Galois group relative to z*.

12.1 Calculation of the differential Galois group in the semi-simple
case

We have here A = Diag(a.,...,q,) and X = Diag(z*,...,z%), so that 4 = K[z*,...,z%]. For
any differential automorphism 6 of 4, we deduce from the differential relation 8(z%) = o;z% that
fi = 0(z%) satisfies the same: 8(f;) = o f;. Therefore, f; must be a constant multiple of z%, with
non zero coefficient (since G is an automorphism): 6(z%) = A;z% for some A; € C*. Thus the ele-
ments of the Galois group are diagonal matrices Diag(Ay,...,A,) € GL,(C). But which anmong
these matrices are “galoisian automorphims” ? Writing a; := e?™; for j=1,...,n, we know that
Diag(ay,...,a,) (along with its powers) will fit, but what else ?

The condition was explained in the course of the proof of theorem 11.3.4, section 11.3: to say
that z% — A;z% comes from a morphism of K-algebras from 4 to itself is equivalent to say that,

for each polynomial relation P(z*,...,z%) = 0 with coefficients in K, the corresponding relation
for the A;z% holds: P(A;z%,...,A,z%) = 0. So we shall have a closer look at the set of such
equations:

I:={PeK[T,.... T, | P™,....2*) = 0}.
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This is an ideal of K[T1,...,T,], i.e. a subgroup such thatif P € I and Q € K[T},...,T,], then PQ € I.
To describe it, we shall use the monodromy action of the fundamental loop: 6(z%) = a;z%, where
aj .= %™ The monodromy group being contained in the Galois group, we know that this G is
an automorphism of 4 (principle of preservation of algebraic identities), so that P(z%,... ,z%) =
0= P(a;z™,...,a,z%) = 0. Calling ¢ the automorphism P(Ty,...,T,) — P(aiTy,...,a,T,) of the
K-algebra K[T,...,T,], we can say that the subspace I of the K-linear space K|[T1,...,T,] is stable
under ¢.

Lemma 12.1.1 As a K-linear space, I is generated by the polynomials le' o Th — Z’”Tll' T
such thatky,...,k,,li,....[, EN,meZ and k\0.| +--- + k,00, = [0 + -+ - + [,00, + m.

Proof. - If we replace each T; by z% in such a polynomial, we get 0: therefore these polynomials
do belong to 1.

To prove the converse, we use linear algebra. This can be done in the infinite dimensional linear
space K|[Ti,...,T,], where the usual theory works quite well (with some adaptations), but for
peace of mind we shall do it in finite dimensional subspaces. So we take d € N and define E as the
subspace of K[Tj,...,T,] made up of polynomials of total degree degP < d. A basis of E is the
family of monomials le‘ .- Tk with ky + -+ k, < d. Since d)(le‘ ST = all“ ~~a',‘l"le‘ o Thn,
we see that ¢ is a diagonalisable endomorphism of E. This means that E is the direct sum of its
eigenspaces Ej . Clearly, the monomials lel -+ Tk with ky +- - +k, < d and such that a]f‘ ek =
A form a basis of E).

Now we set F' := I NE. This is a subspace of E, which is stable under ¢, so the restriction of ¢ to
F is diagonalisable too. Therefore F is the direct sum of its eigenspaces F. We are going to prove
that each F) = F' N E) is generated by polynomials of the form stated in the theorem, and from this
the conclusion will follow: for then it will be true of their direct sum F, and by letting d tend to
+o0 it will be true of I too.

SoletP:= kaTk € B, where we write for short k := (kq,...,k,) and T := lel ---T* and where
the coefficients f belong to K. The sum is restricted to multi-indices k such that ky +---+k, < d
and a]f r.. -a’,‘," =\, which can be written k; 0t + - - - +k, 0, = ¢ +my, where c is an arbitrary constant
such that e*™ = A and where my € Z. All this expresses the fact that P € Ej;. The condition that
P € F means that P(z%,...,z%) =0, i.e. that ¥’ f 75101+ kO = (), j e, that z° Y fi, ™ = 0, whence
Y fx 2™ = 0. From this, selecting any particular / among the k involved:

P=Y fT* =} fiT" = (L fe ™)™ T =} [k (Tk— z’"k*mLTL) 7

and we that each re left to check that TX — 7« TL is of the expected form. This follows from the
following computation:

kyOu -+ knOly = ¢ +my. _
ha -+ 00 = o+ my = k10 + -+ kO = (mg —my) + 11004 + - + 1,0,

Definition 12.1.2 A replica of (ay,...,a,) € (C*)"isa (Aq,...,A,) € (C*)" such that:

V(ki,. . ky) €20, dt - dn =1 = Ab k=1
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Theorem 12.1.3 The matricial Galois group Gal consists in all diagonal matrices Diag(\i,...,A,) €
GL,(C) such that (Ay,...,A,) is a replica of (ay,...,a,) = (e*™ ... 70,

Proof. - We saw that Diag(A,...,A,) € Gal is equivalent to: VP €I, P(A1z*,...,Ayz%) =0. This
in turn is equivalent to the same condition restricted to the generators described in the lemma. (If
it is true for these generators, it is true for all their linear combinations.) Now, restricted to the
generators, the condition reads:

n n
Vi, LEN" \VmEZ ki + - +knOy = 1100 + -+ 1y0 +m = [[(Ajz%)% =" [J(A;2%)".
j=1 J=1
After division of both sides by by z2%/% = zLL%*" this in turn reads:
ok TAL
Vk,leN", (ki —1)oy +--+ (kn—1,)0, € Z = ITIXJ.’ = l_Ilkjf.
j= j=

. ) . k;
Last, this can be rewritten as the implication: Vk € Z" , kjoy +--- + k, 0, € Z — H’}Zl A /.’ =1.
But since k0t + - - - + k, 04, € Z is equivalent to alfl p aﬁ" = 1, this is the definition of a replica. [J

The problem of computing the Galois group is now one in abelian group theory. We introduce:
Di={keZ" | kioy+ - +ko, €Z} ={keZ"|d" - ab =1}.

By the general theory of finitely generated abelian groups (see the book of Lang), we know that

the subgroup I' of Z" is freely generated by r elements KV ,k(r), where r < n. So there are

exactly r conditions to check that a given (A;,...,A,) € (C*)" is a replica of (ay,...,a,). These
() i)

are monomial conditions: 7»/;‘ --~7\.fl’(l =1fori=1,...,r.

Example 12.1.4 Consider the equation zf’ = o.f. Here, T = {k € Z |a* =1} = {k € Z | ko. € Z},
where a := ¢*™, If o € Q, then I = {0} and Gal = C*. If o = p/q, p,q being coprime, then
I' = gZ and Gal = y,.

Example 12.1.5 We consider the system 8X = Diag (o, B)X. Here, I'= {(k,l) € Z? | ko.+IB € Z}.
There are three possible cases according to whether r = 0,1 or 2.

1. The case r = 2 arises when o, B € Q. Then I' is generated by two non proportional elements
(k,1) and (K',I') and we have Gal = {Diag(A,u) € GLy(C) | My = A" = 1}. Note that
these equations imply A=K — ,ukl/_kll =1, so that Gal is finite. This is related to the fact
that all solutions are algebraic, but we just notice this fact empirically here. More precisely,
one can prove (it is a nice exercice in algebra) that I is either cyclic or isomorphic to the
product of two cyclic groups.

2. The case r = 0 arises when 1, a, 3 are linearly independent over Q. Then I" = {0} and Gal
contains all invertible diagonal matrices Diag(\, u).

3. The intermediate case r = 1 occurs when the Q-linear space Q + Qo+ Q has dimension 2.
Then I is generated by a pair (k,) # (0,0) and Gal = {Diag(A,u) € GLy(C) | Akl = 1}. Tt
is (again) a nice exercice in algebra to prove that this group is isomorphic to C* x y,, where
q is the greatest common divisor of k, /.

Exercice 12.1.6 Find an example of a pair (a., 3) for each case above.
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12.2 Calculation of the differential Galois group in the general case

We now consider a system dX = AX, where A € Mat,(C) is in Jordan form. Thus, A is a block-
diagonal matrix with k blocks A; = o1, + Ny, where we write N, the nilpotent upper triangular

010 ...0
001 ..0
matrix | @ @ | € Mat,,(C).
000 ... 1
0 00 0

Exercice 12.2.1 Compute all powers of N,,.

We have exp(Alogz) = Diag(exp(A;logz),...,exp(Aglogz)) and:

. 4 log"~tz
exp(A;logz) = exp(iy, logz) exp(Nyy, logz) = 2 =z <"m + N logz+---+ hi\%‘ 1) '
1 .
Therefore, the algebra 4 is generated by all the z% (logz)! fori=1,...,kand 0 < < m; — 1. If
k =n and all m; = 1, there is no log at all, but then we are in the semi-simple case of section 12.1.

For any differential automorphism of 4, the same calculation as before show that 6(z%) =
Aiz% and, if m; > 1, 6(z%logz) = Aiz% (logz + y;) for some A; € C* and y; € C. (We changed
slightly the notation for the constant y.) We also know that (A,...,A;) must be a replica of
(eZm . ¢?™%)  Now, we have two things to consider. First, what about higher powers of
log ? From the relation (z%1logz)! = (z%)!~!(z% (logz)!), we draw at once that 6(z% (logz)!) =
Aiz% (logz + u;)! for 0 <1 < m; — 1. Second thing: how are related the different y; ? From the
relation z% (z%logz) = z%(z% logz), we draw at once that all y; are equal to a same u € C.

Therefore, any differential automorphism 6 is completely determined by the equations 6(z% (logz)) =
Aiz% (logz +u)!, where (Aq,...,A) is a replica of (e*™ ... e%™%) and where u € C. How-
ever, we must still see which choices of (Aj,...,Ax) and u do give a differential automorphism.
For this, it is enough to prove that they define a K-algebra automorphism. Indeed, the relation
o(f") = (o(f)) will then be satisfied by a family of generators, thus by all elements of 4 after the
lemma of section 11.2.

By the study of the semi-simple case, we know that, the restriction Tof 6 to R := K[z™,...,z%]
is an automorphism. In the next lemma, we will show that log is transcendental over R, so that
any choice of the image of log allows for an extension of T to an automorphism of 4’ := R[log].
In particular, setting log — log +u, one extends T to an automorphism 6’ of 2’. But 4 C 4’ and 6
is the restriction of 6" to 4. We have proven (admitting temporarily the lemma):

Proposition 12.2.2 The differential automorphisms of 4 are all the maps of the form 6(z% (logz)) =
Niz% (logz+p)!, where (Ai,...,\) is a replica of (e*™1 ... e*™%) and where u € C.

O
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Lemma 12.2.3 Letq,...,04 € C and setR:=K[z™,...,z%]. Thenlog is transcendental over the
field of quotients L of R. Equivalently: there is no non trivial algebraic relation fy+ - - - + f, log",
with f; € R.

Proof. - We extend & to a derivation over L by putting 8(f/g) := (¢8(f) — f8(g))/g*, which is
well defined: if f/g = f1/g1, then both possible formulas give the same result.

First Step. Letm+ 1 the minimal degree of an algebraic equation of log over L. This means that
1,...,log™ are linearly independent over L, while log™ ™! = fy+--- + f,,log™, with fo,..., fu € L.
Applying §, since §(logh) = klogh~!, we get:

(m+ l)logm = (S(fO) +f1) +eeet (S(fmfl) +fm) logm_l +8(fm)10gma

so that, by the assumption of linear independance, &(f,,) = m+ 1. This implies that f,, — (m +
1)log € C and then that log € L.

Second step. Suppose that we have log € L, that is, flog = g with f,g € R, f # 0. We use the
fact that the action of the monodromy operator G on R is semi-simple: f =) f) (finite sum), where
6(f2.) = Afy; this is because f is a linear combination with coefficients in K (hence invariant under
6) of monomials in the z%. Suppose we have written flog = g with f as “short” as possible, i.e.
with as few components f; as possible. Then, if A is one of the A that do appear, we calculate:

o(f)(log+2in) = o(flog) = 6(g) = (o(f) —hof)log = o(g) —2inc(f) — Aog,

a shorter relation, except if it is trivial, in which case 6(f) = Aof, which is therefore the only
possibility.

Third step. Suppose that we have flog = g with f,g € R, f # 0 and 6(f) = Af. Then, applying
6 and simplifying, we find 6(g) — Ag = 2imAf. But this is impossible if f # 0, because ¢ — A
sends g to 0 and all other g to elements of the corresponding eigenspaces. This ends the proof
of the lemma and of the proposition. [J

Theorem 12.2.4 Let A be in Jordan form Diag(A;,...,Ax), where A; = &L,y + Ny,. The matricial
Galois group Gal of the system X' = 7 'AX relatively to the fundamental matricial solution z*
is the set of matrices Diag(Ae"V',. .. Met™) where (Ay,...,\) is a replica of (e*™1 ... ¢>T%)
and where u € C.

Proof. - The automorphism ¢ described in the proposition transforms z% into A;z%. It trans-
forms Njlogz into N;(logz+ u) and, because the exponential of a nilpotent matrix is really a
polynomial in this matrix, it transforms eVi'°¢% into ¢Vi(°22t4)  Therefore, it transforms z* =
Diag(z*eMogz | 7% eNelog?) into:

Diag(AzeMUI0sstH) |z gMhllogstu)y — App,

where M = Diag(Ae,.., k). O
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Corollary 12.2.5 The matricial Galois group of the system X' = F[z'A]X relatively to the fun-
damental matricial solution Fz" is the same.

Exercice 12.2.6 Write down explicitly ¢*Vi and find a set of equations defining Gal in GL,(C).

12.3 The density theorem of Schlesinger in the local setting

We suppose that a fundamental matricial solution X has been chosen for the differential system
Sa4, so that we have matricial realisations Mon(A) C Gal(A) C GL,(C) relative to X.

Theorem 12.3.1 (Local Schlesinger density theorem) Let the system S4 be regular singular. Then
Gal(A) is the smallest algebraic subgroup of GL,(C) containing Mon(A).

Proof. - A meromorphic gauge transformation B = F[A], F € GL,(K), gives rise to a funda-
mental matricial solution 9 such that FX = 9P, P € GL,(C); then, using matricial realisations
relative to 9 of the monodromy and Galois groups of Sp, one has Mon(B) = PMon(A)P~! and
Gal(B) = PGal(A)P~'. From that, we deduce at the same time that the statement to be proved
is independent from the choice of a particular fundamental matricial solution and also that it is
invariant up to meromorphic equivalence. Therefore, we take the system in the form 80X = AX,
where A € Mat,(C) is in Jordan form. We keep the notations of section 12.2. Therefore, Mon is
generated by the monodromy matrix:

o2 Diag(alesz‘ Ve ,akeszk)
= ¢?IMA;s Q2iTAy (Jordan decomposition)
where ¢?™s = Diag(ail,, ..., aily,)
and ™ — Diag(esz L ,eszk).

Remember that the Jordan decomposition of an invertible matrix into its semi-simple and unipotent
component was defined in the corresponding paragraph of section 4.4. Likewise, Gal is the set of
matrices of the form:

E(Mp) := Diag(h e, ... Ape™e),
=E;(M)E,(u) (Jordan decomposition)
where Es(A) = Diag(AiLy,,- .., Mdm,)
and E, (u) = Diag(e"™',. .., e").

where (A1, ...,A) € (C*)Kis a replica of (ay,...,a;) and where u € C is arbitrary.

We are supposed to prove that, if G C GL,(C) is an algebraic subgroup and if ¢*™ € G, then
all matrices of the form E(A,u) above belong to G. We shall admit the following fact, a proof of
which may be found in the book of Borel “Linear algebraic groups”:

Proposition 12.3.2 If G C GL,(C) is an algebraic subgroup, then, for each M € G, the semi-
simple and unipotent components My and M, belong to G.
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Therefore, if G is an algebraic subgroup of GL,(C) containing e?™, then it contains ™

and e?™~_ The conclusion of the theorem will therefore follow immediately from the following
two lemmas.

Lemma 12.3.3 If an algebraic subgroup G of GL,(C) contains Diag(aily,,...,aily,), then it
contains all matrices of the form Diag(ALy,, - .., My, ) where (A, ..., A) € (C*)¥ is a replica of

(al,...,ak).

Proof. -Let F(Ty1,...,Tyn) € C[Ti1,...,T,,] be one of the defining equations of the algebraic
subgroup G. We must prove that it vanishes on all matrices of the indicated form. If one replaces

the indeterminates 7; ; by the corresponding coefficients of the matrix Diag(71Ly,, ..., Tiln, ), one
obtains a polynomial ®(7j,...,T;) € C[T,...,T;] such that ®(al,...,a}) = 0 for all p € Z (be-
cause G, being a group, contains all powers of Diag(aily,, ..., arly, )) and one wants to prove that
®(Aq,...,A) =0 for all replicas (A, ..., A).

We write P as a linear combination of monomials: ® =Y A;M;. Then, M;(d},...,a}) =M;(ay,... ax)".
We group the indices by packs I(c) such that M;(ay,...,ax) = c for all i € I(c). Then, if A(c) :=

Y A;, we see that:
i€l(c)
VpeZ, ®(d],...,a}) =Y Alc)c’ =0.

By classical properties of the Vandermonde determinant, this implies that A(c) = 0 for every c:

VeeC', ) M=o
i€l(c)

For every relevant c (i.e. such that I(c) is not empty), choose a particular iy € I(c). Then, ® =Y &P,
c

where:
q)c = Z KiMi: Z ki(M,'—M,‘O).
i€l(c) icl(c)
For i € I(c), one has M,(ay,...,ax) = Mj,(ai,...,ar) (both are equal to c); by definition, this
monomial relation between the a; remains true for any replica of (ay,...,ax), so that @, vanishes
on any replica, and so does ®. [

Lemma 12.3.4 If an algebraic subgroup G of GL,(C) contains Diag(e*™ ... ¢*™x), then it
contains all matrices of the form Diag(e*™', ... e"™) where u € C is arbitrary.

Proof. -Let F(Ti,...,T,n) € C[T11,...,T,,] be one of the defining equations of the algebraic
subgroup G. We must prove that it vanishes on all matrices of the indicated form. If one replaces
the indeterminates 7; ; by the corresponding coefficients of the matrix Diag(e’™ ... "), one
obtains a polynomial ®(T) € C[T]: indeed, the matrices N; being nilpotent, the expressions eV
involve only a finite number of powers of T. Moreover, since G is a group, it contains all powers
Diag (™1 ... 2™ )P = Diag(e?™M ..., 2™N), p € Z, so that ®(2inp) = 0 for all p € Z.
The polynomial @ has an infinity of roots, it is therefore trivial and ®(u) = 0 for all u € C, which
means that F(T 1,...,T,,) vanishes on all matrices of the indicated form, as wanted. (J

This ends the proof of Schlesinger’s theorem. [
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12.4 Why is Schesinger’s theorem called a ‘‘density theorem” ?

This is going to be a breezy introduction to affine algebraic geometry in the particular case of linear
algebraic groups. For every F (T ,1,...,Ty.) € C[Ti1,...,Th,] and A = (a; ;) € Mat,(C), we shall
write for short F(A) := F(ay 1,...,an,) € C. (Do not confuse this with matrix polynomials used
in reduction theory, such as the minimal and characteristic polynomials of a matrix: here, F(A) is
a scalar, not a matrix, and its computation does not involve the powers of A.)

Definition 12.4.1 LetE C C[T} y,..., T, ,) be an arbitrary set of polynomial equations on Mat,(C).
Then, we write: V(E) :={A € Mat,(C) | VF € E , F(A) = 0}. Such a set is called the algebraic
subset of Mat, (C) defined by the set of equations E.

Proposition 12.4.2 (i) The subsets 0 and Mat, (C) are algebraic subsets.
(ii) If V1, V, are algebraic subsets, so is V1 UV,.
(ii) If (V;) is a (possibly infinite) family of algebraic subsets, so is (V.

Proof. - (i) One immediately checks that @ =V ({1}), while Mat,(C) =V ({0}).
(ii) With a little thought, one finds that V(E;) UV (E,) = V({F1.F> | F1 € E\,F> € E»}).
(iii) One immediately checks that NV (E;) =V (UE;). O

Corollary 12.4.3 There is a topology on Mat,(C) for which the closed subsets are exactly the
algebraic subsets.

We use here the abstract definition of a topology, as a set of open subsets containing @ and
Mat, (C) and stable under finite intersections and arbitrary unions. Then the closed subsets are de-
fined as the complementary subsets of the open subsets. The topology we just defined is called the
Zariski topology. The algebraic subsets are said to be Zariski closed, and the closure X of an arbi-
trary subset X for this topology,called its Zariski closure, is the smallest algebraic subset containing
X. Here is a way to “compute” it. Let I(X) := {F € C[T1 1,...,T,n] | VA€ X , F(A) = 0}, the set
of all equations satisfied by X. Then X CV(E) <= VF € E VA€ X ,F(A)=0<=E C I(X).
It follows immediately that: X =V (I(X)).

Another consequence is the following. We say that X is Zariski densein Y if X C Y C X. Then,
for a subset X of Y to be Zariski dense, it is necessary and sufficient that the following condition
be true: every F € C[T} 1,...,T,,] which vanishes on X also vanishes on Y.

Now we consider the restriction of our topology to the open subset GL,(C) of Mat,(C). (It
is open because it is the complementary subset of V (det) and det € C[T} ,...,T,,].) Then one
can prove that the closure in GL,(C) of a subgroup G of GL,(C) is a subgroup of GL,(C) (see
the book of Borel for a proof). Of course, this closure is then exactly what we called an algebraic
subgroup and so it is the smallest algebraic subgroup of GL,(C) containing G. The translation of
Schlesinger theorem in this language is therefore:

Corollary 12.4.4 The monodromy group Mon is Zariski dense in the algebraic group Gal.

Exercice 12.4.5 Among the classical subgroups of GL,(C), which are Zariski closed ? Which
are Zariski dense ?
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Chapter 13

Supplementary chapter: the Universal
(Fuchsian Local) Galois Group

We take the same notations as in chapter 12. So let X be a fundamental matricial solution of the
system X' = AX, with A € Mat,(K). We defined the monodromy representation p, : 1y — GL,(C)
by the formula:

A = My, = x 7' x*
Then, we defined the monodromy group as:

Mon(A) :=Im py4.

In the fuchsian case, i.e. when 0 is a regular singular point of the system X’ = AX, we obtained a
bijective correspondance:

{ isomorphism classes of } {isomorphism classes of }

regular singular systems representations of T;

On the side of Galois theory, we first introduced the differential algebra 4 := K[.X|, with its
group of differential automorphisms Aut(4); then we defined the Galois group through its matri-
cial realisation, as the image of the group morphism Aut(4) — GL,(C) defined by the formula:

o— X" (cX).

The main difference with the monodromy representation is the following: the source of p4, the
group T, was independant of the particular system being studied, it was a “universal” group. On
the other hand, the group Aut(4) is obviously related to A, it is by no way universal.

Our goal is here to construct a universal group ft; and, for each particular system X’ = AX, a
representation Py : ;1 — GL,(C), in such a way that:

e The Galois group is the image of that representation: Gal(A) = Im 4.

e The “functor” A ~~ P4 induces a bijective correspondance between isomorphism classes
of regular singular systems and isomorphism classes of representations of f; (“algebraic
Riemann-Hilbert correspondance”).
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We shall be able to do that for local regular singular systems (although, as in the case of mon-
odromy, more general results are known for global systems, as well as for irregular systems).
However, we shall have to take in account the fact that the Galois group is always an algebraic
subgroup of GL,(C), and therefore restrict the class of possible representations to enforce that
property. We begin with two purely algebraic sections.

13.1 Some algebra, with replicas

Remember the definition 12.1.2 of replicas in section 12.1 of chapter 12. The following criterion
is due to Chevalley.

Theorem 13.1.1 Let (ay,...,a,) € (C*)". Then (by,...,b,) € (C*)" is a replica of (ai, .. .,a,) if,
and only if, there exists a group morphismy: C* — C* such that Y(a;) = b; fori=1,...,n.

Proof. - Clearly, if such a morphism Yy exists, then, for any (my,...,m,) € Z":
ail'-ayr =1=y(d"---ay)=1=b\" b =1,

so that (by,...,b,) is indeed a replica of (ay,...,a,).

Now assume conversely that (by,...,b,) is a replica of (ay,...,a,). Fori=1,...,n, let[; :=<
ai,...,a; > be the subgroup of C* generated by ay,...,a;. We are going first to construct, for each
i=1,...,n, a group morphism y; : I'; — C* such that y;(a;) = b; for j=1,...,i; these morphisms
will be extensions of each other, i.e. Yir,, =Yi-1 fori=2,...,n.

For i = 1, we know that a” = 1 = b™ =1, so it is an easy exercice in group theory to show that
setting 1 (a¥) := b makes sense and defines a group morphism y; : I'; — C*.

Suppose that y; : I'; — C* has been constructed and that i < n. Any element of I';;; can be written
gai.‘ 1 for some g € I'; and k € Z; but of course, this decomposition is not necessarily unique !
However:

gat . =gdf =g ' =df =v(g'g) = b = vi(e)bl, =vi(g)b.y,

so that it makes sense to set ¥;+1(gar, ;) := v:(g)b%,, and it is (again) an easy exercice to check
that this ¥, is a group morphism I';;; — C* extending ;.

Therefore, in the end, we have 7, : I';, — C* such that y,(a;) = b; for i = 1,...,n and it suffices to
apply the following lemma with I" := C* and I :=T,,. [

Lemma 13.1.2 Let " C T be abelian groups and letY : T" — C* be a group morphism. Then Y
can be extended toT', i.e. there is a group morphismy: I" — C* such that Y = Y.

Proof. - The first part of the proof relies on a mysterious principle from the theory of sets, called
“Zorn’s lemma” (see the book of Lang). We consider the set:

E:={I"y)|I'cT"cTandy":I" — C" and ¥, =7},

where of course I runs among subgroups of I" and ¥’ among group morphisms from I'” to C*.
We define an order on ‘E by setting:

(1) < (I7,75) <= I C T3 and (¥y)ry =1
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Then (‘E, <) is an inductive ordered set. This means that for any family {(I'/,¥/)c;} of elements
of E which is assumed to be totally ordered, i.e.:
vl’] c I F// ,Y// F// ,Y// OI' 1—*// ,Y/ F” y/
(such a family is called a chain), there is an upper bound, i.e. an element (I’ y") € E such that:
viel, (T ) < ([T".y".
Indeed, we take I := (JI'/ and check that this is a group (we have to use the fact that the family
icl
of subgroups I'/ is totally ordered, i.e. for any two of them, one is included in the other); then we
define ¥’ : T — C* such that its restriction to each I'} is Y/ (we have to use the fact that the family
of elements (I"/,Y/) is totally ordered, i.e. for any two of them, one of the morphisms extends the
other).
Now, the ordered set (£, <) being inductive, Zorn’s lemma states that it admits a maximal element
(I',¥"). This means that 7" extends Y but that it cannot be extended further. It is now enough to
prove that I =T,
So assume by contradiction that there exists x € I'\I"” and define I :=< I'”, x >, the subgroup
of I generated by I'” and x (it contains strictly I'’). We are going to extend Y’ to a morphism
y" : T — C*, thereby contradicting the maximality of (I'’,y”). The argument is somewhat similar
to the proof of the theorem (compare them !); there are two cases to consider:

1. If XN €I = N = 0, then any element of I'"” can be uniquely written gx* with g € I’ and
k € Z. In this case, we choose y € C* arbitrary and it is an easy exercice in group theory to
check that setting y” (gx*) := v’(g)y* makes sense and meets our requirements.

2. Otherwise, there is a unique d € N* such that x? € I < N € dZ (this is because such
exponents N make up a subgroup dZ of Z). Then we choose y € C* such that y? =" (x%)
(the latter is a well defined element of C*). Now, any element of I"” can be non uniquely
written gx* with g € I and k € Z, and, again, it is an easy exercice in group theory to check
that setting ¥”(gx*) := v’(g)y* makes sense and meets our requirements.

O

Remark 13.1.3 In the theorem, the groups I',I", ... on the left hand side of the morphisms can be
arbitrary abelian groups, but this is not true for the group C* on the right hand side. The reader can
check that the decisive property of C* that was used is the fact that it is divisible: for all d € N*,
the map y — y? is surjective.

Exercice 13.1.4 (i) For any abelian group I', define X (I') := Hom,,(I", C*), the set of group mor-
phisms I — C*. Show that defining a product x on X (I") by the formula (y; x¥2)(x) := v (x).y2(x)
gives X (T) the structure of an abelian group.

(ii) Show that any group morphism f : I'j — I'; yields a “dual” morphism X (f) : Yy~ Yo f from
X(Fg) to X(F]).

(iii) Check that if f is injective (resp. surjective), then X (f) is surjective (resp. injective). (Note
that one of these statements is trivial while the other depends on the non trivial lemma above !)
(iv) If p: T — I” is surjective with kernel I/, show that X(p) induces an isomorphism from
X(T) to the kernel of the natural (restriction) map X(I") — X(I") and conclude that X (I") ~
X(T)/x(T").
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13.2 Algebraic groups and replicas of matrices

Let M € GL,(C). (In a moment, we shall take M := ¢?™, the fundamental monodromy matrix of
the system X’ = 7~ 'AX, where A € GL,(C).) Let M = MM, = M, M; its Jordan decomposition

and write M = PDiag(ay,...,a,)P~". It follows from chapter 12 that the smallest algebraic group
containing M (i.e. the Zariski closure < M >) is the set of matrices PDiag(by,...,b,)P~'M>,
where (by,...,by) is areplica of (ay,...,a,) and where A € C. Now, we introduce a new notation;

for every y € Hom,, (C*,C*), we put:

¥(M;) := PDiag(y(ay),...,y(a,))P".

It is absolutely not tautological that this makes sense, i.e. that the right hand side of the equality
depends on M, only and not on the particular choice of the diagonalisation matrix P: see the
exercice 13.2.3. Then the criterion of Chevalley allows us to conclude:

Corollary 13.2.1 The smallest algebraic group containing M is:

“M>= {y(MS)MZ; | Y€ Homg, (C*,C*), A € C}.

In terms of representations, it is obvious that < M > is the image of p : Z — GL,,(C),k > M¥
(this abstracts the definition of the monodromy group); but it now follows that < M > can also be
obtained as the image of some representation:

A . (Y? 7\‘) = ’Y(MA)MZL
| & — GL,(C),

where we put ft; := Hom,,(C*,C*) x C.

(The reader should check that this is indeed a group morphism.) We get the following diagram,
where we write Tt for Z

But of course, < M >C < M >, i.e. Im p C Im p, i.e. each M* can be written in the form y(MS)M;‘:
and indeed, this is obviously true if we choose A := k and Y : z +> z*. Therefore, we complete the
above diagram by defining 1 : t; — #; by the formula:

k) = ((Z > zk),k) € Hom,,(C*,C*) x C.
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(Note that this injective group morphism identifies 7t; = Z with a subgroup of t; = Homyg, (C*,C*) x
C.) In the end, we get the following commutative diagram:

]|
\
1 GL,(C)
/
Lol
It is clear that every representation p : T; — GL,(C) gives rise to a cyclic! subgroup:

Imp=<p(l)>

of GL,(C); and conversely, every cyclic subgroup og GL,(C) can obviously be obtained as the
image of such a representation of | = Z.

As for the algebraic subgroups of GL,(C) of the form < M >, it follows from the previous
discussion that all of them can be obtained as the image of a representation p : t; — GL,(C).
(Just take the one described above.) But the converse is false. Not all representations are ad-
missible. The general theory says that @; is a “proalgebraic” group and that the admissible
representations are the “(pro)-rational” ones; this is explained in rather elementary terms in the
course “Représentations des groupes algébriques et équations fonctionnelles”, to be found at
http://www.math.univ-toulouse.fr/ sauloy/PAPIERS/dea08-09.pdf. We shall only il-
lustrate this by two necessary conditions.

Note first that any representation p of #; = Homyg,(C*,C*) x C actually has two components:
a representation p, of Homg,(C*,C*), and a representation p, of C. Conversely, given the repre-
sentations Py and P, we can recover p by setting p(M) := p,(My)p.(M,,); the only necessary con-
dition is that every element of Im py; C GL,(C) commutes with every element of Im p,, C GL,(C).
So we shall find independant conditions on p; and p,,.

It is clear that p, : C — GL,(C) should have the form A — U? for some unipotent matrix U
But there are many representations that do not have this form, for instance all maps A — ¢®®)J,
where ¢ is any nontrivial morphism from C to itself.

We now look for a condition on P;. Let I" be any finitely generated subgroup of C*. Then, as
shown in exercice 13.1.4, X(I") can be identified with the quotient of X (C*) = Hom,,(C*,C*) by
the kernel X(C*/I") of the surjective map X (C*) — X (I'). Taking for I" the subgroup generated
by the eigenvalues of M, we see that every admissible representation Py must be trivial on the
subgroup X (C*/T") of X(C*) = Hom,,(C*,C*) for some finitely generated subgroup I" of C*.
(Actually, this is a sufficient condition, as shown in the course quoted above.) Now, the reader will
easily construct a morphism from X (C*) = Homy,,(C*,C*) to GL;(C) = C* that is not admissible
in this sense. (See exercice 13.2.4.)

Here, “cyclic” means “generated by one element™; in french terminology, this is called “monogene” while “cy-
clique” is reserved for a finite cyclic group, i.e. one generated by an element of finite order. In this particular case, the
french terminology is more logical (it implies that there are “cycles”).
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Remark 13.2.2 The relation between the abstract group 7; and the proalgebraic group ft; implies
that every representation of Ty is the restriction of a unique “rational” representation of t1: one
says that ft; is the “proalgebraic hull” of ;.

Exercice 13.2.3 If f: C — Cis an arbitrary map, if A;,i; € Cfori=1,...,nandif P,Q € GL,(C),
then prove the following implication:

PDiag(?Ll,...,kn)P_1 = QDiag(,ul,...,/,ln)Q_1 = PDiag(f(A1),... ,f(;un))P_l = ODiag(f(u1),.--

(This remains true when C is replaced by an arbitrary commutative ring.)

Exercice 13.2.4 Construct a morphism from X (C*) = Hom,,(C*,C*) to GL;(C) = C* that is not
admissible in the above sense. (Use exercice 13.1.4.)

13.3 The universal group

The group #; has been introduced in order to parameterize all algebraic groups of the form < M >.
Therefore, it also parameterizes all differential Galois groups of local fuchsian systems. We now
describe in more detail this application.

We start from the system X’ = z7'AX, where A € GL,,(C); we know that this restriction does
not reduce the generality of our results. Let 4 := K[X] the differential algebra generated by the co-
efficients of the fundamental matricial solution X := z*. The algebra 4 is generated by multivalued
functions of the form z%, where o € Sp(A), and maybe functions z*log if there are corresponding
non trivial Jordan blocks. For any (v,A) € ft; = Hom,,(C*,C*) x C, we know from chapter 12 that
the map oy, sending z* to Y(€*™*)z* and z*log to Y(e?™)z%*(log 4+2imA) is an element of Aut(4);
and we also know that all elements of Aut(4) can be described in this way. Therefore, we obtain
a surjective group morphism (y,A) — Gy from & to Aut(4). (The verification that it is indeed a
group morphism is easy and left as an exercice to the reader.)

The matricial version of this morphism is obtained as follows. The fundamental monodromy
matrix of X := 78 is M := €™, Let M = MM, = M, M, its Jordan decomposition. The map
6+ X~ 'o(X) from Aut(4) to GL,(C) is a group morphism with image the Galois group Gal(A).
Composing it with the map (y,A) — G, above, we get a representation:

5, {(% N) = Y(M) M,

: where we put #t; := Hom,,(C*,C*) x C.
#, — GL,(C), patTh (€€

Its image is the Galois group Gal(A) = Mon(A) = < M >. We now state without proof (and not
even complete definitions !) the algebraic version of the Riemann-Hilbert correspondance.
Theorem 13.3.1 The functor A ~ P4 induces a bijective correspondance:

{ isomorphism classes of } PN { isomorphism classes of }

regular singular systems rational representations of ft;
The Galois group of the system X' =z 'AX is Im p.

O
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Appendix A

Final test

One question on each chapter ! All documents are allowed.

a

Question on chapter 1: Compute the exponential of ( b

_ab> , Where a,b € C.

Question on chapter 2:  Find the unique power series such that f(z) = (1 —2z) f(2z) and f(0) =
1, and give its radius of convergence.

Question on chapter 3: Prove that is meromorphic on C but that it is not the derivative

] ) et —1
of a meromorphic function.

Question on chapter 4: Let A € Mat,(C). Show that exp(A) = I, if, and only if, A is diagonal-
isable and Sp(A) C 2inZ. (The proof that A is diagonalisable is not very easy.)

Question on chapter 5:  Solve 22" +zf' + f =0 on C\ R_ and find its monodromy.
Question on chapter 6: Prove rigorously that z*.z6 = 7%+
Question on chapter 7: What becomes the equation zf” + ' = 0 at infinity ?

Question on chapter 8: Solve the equation (1 —z)8%f —8f — zf = 0 by the method of Fuchs-
Frobenius and compute its monodromy. (Just give the precise recursive formula for the Birkhoff
matrix and a few terms.)

Question on chapter 11: Give a necessary and sufficient condition for the differential Galois
group of equation & f 4 pdf + qf = 0, where p,q € C, to contain unipotent matrices other than
the identity matrix.

Question on chapter 12: Show that the Galois group of a regular singular system is trivial if,
and only if, it admits a uniform fundamental matricial solution. Is the same condition valid for an
irregular system ?
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Appendix B

Answers to the final test

One question on each chapter ! All documents are allowed.

a

Question on chapter 1: Compute the exponential of < b

_ab> , where a,b € C.

Answer to the question on chapter 1: The matrix is diagonalisable, with eigenvalues a =+ bi:

a —b\ _(a+bi 0 1 (1 1
<b a>_P< 0 a—bi)P ,whereP—<i —i)’

Therefore: )
Y AN ettt p-1_ (€¢cosb —e“sinb
Plo o)™ 0 i b ~ \e?sinb  ecosh )’
b ,—ib ot _ o—ib
We put classically cosb := — and cosb := o
i
A direct computation is also possible, writing A = al, + bJ and noting that J> = —I,. One
b2 b4 b3 b5
finds exp(A) = e*(clh +sJ) where ¢ = 1—5+E+~~ zcosbands:b—y—ky—ﬁ-m: sinb.

Question on chapter 2:  Find the unique power series such that f(z) = (1 —2z) f(2z) and f(0) =
1, and give its radius of convergence.

Answer to the question on chapter 2: Writing f = Y a,7", the conditions are equivalent to
n>0
ap =1 and a, =2"a, —2"a,_ for n > 1. The unique solution is:

n 21’ 1
an=]l5—7 = n(1—27)

. a, __ on
Since s

=g L the radius of convergence is 1.

n—+-o0
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Question on chapter 3: Prove that I is meromorphic on C but that it is not the derivative

ed —
of a meromorphic function.

Answer to the question on chapter 3: The denominator vanishes at all the 2kirt, k € Z and only
there, so the function is holomorphic on C\ 2inZ.
. . z—2kin 1
Since lim = -
z—2kin €% —1 exp’ (2kim)
meromorphic on C. (Other possible argument: C being connected, M (C) is a field.)

= 1, the function has a simple pole at each 2kir, therefore it is

From the previous computation, the Laurent series expansion of the function at 0 is —4 terms with

Z
exponents > 0. This is the derivative of no Laurent power series: indeed, the derivative of the term
a,z" is na,z"~' and can be z~! for no values of n and a,,.

Question on chapter 4: Let A € Mat,(C). Show that exp(A) = I, if, and only if, A is diagonal-
isable and Sp(A) C 2inZ. (The proof that A is diagonalisable is not very easy.)

Answer to the question on chapter 4: If A is diagonalisable and Sp(A) C 2inZ then exp(A) is
diagonalisable and Sp(exp(A)) = exp(Sp(A)) C {1}, so that exp(A) = I,.

If exp(A) = I, then, since {1} = Sp(exp(A)) = exp(Sp(A)), one has Sp(A) C 2inZ. Write
A =A;+ A, (Dunford decomposition) so that exp(A) = exp(A;) exp(A4,) (multiplicative Dunford
decomposition) so that exp(Ay) = exp(A,) = I, (unicity). Write A, = PNP~! where N is a strictly
upper triangular matrix. Then exp(N) = P~'exp(A,)P = I,. But, if N # 0 and if its first non trivial
over diagonal is in position j—i = d > 0, the N* for k > 2 have no non zero elements on that over
diagonal. Therefore N = 0 and A is diagonlisable.

Question on chapter 5:  Solve 2" +zf'+ f =0 on C\ R_ and find its monodromy.

0 1
-1 0
equivalent to X' = 7z~ 'AX. Therefore, its solutions on C \ R_ are of the form Xy where X, € C?
and z# is defined with the principal determination of the logarithm. Here:

B 0 logz\ 1/ Z+z7 i(d—z71)
< =ew <logz 0 > T2 (i(zi -z 4zt )
(This can be found with the help of the first exercice !) The conclusion is that the solutions of the

equation are the linear combinations of z' and 7.

Answer to the question on chapter 5: Setting X := (;},) and A := ( > , the equation is

-2
The monodromy matrix along the fundamental loop, expressed in this basis, is (e 0 e(z)”> .

Question on chapter 6: Prove rigorously that z*.z6 = 70+B,

Answer to the question on chapter 6: We consider f := z* as the unique solution on C\ R_ of
zf = of, £(1) = 1; similarly for g := z* and & := z**P. Then, (fg)(1) = 1 and, on C\R_:

a(f8)' = (zf)g+ f(zg) = (af)g + f(Bg) = (a+PB)(f3),
so fg = h by unicity.
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Question on chapter 7: What becomes the equation zf” + f’ = 0 at infinity ?

Answer to the question on chapter 7: We set w := 1/z and g(w) := f(z) = f(1/w). Then
g (w)=—w2f'(1/w) and:

g w)=2w 7 f1(Lw)+w £ (1w) = 2w (1 w) +wH (—wf (1 w) = w2 £/ (1/w) = —w ' (w),

so the equation becomes wg” + g’ = 0.

Question on chapter 8: Solve the equation (1 —2)8f —8f — zf = 0 by the method of Fuchs-
Frobenius and compute its monodromy. (Just give the precise recursive formula for the Birkhoff
matrix and a few terms.)

0 1
Answer to the question on chapter 8: We set X := <8j;> and A := z 1 , so that

11—z 1-z

the equation is equivalent to the system of the first kind 8X = AX. We have A(0) = <8 i),

which has eigenvalues 0 and 1, so there is a resonancy. Taking S := (1

0) , we find that:
0 z

0 Z
B:=S'AS—z571§ = 1 z

1-z 1-z
meaning that 7 !A = S[z"!B]. Now, C := B(0) = <(1) 8) , so the new system has no resonancy.
We are going to find a Birkhoff matrix F = I, +zF) +... such thatz 'B=F[z"1C], i.e. zF' = BF —
FC. To do that, we expand B = By +zB1 + ..., where By = C, B = ((1) i) and B, = ((1) (1)>

for k > 2. Starting with Fy = I, we are to solve recursively, for k£ > 1:

kF,+F.C—CF,=BF,_1+ -+ BiF.

For instance, <Z b> := Fj satisfies F; + FiC — CF, = B Fy = By, whence:

d
a+b b (0 1 R — -1 1
c+d—a d—b) \1 1 = \=2 2)-
Similarly, (Ccl Z) := P, satisfies 2F, + F>C — CF, = B F; + By F;, whence:
2a+b 2b (-2 2 R -3/2 1
2c+d—a 2d—b)  \-2 2 27 \=5/2 3/2)°

Once the Birkhoff matrix F is computed, one has A/z = SF[C/z], so that a fundamental matricial
solution of Sy is SFz€. The monodromy relative to that solution is 4™ (for the fundamental
loop). Since C? = 0, this is equal to I> +2inC = <2i17t ?) .
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Question on chapter 11: Give a necessary and sufficient condition for the differential Galois
group of equation & f + p&f + qf = 0, where p,q € C, to contain unipotent matrices other than
the identity matrix.

Answer to the question on chapter 11: The corresponding system is 6X = AX where A =
(_Oq —p>' It is a regular singular system in the most basic form, so a fundamental matricial
solution is z4. The characteristic polynomial of A is T2 + pT + g. Its discriminant is p> — 4q.

If p?> —4q # 0, A has two distinct eigenvalues, so it is diagonalisable and Gal(A) contains only
semi-simple elements.

If p> —4q = 0, there is only one (double) eigenvalue; since A is not scalar (because of the 1 up
right), it is not diagonalisable. Therefore, from the description given in the course, Gal contains
unipotent elements.

Question on chapter 12: Show that the Galois group of a regular singular system is trivial if,
and only if, it admits a uniform fundamental matricial solution. Is the same condition valid for an
irregular system ?

Answer to the question on chapter 12: For a regular singular system, Gal is trivial if and only
if Mon is: indeed, one implication is trivial since Mon C Gal; and the other is a consequence of
Schlesinger theorem. But we know that the triviality of the monodromy group is equivalent to
having a fundamental matricial solution which is uniform.

For an irregular system, the condition remains necessary since Mon is included in Gal, but it is
not a sufficient condition. For instance, the rank 1 system f’ = —z2f has a non trivial uniform
solutions ¢!/, so its monodromy group is trivial; but its Galois group is Csx.
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Appendix C

The original plan of the course

Plan of the course
First part: The Riemann-Hilbert correspondence

Complex analytic linear differential equations.
1. The complex logarithm (a complete study); the “characters” z*.
2. Systems of rank n and equations of order n.
3. The theorem of Cauchy.
4. The sheaf of spaces of solutions.

5. The monodromy representation.

Local study of fuchsian systems.

1. Some useful tools (algebraic and transcendental).
2. Standard fuchsian systems; regular singular systems.

3. Local Riemann-Hilbert correspondence.

The global Riemann-Hilbert correspondence.

1. The “abelian” cases: rank one or one singularity in C.
2. Riemann’s theory of the hypergeometric equation.
3. The global Riemann-Hilbert correspondence.

4. Functorial view of the correspondence.
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An algebraic view of monodromy.

1. Differential modules and their operations.
2. What can be seen algebraically of the monodromy group.

3. The density theorem of Schlesinger.

Second part: Affine algebraic groups

Linear representations of groups.
1. Reminders on groups and morphisms. The linear group.
2. Linear representations and their classification.

3. Can one recover a group from its representations ?

Basic affine algebraic geometry.

1. Algebraic subsets of C". The Zariski topology.
2. Regular functions on algebraic sets. Algebras of functions.

3. How to recover an algebraic set from its algebra of functions.

Affine algebraic groups.

1. Affine algebraic groups and their algebras. Linear algebraic groups.

2. Rational representations of a linear algebraic group. The “little” theorem of Tannaka. The
Jordan decomposition.

3. Reminders of multilinear algebra. The theorem of Chevalley.

Third part: Differential Galois Theory

The local Galois group for fuchsian equations.

1. The Galois group as an algebraic completion of the monodromy. Intepretation in terms of
tannakian duality.

2. The universal Picard-Vessiot extension with meromorphic germs. The Galois group as an
automorphism group.

Tannakian duality for differential modules.

1. The tensor category of fuchsian differential modules.

2. The tannakian universal Galois group. The tensor category of representations.
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Picard-Vessiot Theory.

1. Universal Picard-Vessiot extensions.

2. The Galois correspondence.

Introduction to the irregular case: the Stokes phenomenon.
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Appendix D

Standard notations

NvN*7Z7Q7R7R+7R*7R17C
D(ZO’F>

nt. (7)
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