Picard-Vessiot categories and Galois
groups

Habilitationsschrift

vorgelegt von
Dr. rer. nat. Andreas Maurischat

aus Heildenheim






Contents

[1__Introduction| 1
[LI General overviewl . . . . . . . .. ... 2
(1.2 Picard-Vessiot theory for linear differential equations| . . . . . . . 5)
(1.3 Partial differential equations| . . . . . . .. .. .. ... ... ... 10
(1.4 Picard-Vessiot theory for iterative differential equations . . . . . . 11
(1.5 Picard-Vessiot theory for difference equations| . . . . . . ... .. 12
1.6 Non-algebraically closed constants|. . . . . . ... ... ... ... 14
(L.L7 Further transcendental Galois theories) . . . . . ... .. ... .. 17

[L7.1  Modules with connectionsl . . . . ... ... ... ... .. 18
(L.2.2 Noncommutative differentials and connections . . . . . . . 18
[1.7.3  Iterative higher differentials and Iterative higher connection| 18
[1.7.4  Hopt-algebraic approach| . . . . . .. ... ... .. .... 18
(1.8 The inverse Galois problem| . . . . .. ... ... ... ... ... 20
(1.8.1 In differential Galois theory| . . . . . . ... .. ... ... 20
[1.8.2 In iterative differential Galois theory| . . . . . . . . . . .. 22
[1.8.3 In difference Galois theory| . . . . . . . .. ... ... ... 23

2 Categorical Picard-Vessiot theory| 24
[2.1 A commutative algebra theorem|. . . . . . . ... ... ... ... 25
[2.2  Setup and basic properties| . . . . . .. ... 28
[2.3 C-algebras and base change| . . . . .. ... ... ... ...... 33
[2.4  Solution rings and Picard-Vessiot rings| . . . . . .. .. ... ... 36
[2.5 Picard-Vessiot rings and fibre functors| . . . . ... ... ... .. 45
[2.6 Galois group schemes| . . . . . . .. ... 0oL 49
[2.7  Galois correspondence] . . . . . .. ..o 53

[3 Picard-Vessiot theory over simple iterative differential rings| 56
B.I Basicmnotationl. . . . . . . .. ... 57




[3.3  The category of modules with iterative derivation| . . . . . . . .. 61

[3.4  Picard-Vessiot rings| . . . . . . ... ... oL 64
[3.5  The differential Galois group scheme| . . . . . . .. ... ... .. 67
[3.6  Galois correspondence| . . . . ... ..o 69
[3.7 Examplel . . . ... 74
[3.7.1 An ID-simple ring having non-free projective modules| . . . 74
[3.7.2 A non-free ID-module over S in characteristic zerol. . . . . 75
[3.7.3  Picard-Vessiot rings and Galois groups tor this ID-module| 76
[3.7.4 A non-free ID-module over S in positive characteristic/, . . 78

[4 Finite inverse problem in iterative differential Galois theory| 80
M1 Basicnotationl. . . . . . . . . ... 81
(4.2 Galois theory| . . . . . .. .. ... 84
4.3 Purely inseparable extensions| . . . . ... ... ... ... ... 86
4.4 Finite separable PV-extensions| . . . . . .. ... ... ... ... 91
4.5 Finite PV-extensions . . . . . . . . . . ... .. ... ... . ... 92
4.6 Examples . . ... ... 94
[> Realization of Torsion group schemes| 97
b1 Basicmotationl. . . . . . . . ... 99
[>.1.1  Picard-Vessiot theory| . . . . . . .. ... ... .. ... .. 102

[>.2  [terative derivations compatible with addition| . . . . . . . . . .. 103
[>.3  Torsion schemes as Galois group schemes . . . . . . . .. ... .. 105
0.4 Extension of iterative derivations . . . . . . . . . ... ... ... 107
[b.o Example . . . ... 110

1



Chapter 1

Introduction

chap:intro



1.1 General overview

sec:general-overview
Differential equations arise in many natural sciences, especially physics. Hence,
the desire of solving differential equations has a long history, and many impor-
tant functions are solutions of differential equations. For example, the Gaussian
hypergeometric function with parameters a, b and ¢

oFi(a,b;c;2) = Za)n man

(¢)nn!

n=0
is a solution of the second order linear differential equation

d’y dy
z(1 —z)ﬁ—l— (c—(a+b+ 1)z))% —aby = 0.

Here (a), etc. denotes the Pochhammer symbol (a),, =[]/, (a + 1) for n > 0.

Apart from explicit descriptions (e.g. in terms of power series), one was also
interested in the “nature” of the solutions: Can they be expressed in terms of
known functions, like exponentials of rational functions? Are these solutions —
or some of them — also solutions of algebraic equations over the field of rational
functions?

Differential Galois theory gives answers to these kind of questions, like classical
Galois theory does for solutions of algebraic equations. In this thesis, we focus
on the case of linear (ordinary as well as partial) differential equations, and
more general on linear equations involving other operators like automorphism,
endomorphisms or iterative derivations.

For linear differential equations, there are two main approaches to obtain a
Galois group. One approach is via minimal extension fields as in the classical
Galois theory of algebraic equations, where the Galois group is defined to be the
group of differential automorphisms of the field extension, i.e. of those automor-
phisms which commute with the derivation. This approach is known under the
name Picard-Vessiot theory, and is generalized to various other settings which
we will describe later on. Another approach is via a Tannakian formalism. Here
one considers the ” Tannakian category generated by a differential equation” and
the Galois group is defined to be the linear algebraic group of automorphisms
of the corresponding fibre functor. In [Del90), Sect. 9], Deligne relates these two
approaches, and shows that the Galois group of the field extension is just the set
of rational points of the Tannakian Galois group. However, the knowledge about
this relation seems to be older as Katz already refers to it in [Kat87].

Actually, for differential equations over C(z) (or a finite extension thereof),
there is a third group of interest, the monodromy group. This one is obtained via
a more analytically geometric context. A linear differential equation L = 0 over
C(z) can be considered as a vector bundle over X = P}(C) \ S with fixed local
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bases together with a connection V. Here, S is a finite set of points containing
infinity and the points where the coefficients of the differential equation has poles,
as well as the zeros of the highest coefficient of the differential equation. By the
choice of the exceptional set S, for every point p € X, the differential equation
L = 0 has a full set of solutions in the ring of holomorphic functions around p,
i.e. the set of solutions forms a C-vector space V,, of dimension equal to the order
of L. More precisely, the V,’s form a local system on X. General theory of local
systems (or just analytic continuation) shows that every path w : [0,1] — X from
some point p = u(0) to ¢ = w(1) induces an isomorphism «, : V,, — V, which
only depends on the homotopy class of the path u. In particular, after fixing a
point p € X, one obtains a representation of the fundamental group of X,

m(X,p) = GL(V,), [u] = ay,

the monodromy representation. The monodromy group of L is just the image
of that representation. Katz showed in [Kat82, Prop. 5.2] that the monodromy
group always is a subgroup of the Tannakian Galois group named above. Fur-
thermore in the case that L only has “regular singularities”, he even showed that
the Tannakian Galois group is the Zariski closure of the monodromy group.

Apart from the question of determining the Galois group of a given linear
differential equation, one is also interested in the so-called inverse problem: Which
linear algebraic groups do occur as Galois groups of linear differential equations?
Of course, the answer to this question depends on the base differential field. Over
the base C(x) with the derivation 8%, this problem has been solved by Tretkoft
and Tretkoff [TT79] in the affirmative, i.e. that any linear algebraic group over
C occurs as the differential Galois group of some linear differential equation over
the field C(x). This result has been generalized to the rational function field C(z)
for an arbitrary algebraically closed field C' by Hartmann in her PhD thesis (see
[Har(5]), after previous partial results by Singer [Sin93] and Mitchi and Singer
[MS96], [MS02]. The monodromy group plays an important role in these results,
as it gives a lower bound to the Galois group. We will return to this question in
Section [I.8.1] where we consider the inverse problem also for some of the more
general settings described in the following.

In the 1960’s, differential Galois theory has been generalized to fields of char-
acteristic zero with several operators consisting of derivations and automorphisms
(cf. [ByB62]), including a generalization of Picard-Vessiot theory to linear differ-
ence equations (see also [Fra63] and [Inf81]). The Picard-Vessiot theory of linear
difference equations, i.e. of those equations involving automorphisms, has been
generalized to arbitrary characteristic without significant changes (cf. [vdPS97]),
but in the differential case characteristic zero remained crucial. A differential
theory in positive characteristic was first initiated by Okugawa (JOku63] and
[Oku87]) and later treated systematically by Matzat and van der Put [MvdP03].
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The main idea was to replace derivations by iterative derivations (also called
iterative Hasse-Schmidt derivations). However, they obtained only a Galois cor-
respondence detecting the intermediate fields over which the Picard-Vessiot field
is separable. Actually, Kreimer (see [Kre65a] and [Kre65b]) has also set up a
Picard-Vessiot theory for equations with respect to a quite general kind of op-
erators including the iterative differential case with the same restrictions on the
Galois correspondence.

Takeuchi [Tak89] gave an approach to Picard-Vessiot theory from a Hopf
algebraic point of view which applies to the differential and iterative differential
case (even to linear equations of higher derivations) which was later generalized
by Amano and Masuoka [AMO5] to contain also linear difference equations for
automorphisms.

On the other hand, Katz put the Picard-Vessiot theory for linear differential
equations into a more geometrical setting of modules with integrable connec-
tion (see e.g. [Kat82]). This was later generalized by André [And01] to a the-
ory containing also difference equations where the occurring endomorphisms do
not have to be automorphisms. These approaches, however, were restricted to
characteristic zero due to the derivations involved, and only adapted to positive
characteristic in my PhD thesis [R0s07] using so called higher connections.

One major part of this thesis (see Chapter [2)) is the presentation of a cat-

egorical approach which unifies the general properties and objects of all these
Picard-Vessiot theories. This categorical framework also leads to deeper insight
into the structure of all these Picard-Vessiot theories, and establishes a basis for
possible further generalizations.
This part also provides a correspondence between isomorphism classes of fibre
functors on the full rigid abelian ®-subcategory generated by one object M and
isomorphism classes of Picard-Vessiot rings R for this object M, as well as a
canonical isomorphism between the corresponding Tannakian Galois group and
the Galois group of the Picard-Vessiot extension. This is the analogue of the
correspondence in the differential setting given by Deligne in [Del90] which we
mentioned above. This isomorphism has been already given in other settings,
too.

Another part of this thesis is a presentation of my developments in the Picard-
Vessiot theory in positive characteristic using iterative higher derivations. First
at all, the generalization of the iterative differential theory of Matzat and van der
Put to obtain a Galois correspondence which includes all intermediate iterative
differential fields — even the ones over which the Picard-Vessiot field is inseparable.
This generalization works also over constants which are not algebraically closed.
Next, the setup of a Picard-Vessiot theory for iterative differential equations over
differentially simple rings (instead of over fields). Finally, I discuss the finite
inverse problem, i.e. the question which finite group schemes occur as iterative
differential Galois groups over a given iterative differential field, and I explicitly



realize torsion group schemes of abelian varieties as iterative differential Galois
groups.

The organization of the thesis is not chronological, as the categorical approach
was only established, after I generalized the iterative differential Picard-Vessiot
theory to work over differentially simple rings. And the investigation of the
infinitesimal and the finite inverse problem was even before that.

Actually, the whole story started right after my PhD, when I generalized
the iterative differential theory of Matzat and van der Put to obtain a Galois
correspondence which includes all intermediate iterative differential fields. This
is published in the second part of [MaulOa] (even with a more general kind of
operators), and will be recalled here in Section . The key point is to replace the
Galois group by a group scheme whose points over the constants is the original
Galois group. One also gets a close relation to the Hopf algebraic approach of
Takeuchi.

1.2 Picard-Vessiot theory for linear differential
equations

sec:partial-galois
Picard-Vessiot theory was initiated as a Galois theory for linear differential equa-
tions over a function field over the complex numbers at the end of the 19th century
by Picard [Pic91] and Vessiot [Ves92]. The aim was to describe solutions of linear
differential equations by successively taking integrals of known functions (i.e. so-
lutions of iy = f) or exponentials of integrals of known functions (i.e. non-zero
solutions of ¥ = fy).

This is in analogy to finite Galois theory where one was interested in when
polynomial equations are solvable, i.e. its zeros are expressible by means of square
roots, cubic roots etc.. In finite Galois theory, this turned out to be the case,
exactly when the Galois group of the polynomial has a normal series with abelian
factors. This property of a group was then named solvable.

In Picard-Vessiot theory the Galois groups are linear algebraic groups over
the field of constants. Similar to the finite case, a linear differential equation is
solvable as described above if and only if the Galois group is a connected solvable
algebraic group. As the notation is sometimes not clear and not consistent in
the work of Picard and Vessiot, this theorem is attributed to Kolchin who gave
a profound setting to the whole theory[Kol48].

The setup used was the following: Let F' be a field of characteristic zero with
a derivation 0 : F — F', and suppose that its field of constants
C:=F%:={acF|0(a) =0}

is algebraically closed. Furthermore, let L(y) = 0"y +a, 10" 'y+- - -+a,0y+agy
be a differential polynomial in the indeterminate y with coefficients in F'.



Definition 1.2.1. A Picard-Vessiot extension F of F for L(y) = 0 is a
differential field extension with the same field of constants which is generated as
a differential field by n solutions of L(y) = 0 which are linearly independent over
F (or equivalently, linearly independent over C').

One can show that such a Picard-Vessiot extension always exists. If for ex-
ample F' = C(z) is the field of rational functions on the projective line over C
and the equation L(y) = 0 is regular at r € C, then there is a Picard-Vessiot
extension F inside the field of meromorphic functions around r.

Definition 1.2.2. The Galois group Gal(E/F) of a Picard-Vessiot extension
E/F is defined to be the group of differential automorphisms of E/F, i.e.

Gal(E/F) = Aut’(E/F) = {p € Awt(E/F) | ¢0d =00 ¢}

is the group of those field automorphisms ¢ : £ — E which fix F' pointwise and
which commute with the derivation 0.

It turns out that this group has the structure of (the C-points of) a linear
algebraic group over C', and one obtains the following Galois correspondence.

Theorem 1.2.3 (Galois correspondence). For a Picard-Vessiot extension E/F
with Galois group Gal(E/F') one has a Galois correspondence (i.e. inclusion re-
versing bijection) between the intermediate differential fields K, F < K < E,
and the Zariski closed subgroups H of Gal(E/F) given by

K~ Gal(E/K) ={p € Gal(E/F) |Vx € K : p(x) = x},

and
Hw— EY ={zcE|VpecH: ) =21},

respectively.

The structure as a group of matrices becomes more apparent when one con-
siders the matrix differential equation

((D-+(0)

instead of the differential polynomial L, where

0 1 0 - 0
A= . g | €Matue(F)
0 0o 1
_ao _a/l .« .. DR _a/’n,fl



is the companion matrix of L. Solutions n of L correspond to solution vectors
{n,o(n),..., 0" 1(n)) E|, and a full system of solutions 7y, ...,n, corresponds to
an invertible matrix

mn e Tin
Y = 8@1) o 8(7:7”) € GL,(E),
3”_1(771) e 3"_1(%)

a so called fundamental solution matriz of the matrix differential equation.

As a Picard-Vessiot extension F is differentially generated over F' by 1y, ..., 0.,
it is a field extension of F' generated by the entries of Y. Using this description,
the Galois group of E/F is described more easily. Namely, every differential
automorphism v € Gal(E/F) is determined by the image vy(Y) (v applied entry-
wise), hence by the matrix D, := Y '4(Y). A priori this matrix has entries in
E, however using compatibility with the derivation on E, it is not hard to show
that D, € GL,(E?) = GL,(C).

Therefore, one obtains a faithful representation
Gal(E/F) — GL,(C),y+ D, =Y 'y(Y).

Indeed, Kolchin proved that the image of this representation is a Zariski-closed
subset of GL,(C), and hence Gal(E/F') has the structure of a linear algebraic
group over the algebraically closed field C'.

ex:s1n—cos—-over—-cc
Example 1.2.4. As an example, we consider the differential polynomial L(y) =

*y+y over the differential field (F,0) = (C(z), Z). From basic analysis we know

that the analytic functions n, = €™ and 1y = e~ are two C-linearly independent
solutions of the equation L(y) = 0. Hence, the field E = C(z)(e", e ™) =
C(z)(e™) is a Picard-Vessiot extension of F for L.

The companion matriz of L is

=50

and the matriz differential equation is
)+
Y2 Y2
Y:( o e >:(€ifv €x>
A(n) 9O(ne) e —je ™

!Throughout this thesis, {(-) denotes the transpose of a matrix, i.e. here it is just the column
vector with the given entries.

with




being a fundamental solution matriz. Therefore, we obtain a faithful representa-
tion

Gal(E/F) — GLy(C),y— D, =Y 'y(Y).

Since v 1s supposed to be a field automorphism, the image are exactly those ma-
trices D, such that the entries of Y and those of v(Y) = Y D, fulfill the same
algebraic relations over F. It is then easy to deduce from the relations O(n;) = iny,
d(n2) = —inz and mny = 1 that the D., in the image are of the form (§ %) for
a € C*. As e is transcendental over F', there are no further restrictions on a,
hence

Gal(E/F) = {(2,%) ] ae€C*} =G,(C).

0a?

We also see in this example that the representation depends on the fundamen-
tal solution matriz, but only up to conjugation: Any other fundamental solution
matriz Z is of the form Z =Y D for some D € GlLy(C), e.g.

sy ()= (ot ey

and the corresponding representation is

Gal(E/F) — GLy(C),y = Z7'v(Z) = D' (Y '4(Y))D,

1 1\ ! 1 1
: %) (@ 0).(5 2_) heC
{( 2) 6 A
ata”!  a—a”l y c s y
= Wtal i) |aeCr = s . ¢, s €C,c” +s°=1p =2S50,5(C).
Y T2 o

For theoretical purposes coordinate-free descriptions of the linear differential
equations are more convenient:

with tmage

Definition 1.2.5. A differential module over F' is a finite dimensional F-
vector space M together with a derivation 0y, : M — M, i.e. an additive map
Oy satisfying the “Leibniz rule”

Om(fm) = 0(f)m + fOu(m)
forall f e F, me M.

To a matrix differential equation 0(y) = Ay with A € Mat,,«,(F), one asso-
ciates a differential module (M, 0yr) with dimg(M) = n and a basis (by,...,b,)
of M such that

Ou(bj) ==Y Ayb; forallj=1,.. n
=1
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Then a vector y = f(y1,...,y,) is a solution of the matrix differential equation
if and only if > 7, y;b; is a constant vector, i.e. satisfies Oy (D_7_, y;0;) = 0.
Hence, the search for a differential extension E of F' containing n independent
solutions is equivalent to the search for a differential extension E such that the
differential module F ®r M over E has a basis of constant vectors.

Differential modules can also be considered as modules over the non-commuta-
tive ring F[d] of differential operators which are finite-dimensional as F-vector
space. Here, F'[0] equals &2 (F'd™ as an F-vector space, for some formal elements
0™ with multiplication determined by

gkt =8 and 5 f=0(f)+ f-o.

The multiplication rule in F[J] is equivalent to saying that for a F'[4]-module
M the map 0y : M — M, m — - m is a derivation on M as given above.
The interpretation as F'[0]-modules also explains the definition of derivations on
tensor products M ®r N given by

Ougn(m@n) =0y(m)@n+m®Jdy(n) forallme M,ne N

for differential modules (M, dy) and (N, Oy). However, we will mostly deal with
the notation of a differential module as a pair (M, dy).

In Picard-Vessiot theory, a main role is played by the Picard-Vessiot ring.
Given a differential module (M, dyr), an associated differential equation d(y) =
Ay with respect to a basis, and a fundamental solution matrix Y € GL,(F) in
a Picard-Vessiot field E, the Picard-Vessiot ring R is the subring of E which is
generated as an F-algebra by the entries of Y and its inverse. The importance of
the Picard-Vessiot ring R is given by the fact that Gal(E/F) acts algebraically
on R, and even more, that the spectrum Spec(R) is a torsor of Gal(E/F') over
F'. Moreover, the Galois correspondence is more or less a consequence of this
torsor property, as by geometric invariant theory, the subfield E7 corresponding
to a closed subgroup H < Gal(E/F) is nothing else than the field of rational
functions on the scheme Spec(R)/H.

One can even define the Picard-Vessiot ring R at first hand:

Definition 1.2.6. A Picard-Vessiot ring for a differential module M is a 0-
simple J-ring extension R of F' with the same constants and which is minimal
with the property that R ®» M has a basis of constant elements. Here, 0-simple
means that R has no nontrivial ideals stable under the derivation.

Then for such a Picard-Vessiot ring R, the field of fractions F of R is a
Picard-Vessiot field for M, and Aut?(R/F) = Aut’(E/F).

In the categorical setting in Chapter [2] the Picard-Vessiot ring is the main
object, since there is no “Picard-Vessiot field”.
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Apart from the Galois group of the Picard-Vessiot extension, there is also
another group attached to a differential module, the so called Tannakian Galois
group. This group is obtained as follows. The category of differential modules
Diff z over a given differential field F' is an abelian category. It is even a symmetric
tensor category with tensor product as described above, and moreover, all objects
are rigid, i.e. have a dual object. Namely, the dual object of a differential module
(M, 0pr) is just the dual vector space MY = Hompg(M, F') with derivation given
by

Orrv(f)(m) = 0p(f(m)) = f (O (m))

forallm € M, f € M". Given a fixed differential module M, the full subcategory
of Diffy whose objects are all subobject of direct sums of objects of the form
M®" @ (MY)®* with n,k € N, is called the tensor subcategory generated by
M, and will be denoted by (M)). Assuming that one has a fibre functor w :
(M)) — vectc to the category vecto of (finite dimensional) vector spaces over
C = F? ie. a faithful exact additive tensor functor, the category (M) is a
neutral Tannakian category. The Tannakian Galois group is then the linear
algebraic group of natural automorphisms of this fibre functor w, and it has a
canonical embedding as an algebraic subgroup of End(w(M)) = GL,(C) where
n = dimg(M).

Since, the field C' is algebraically closed, a fibre functor w exists, and all
fibre functors are isomorphic. All this is explained quite well in [Del90]. Deligne
also explains that there is a bijection between isomorphism classes of Picard-
Vessiot rings/extensions and isomorphism classes of fibre functors (even if C' is
not algebraically closed). Furthermore, the Galois groups Gal(E/F) and Aut®(w)
of a PV-extension E and its corresponding fibre functor are isomorphic.

We will see in Chapter [2| that all these statements are even true in the cat-
egorical setting. Hence, they hold in all the settings described in the following
paragraphs.

1.3 Partial differential equations

sec:partial-differential
The Picard-Vessiot theory for ordinary differential equations has been generalized
to partial differential equations by Kolchin [Kol52]. Here, the base field F' is
equipped with several commuting derivations 0y, ...,0,, and the modules are
finite dimensional F-vector spaces with commuting action of all the derivations.
The main parts of the theory stayed the same (see [vdPS03], and for a more
detailed description also [Hei07]). Indeed in his setup, Kolchin reduced a lot of
proofs to the ordinary differential case.
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1.4 Picard-Vessiot theory for iterative differen-
tial equations

sec:id-galois
Differential Galois theory does not work well in positive characteristic. This is
mainly caused by the fact that in positive characteristic p, every p-th power of an
element in a ring is differentially constant, and in particular, every field extension
contains new constants.

To overcome this problem, derivations are replaced by so called iterative
derivations (cf. [MvdP03]). These are a collection 6 = (9(”))n€N of additive
maps satisfying 00 = id, 60 (ab) = >, . 09(a)09(b) as well as §+™) =
(”Zm) 6" o 9™ for all n,m € N. This means, 0 := 0 is a derivation and ™
resembles %8" — the n-th iterate of 0 devided by n-factorial. Indeed, in charac-
teristic zero, the iterative derivations are determined by the derivation 9 = ()
via 0™ = %8”. In particular, the differential setting in characteristic zero is a
special case of the iterative differential setting.

The constants of an iterative differential field (F,#) are given by
Fl={zeF|0™(x)=0Vn>1}.

Example 1.4.1. The standard example is the iterative derivation 6 on the ratio-
nal function field C(z) given by

o0 (27 = <Z)x”_k

and C-linear extension. In characteristic zero, this is exactly the iterative deriva-
tion determined by ) = %. In this case, the constants are just the field C, as
one is used from the differential field in characteristic zero.

The basic objects replacing differential modules are iterative differential mod-
ules (M, 0)), i.e. F-vector spaces M with a family 6, = (0}?) of additive

neN
maps 05 : M — M satisfying 63) = idys, 657 (fm) = 3, 09(f)09) (m) for
all f € Fym € M as well as 007 = (")) 0 9®) for all n, k € N.

As in the differential setting, one is interested in minimal iterative differen-
tial extensions E of F' (with same constants) such that dimpe ((E ®@p M)?) =
dimy(M). Assuming that C' = F? is algebraically closed, a minim

Picard-Vessiot rings and Picard-Vessiot fields for iterative differential modules
exist and are unique up to iterative differential isomorphisms.

Matzat and van der Put also defined the Galois group of such a Picard-Vessiot
extension E/F as the group of iterative differential automorphisms Aut’(E/F),
and obtained a Galois correspondence. However, as I pointed out in [MaulOal,
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and what was independently observed by Amano in [Ama06], this Galois corre-
spondence only takes into account intermediate iterative differential fields over
which E is separable.

In the second part of [MaulOal, I was able to remove this defect by consid-
ering the Galois group of the extension as an affine group scheme instead of a
group, which allowed to take into account nonreduced subgroup schemes on the
group side and intermediate extensions L over which the Picard-Vessiot field is
inseparable (see also Chapter []). More explicitly, for a Picard-Vessiot extension
E/F with Picard-Vessiot ring R, I defined the Galois group as the group functor

Gal(E/F) := Gal(R/F) : Alg — Groups, D + Aut’(R ®c D/F ®¢ D)

where the C-algebra D is equipped with the trivial iterative derivation, i.e. R®c D
is an extension by constants. This group functor turns out to be representable
by (R ®r R)?, and hence is an affine group scheme of finite type over C' = F?.

In general, an iterative differential automorphism of R ®¢ D does not extend
to an automorphism of £ ®c D, but it extends to the total ring of fractions
Quot(R®¢ D), i.e. the localization by all nonzero divisors, a ring which contains
E. In particular, for any g € Gal(R/F)(D) = Aut’(R®cD/F ®¢ D) and e € E,
an element g(e) € Quot(R ®¢ D) is well-defined. Therefore, one can define the
invariants E* of E under an algebraic subgroup schemes H of G = Gal(R/F) by

E" . ={e€ E|VD € Algy,h € H(D) : h(e) = e}.

With these definitions, one obtains the desired Galois correspondence with
all intermediate iterative differential fields on one hand, and all closed subgroup
schemes of Gal(FE/F') on the other hand.

If one considers iterative differential fields whose field of constants is not
algebraically closed, these definitions still work, and hence [MaulOb| is already
written without the assumptions on the constants.

Like the generalization of differential Galois theory to partial differential equa-
tions, the iterative differential setting has been generalized to the case of sev-
eral commuting iterative derivations (called multi-variate iterative derivations)
by F. Heiderich in his Master thesis [Hei07]. Apart from some technicalities, it
turned out that the theory works very like the case of one iterative derivation.
The multivariate setup is recalled in Chapter

1.5 Picard-Vessiot theory for difference equa-
tions

sec:sigma-galois
In the Picard-Vessiot theory for difference equations (cf. [vdPS97]), derivations
are replaced by automorphisms, and constants are replaced by invariants. One
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starts with some field I’ together with an automorphism o : F' — F and its field
of invariant elements C' := F? := {x € F' | o(x) = x} which is supposed to be
algebraically closed. The most prominent examples are the field C(z) with the
shift operator o(z) = z + 1 or with the g-difference operator o(z) = gz for some
q € C which is not a root of unity. In both cases the field of invariants is C.

The basic objects are difference modules (M, oyy), i.e. F-vector spaces M
together with a o-linear automorphism o,; : M — M. Again, the set of invariants
M7 = {m € M | op(m) = m} is a C-vector space of dimension at most
dimg(M), and one is interested in a difference extension of F' over which the
corresponding dimensions are the same. In this setting another aspect appears,
since in some situations every solution ring has zerodivisors. Hence, there does
not exist a Picard-Vessiot field in general. Nevertheless, if C' is algebraically
closed (as we assume at the moment), there always exists a Picard-Vessiot ring
R over F| i.e. a o-simple o-ring extension R of F' minimal with the property
that R ®r M has a basis of invariant elements, and instead of the Picard-Vessiot
field one considers E = Quot(R), the total ring of fractions of R. With these
definitions, assuming that F' is of characteristic zero, one again obtains a Galois
group Aut?(R/F) which is the group of C-rational points of a linear algebraic
group, as well as a Galois correspondence between closed subgroups of Aut’(R/F)
and total difference subrings of E containing F'.

Example 1.5.1. The most basic and most prominent ezample is the one-dimensional
difference module M = C(z) - b over the difference field F' = C(z) with the shift
operator o(z) = z + 1, where oy (b) = 1b. Then for a difference ring extensions

R of F,

(Rr M) = {f-be RQpr M | oy (fb) = fb}
= {f-beERRrM|feR,o(f)==z2f}

Since the Gamma function I' satisfies the functional equation I'(z + 1) = 2I'(2),
it is a solution to the difference equation f(z+1) = o(f)(z) = z- f(2). Hence,
R = F[I',1/T] is a Picard-Vessiot ring for this difference module inside the ring
of meromorphic functions.

The Galois group Aut’ (R/F') is a priori a Zariski closed subgroup of GL;(C) =
C*, and the fact that T' is transcendental is reflected in the property that Aut® (R/F)
is not finite, i.e. Aut’(R/F) = C*.

In positive characteristic, problems with these definitions occur due to insepa-
rability. These can be solved by defining the Galois group as a group scheme quite
analogous to the one described in Section (cf. [Wib10]). The thesis [Wib10]
of Wibmer even considers Galois extensions which are more general than the
Picard-Vessiot extensions. But, also for the difference Picard-Vessiot theory, his
thesis provides a slight generalization by relaxing several of the assumptions (see
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also [OW15], Sect. 2.2]). First at all, he allows the operator ¢ to be an endomor-
phism instead of an automorphism. Hence, also the semi-linear operator o,; on
a module M can not be bijective, and the assumption is that the image o (M)
generates M (which also implies that o, is injective). Secondly, he gives credit
to the problem that there might be no Picard-Vessiot field. He introduces so-
called o-pseudo fields which are finite products of fields that are still o-simple.
As already observed in [vdPS97], for every difference module M there is always
a Picard-Vessiot o-pseudo field. Wibmer, however, also used a o-pseudo field as
the base difference ring. Such pseudo-fields are also used in [AMO5] for a more
general kind of operators (cf. Sect. [1.7.4). Both generalizations make some proofs
a bit more complicated, but otherwise turned out to work smoothly.

The third generalization — which is a bigger issue — will be explained in more
details in the next section, namely that he dropped the assumption that the field
of constants is algebraically closed.

1.6 Non-algebraically closed constants
sec:non-algebr-closed

In the last decade, one has relaxed the conditions on the field of constants/inva-
riants being algebraically closed. However, if the field of constants/invariants
C' is not algebraically closed (cf. [Dyc0§], [MaulOa], and [Wib10]), some things
become more involved. We explain these issues in the differential case, but they
are present also in the difference case, and the iterative differential case.

In Section above, we defined a Picard-Vessiot ring for a differential equa-
tion d(y) = A -y over F to be a 0-simple 0-ring R without new constants such
that R contains a fundamental solution matrix Y, and such that R is minimal
with these properties. If the constants F? are algebraically closed, the condi-
tion “without new constants” is a consequence of the other conditions. Hence,
one can construct a Picard-Vessiot ring by first defining a derivation on the lo-
calized polynomial ring U = F[X;;,det(X)™" | 4,7 =1,...n] via d(X) = A- X,
and secondly, taking R = U/I for a maximal d-ideal I of U. If F? is not al-
gebraically closed, this construction still provides a minimal d-simple O-ring R
containing a fundamental solution matrix Y, but the constants of R might be a
finite extension of F? (see also Prop. in the categorical setting).

This is the reason that in general, Picard-Vessiot extensions might not exist.
Furthermore, there also might be several non-isomorphic Picard-Vessiot exten-
sions for the same equation. These Picard-Vessiot extensions, however, become
isomorphic after a finite extension of constants.

ex:sin-cos-over-rr

Example 1.6.1. We start with an example having two non-isomorphic Picard-
Vessiot fields which is due to Dyckerhoff [Dyc08].
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Namely, we are considering the matrix differential equation

1))
Y2 Y2

as in Example but this time over the differential field (F,9) = (R(z), ).

Although, the matriz

provides a fundamental system of solutions, the extension of differential fields
F(e® e je'* —ie™™)/F would not be a Picard-Vessiot extension, since the

ieiz‘
etx *

larger field contains new constants, e.g. the imaginary unit 1 =
However, the matrix

av (b B)- (ol ey

also satisfies 0(Z1) = A - Zy and a Picard-Vessiot extension for this differential
equation is given by E; = F(cos(z),sin(z)) with equation cos(x)? + sin(x)? = 1.
Now consider the matrix

20— iz — (icos(x) isin(a:))'

—isin(z) icos(z)

This is also a fundamental solution matriz for the given differential equation,
and hence the field extension Ey = F(icos(x),isin(x)) with equation (i cos(x))?+
(isin(z))? = —1 is also a Picard-Vessiot field.

But, the fields Ey and E5 are not isomorphic!
This is seen most easily from the fact, that Ey can be ordered (by letting cos(x) and
sin(zx) be positive), but By can’t be ordered, since the sum of squares (icos(x))*+
(isin(z))? 4+ 1% equals zero.

Example 1.6.2. An example where no Picard-Vessiot ring/field ezists is given
by Seidenberg in [Sei50] which we modify here a bit, to fit to the previous example.

Namely, consider the field F' = R(z)(w, d(w)) generated over R(x) by a non-
constant solution w of the differential equation 4w? + O(w)* = —1, and by its
derivative O(w). One should think of w being % sin(2z) and & = 0,.

Then as in the previous example, we consider the matriz differential equation

%) <y1> ( 0 1) . (?Jl)
Y2 -1 0 Y2 )’
but this time over the field F'.

Morally, w = %sin(2z) = % - 2sin(z)cos(z) = isin(z)cos(x), and no matter
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whether we choose fgfé&) or (52358)) as a solution, the other will also be in
the field extension. Hence, the field of constants is C.
Formally, if E is a differential field extension of F' containing a non-trivial

solution "y, y2), we have
AT +y3) = 2010(y1) + 2920(y2) = 2192 — 2192 = 0.

Hence, y? + y3 =: ¢ is a constant.

2
If ¢ = 0, then we get (g—;) = —1 € R. As elements which are algebraic over

constants are constants themselves, z—; 15 a constant and its square is —1. Hence,
E?DR.

Now, we assume ¢ # 0, and first remark that by differentiating the equation
4w? + 9(w)* = —1, we obtain

Swd(w) + 20(w)d*(w) = 0 = 9*(w) = —dw.

Consider now the matrix

7 = 2w _a(w) ! . Y1 —Y2 2 _ 21 T2 e Mat (E)
’ (w) 2w Yo Zy 21 S
for 21 = —2w(yi — 13) — 2y1920(w) and zp = O(w)(y§ — ¥2) — 4wy

By differentiating z; and zs and using the equations above, one obtains that both
21 and z9 are constant. Therefore, also det(Z) = 2z} + 23 is a constant and

det(Z) = (4w” +0(w)*) " - (3 +13)* = —¢”.
Hence, 2} + 25 + ¢ = 0 which is not possible if 21,z € R.

To overcome the problem of existence and uniqueness, one possibility is to fix
a universal differential overfield, or at least one which is large enough like in the
abstract setting in Prop. 2.4.14] In applications of differential equations as well
as difference equations, such an overfield is often naturally given, e.g. as a field
of meromorphic functions.
In the real and the p-adic case, Crespo, Hajto et al. established results on both
existence and uniqueness if the constants of the field F' are real closed or p-adically
closed, resp. by forcing the extension to be real resp. p-adic, too (see [CHS13]
and [CHvdP16]).

Another issue to deal with is that the group of differential automorphisms
Aut?(E/F) respectively difference automorphisms Aut® (E/F) might be too small.
For example, the differential equation 8%(3/) = 3izy over the differential field
(R(z), Z) has a solution z = /z, hence E = R(2) is a Picard-Vessiot field, but

Aut?(E/R(z)) = {1}, since E does not contain the third roots of unity.
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One way to overcome this problem is to consider F-embeddings £ « E®¢cC
instead, or equivalently Aut?(F ®¢ C/F ®¢ C). Another way which fits more in
the line of the iterative differential setting, is to replace the automorphism group
by a representable group functor Gal(E/F), i.e. an affine group scheme whose
group of C-rational points is Aut?(E/F). Namely by

Gal(E/F) := Gal(R/F) : Alg, — Groups, D — Aut?(R ®c D/F ®¢ D).

Then as already described in the iterative differential setting, Spec(R) is a Gal(E/F)-
torsor over F' and one obtains a Galois correspondence between closed subgroups
of Gal(E/F) and differential subfields of F containing F', by defining

hir®l) rel
E":={e=_¢€E|VDecAl D): = D
{e = | VD € Alg, h € H(D) Mol sol € Quot(R®c D)}

for algebraic subgroup schemes H of G = Gal(E/F) over C.

In this definition, the detour using the automorphisms of R®¢c D is necessary,
since the automorphisms of £ ®¢ D are too small in general. The automorphisms
of R®¢ D only extend uniquely to the total ring of fractions Quot(R®¢ D) which
is strictly larger than F ®¢ D if D/C is not algebraic.

Therefore, on one hand, we need the Picard-Vessiot ring R inside a PV-field
for defining the Galois group scheme, since the latter does not act algebraically
on the PV-field. On the other hand, one does not get a full Galois correspondence
on the ring level.

In geometric terms, Spec(R) is a Gal(E/F)-torsor over F. Hence, for a closed
subgroup H < Gal(FE/F), one obtains the orbit space Spec(R)/H, and E™ is just
the rational function field of that space, and determines Spec(R)/H as a quotient
of Spec(R). The invariant ring R*, however, is the ring of global sections of the
orbit space Spec(R)/H. If the latter is not affine, R becomes “too small”.

On the ring level, at least one has a restricted Galois correspondence between
closed normal subgroups of Gal(E/F') and differential subrings of R containing
F which are Picard-Vessiot rings for some d-module (see Chapter [3)).

In the abstract setting of this article, we will stay on the ring level, since the
action of the Galois group is naturally algebraic there.

1.7 Further transcendental Galois theories

The three basic settings described above have been generalised in various ways.
On one hand, the operators acting have become more general. On the other
hand, the base fields have been replaced by more general bases.
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1.7.1 Modules with connections

In [Kat90, Ch. 2], N. Katz considers schemes X of finite type over a field k
of characteristic 0, and obtains Picard-Vessiot extensions for finitely generated
Oxy-modules with integrable connections.

1.7.2 Noncommutative differentials and connections

André in [AndO1] used so called noncommutative differentials in characteristic
0. The base is a C-algebra A with a “derivation” d : A — Q! for some fixed
A-A-bimodule Q', i.e. the map d is C-linear and fulfills d(ab) = a - d(b) + d(a) - b
for all a,b € A. The “differential modules” are left A-modules M together with a
“connection” V : M — Q' ® 4 M verifying the rule V(am) = a-V(m) +d(a) @ m
for all a € A and m € M. This setup resembles a collection of derivations and
endomorphisms in characteristic 0.

Under the hypothesis that A is commutative and that (A,d) is “simple”,
as well as some additional assumptions, André shows that a Galois theory works
similar as described above. He also describes the relation of the differential Galois
group of the extension and the Tannakian Galois group associated to such a
module. We show a generalisation of this relation in the categorical setting in
Chapter

1.7.3 Iterative higher differentials and Iterative higher
connection

In my PhD thesis [R6s07], T considered regular rings with “(iterative) higher
differentials” and modules with “(iterative) higher connections”. These higher
differentials and iterative higher differentials are analogues in positive character-
istic of differentials, similar as higher derivations and iterative higher derivations
are analogues in positive characteristic of derivations. I also sketched its gen-
eralization to “nice” schemes X. In the second part of [MaulOal], I established
the Picard-Vessiot theory over fields with “(iterative) higher differentials” whose
constants are a perfect field.

1.7.4 Hopf-algebraic approach
subsec:hopf-algebra

Takeuchi in [Tak89] investigated Picard-Vessiot theory from a purely algebraic
point of view. This approach has its origins in a generalisation of classical Galois
theory named Hopf-Galois theory (cf. [CS69]): Instead of considering the action
of a group on an extension L/K, one considers a co-action of a Hopf-algebra.
More precisely, for a commutative base ring k (in our case always a field), one
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considers an extension L/K of k-algebras and a co-action of a k-Hopf algebra H
on L/K, ie. a K-linear homomorphism p : L — L ®; H such that the diagrams

L— L, H and L P Loy H
id lidL®CH jp lp@idH
dr,
idr Ay
L=L®&k L&y H L®,H®,H

commute. Here, ¢, : H — k is the counit of the Hopf algebra and Ay : H —
H ®j, H is the comultiplication. The extension L/K is called Hopf-Galois if and
only if the ring of coinvariants

LY ={leL|pl)=1®1}

equals K and the induced homomorphism of L-algebras (with L-action from the
left)

idp,-p

L@KL—>L®kH,l1®l2l—>(l1®1)p(lz)

is an isomorphism.

The classical finite Galois theory for a Galois extension L/K with group G is
obtained by taking ¥ = K and H being the K-algebra K|[G] of functions G — K
with pointwise multiplication, and comultiplication induced by the multiplication
on GG. Namely, the condition that the extension L/K is Galois with group G is
equivalent to that the homomorphism

Log L — L1 @1 (ho(ly))eea

is an isomorphism. But LI®l is naturally isomorphic to L ®j K[G] via

(ZO')O'EG = Z la ®pa

ceG

using the standard basis {p,|c € G} of K[G] where p,(7) =1 for 7 = ¢, and 0
else.

For obtaining a Picard-Vessiot theory from this Hopf algebraic point of view,
Takeuchi defines an extension of differential fields L/K to be a Picard-Vessiot
extension if they have the same fields of constants k, and if there is a differen-
tial subring R C L such that L is the field of fractions of R and the K-algebra
R ®p R is generated by R @k K and (R ®x R)?. He shows that in this case,
R/K is a Hopf-Galois extension with k-Hopf algebra H = (R @ R)?. Namely,
the two conditions imply that the homomorphism R @, H — R ®x R is an
isomorphism, and the inverse of this isomorphism is the isomorphism in the def-
inition of a Hopf-Galois extension. In comparison with the differential case over
non-algebraically closed constants (Sect. or the iterative differential setting
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(Sect. , R is just the Picard-Vessiot ring and H is the Hopf algebra represent-
ing the Galois group scheme Gal(R/K). Takeuchi’s approach covers the case of
constants which are not algebraically closed. He also works in a more general set-
ting, namely with so called C-ferential fields which amounts to having a collection
of several commuting derivations on L, or several commuting higher derivations
in positive characteristic. Here, C' stems from the coalgebra of operators acting
on L. Since, he didn’t suppose the Hopf algebra respectively the extension to
be finitely generated, it also covers inductive limits of the usual Picard-Vessiot
extensions which would have pro-algebraic groups as Galois groups.

Later Amano and Masuoka in [AMO05] have generalised this approach. They
extended the kind of operators, and the kind of objects. They replaced the
formerly irreducible coalgebra C' by a certain Hopf algebra D, and the C-ferential
fields by Artinian simple D-module algebras. The first amounts to including
also automorphisms as operators, and the second amounts to including not only
fields, but also finite products of fields which is necessary in the difference setting

(comp. Sect. [1.5]).

1.8 The inverse Galois problem
sec:inverse-problem

The inverse Galois problem is about the question which groups respectively group
schemes do occur as Galois groups in the various settings. As described above all
the Galois groups in the Picard-Vessiot theories are algebraic group schemes over
the field of constants/invariants, hence we will only talk about those in the fol-
lowing. Of course the answers to these problems depend on the base differential
respectively difference field. The base fields that are of interest are mainly func-
tion fields of algebraic varieties (“global fields”), and in particular the rational
function field in one variable. Sometimes also “local fields”, i.e. Laurent series
rings in one or several variables are considered, but mainly to obtain informa-
tion on the problem in the global case, e.g. do get lower bounds by local-global
principles.

1.8.1 In differential Galois theory

subsec:inverse-problem-differential

In differential Galois theory, first results to the inverse Galois problem were es-
tablished in the “classical case” for the differential field F' = C(x) with § = L.
In this case, Tretkoff and Tretkoff [T'T79] solved the question in the affirmative,
i.e. they showed that any linear algebraic group over C occurs as a differential
Galois group over C(x). Their proof uses the analytic theory of monodromy
groups mentioned in Section Namely, the Riemann-Hilbert correspondence
in this case (solved by Plemelj (see[Ple64])) guarantees that for every finitely
generated group G, there is a linear differential equation over C(z) with only
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regular singularities such that the monodromy group of this equation equals the
given group G. As mentioned earlier, in the case of regular singularities, the
monodromy group is Zariski-dense in the differential Galois group. Therefore,
the main idea of Tretkoff and Tretkoff was to choose a finitely generated group G
which is Zariski-dense in the given linear algebraic group, and consider a linear
differential equation corresponding to that group G.

By its analytic nature, this proof was not transferable to rational function
fields F' = C(x) over other algebraically closed fields of constants C’E] Singer
[Sin93] gave some partial results to the inverse problem using special properties
of the groups.

For more general results, other techniques were established, most important
an upper bound on the Galois group via its Lie algebra (see [vdPS03, Cor. 4.3]):

Proposition 1.8.1. Consider a linear differential equation 0(y) = Ay with A €
Mat,, (F), and let G C GL, ¢ be a linear algebraic group over C'.

If A € Liep(G), then the Galois group of the differential equation is (conjugate
to) a subgroup of G.

If the cohomological dimension of F' is at most one (which is the case for
F = C(z)), then one also has a partial converse result:

Proposition 1.8.2. Assume that cd(F) < 1, and that G C GL,, ¢ is a connected
algebraic group which is the differential Galois group of 0(y) = Ay for some A €

Mat,,(F'). Then the differential equation is conjugate to a differential equation
J0(y) = By with B € Liep(G).

Here, conjugate means that the equation is obtained via a change of bases in
F™ i.e.replacing y by D'y for some D € GL,(F). In explicit terms, this means
that B= DAD™ + 9(D)D! for some D € GL,,(F).

Using these bounds, Mitchi and Singer [MS96] gave a constructive solu-
tion to the inverse problem for connected linear algebraic groups over C', which

they later extended to non-connected groups with solvable connected component
(cf. [MS02]).

A general result was given by Hartmann in her PhD thesis [Har05] show-
ing that every linear algebraic group is the Galois group of a linear differential
equation over C'(z), when C' is algebraically closed.

Using the so-called Kovacic trick (see [BHH16, Thm. 4.12]), one can deduce
that the inverse Galois problem also has an affirmative answer for every finitely
generated differential field F' with algebraically closed constants C'. The main
ideas for a given linear algebraic group G over C and such a differential field F'
are the following: Firstly, after a transformation of the derivation, there is some

2 As noted before, in the differential Galois setting, all fields are assumed to have character-
istic zero.
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x € F such that (C(x),0,) is a differential subfield of F. Further, one considers
the group G” for large enough r > 1, and a Picard-Vessiot extension E over C(x)
for G”, and shows that at least one subextension E of E with group G is linearly
disjoint to F.

In the article [Dyc08] in which Dyckerhoff established a Picard-Vessiot the-
ory with non-algebraically closed fields of constants, he also solved the inverse
problem over the field R(z). This was done by descent from the complex case.

In the article [BHH16] mentioned above, the authors solve the inverse Galois
problem in the affirmative over any “global” differential field F' over C', where
the field of constants C' is a Laurent series field. In an even more recent paper
[BHHP17], they generalize this to such differential fields, where the field of con-
stants is a large field of infinite transcendence degree over Q. This includes for
example the p-adic numbers Q,,, the reals R, and certain Laurent series fields.

DELETE LOCAL CASE?

In the case of local differential fields, e.g. the Laurent series field (C((z)), 0,),
the situation is quite different. Namely, a linear algebraic group G is realisable
over C((z)) if and only if G contains a torus 7" which is normal in G, and such
that G/T is topologically generated by one element (see [vdPS03| Section 11.2]).

1.8.2 In iterative differential Galois theory

subsec:inverse-problem-ID
When Matzat and van der Put set up the Galois theory for iterative differential
equations in positive characteristic, they also considered the inverse Galois prob-
lem in this setting. Of course, they only consider reduced group schemes, since
they obtained them from the group C-rational points. As before, C'is the field of
constants which is assumed to be algebraically closed. By [MaulOal, Cor. 11.7],
however, all Galois groups of PV-extension over F' are reduced, if Ker(Qg)) equals
FP. This applies for example to finite extensions of the rational function field
C(z) with the standard iterative derivation, or the Laurent series field C'((z)).
Having this in mind, Matzat and van der Put fully solved the inverse Galois
problem for F' = C((z)) in [MvdP03, Sect. 6]:

Theorem 1.8.3 ([MvdP03| Cor. 6.4 & Thm. 6.6]). A reduced linear algebraic
group G over C' is realizable as iterative differential Galois group over C((z)) if
and only if

1. G is solvable,
2. G/p(G) is commutative, and
3. G/G° is an extension of a cyclic group of order prime to p by a p-group.
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Here G° is the connected component of the identity element, and p(G) is the
normal subgroup generated by elements of p-power order.

For the field F' = C(z) or some finite extension of it, they also solved the
inverse Galois problem. As in the differential case in characteristic zero, the
answer is affirmative, i.e. all reduced linear algebraic groups can be realized as
ID-Galois groups over such F.

Matzat: reduced, meine PhD: restricted singularities in reduced connected
case; finite problem in Chapter

1.8.3 In difference Galois theory

subsec:inverse-problem-difference
a4
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Chapter 2

Categorical Picard-Vessiot theory

chap:categorical
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In this chapter, we present the categorical approach which unifies the gen-
eral properties and objects of all the Picard-Vessiot theories mentioned in the
introduction. This categorical framework also leads to deeper insight into the
structure of all these Picard-Vessiot theories, and establishes a basis for possible
further generalizations.

The main results are the construction of a universal solution ring for a given
“module” M such that all Picard-Vessiot rings (PV-rings) for M are quotients of
this ring (Thm. and Thm. 2.4.12), the existence of PV-rings up to a finite
extension of constants (Thm. , and uniqueness of PV-rings inside a given
simple solution ring with same constants (Prop. . Furthermore, we prove
a correspondence between isomorphism classes of fibre functors w : (M)) — vect;
and isomorphism classes of PV-rings R for M ®yk, where k is the field of constants
of the base ring S and k is any finite extension of k (Thm. . We also
prove that the group scheme of automorphisms Aut?(R/S) of R over S that
commute with the extra structure, is isomorphic to the affine group scheme of
automorphisms Aut®(w) of the corresponding fibre functor w (Cor. [2.6.8). These
two statements are direct generalizations of the corresponding facts given for
example in [Del90, Ch. 9] or [And01), Sect. 3.4 and 3.5].

Finally, we give a Galois correspondence between closed normal subgroup
schemes of the Galois group scheme and subalgebras of the PV-ring which are
PV-rings for some other “module”.

2.1 A commutative algebra theorem
sec:comm-alg-thm

We will be faced with the question whether there exists a Picard-Vessiot ring up

to a finite extension of constants. The following theorem will be a key incredient

to the existence proof. All algebras are assumed to be commutative with unit.
thm:abstract-algebra

Theorem 2.1.1. Let k be a field, S an algebra over k and R a finitely generated
flat S-algebra. Furthermore, let £ be a field extension of k such that S ®{ embeds
into R as an S-algebra. Then ¢ is a finite extension of k.

Proof. The proof is split into several steps:
1) Reduction to S being a field
Choose a minimal prime ideal p of S, and let .S, denote the localization of S at
p. Since localizations are flat, the inclusion of rings S C S ®; ¢ C R induces an
inclusion of rings
Sp gSp@kgg Sp®SR7

and S, ®g R is a finitely generated Sy-algebra. Since flatness is stable under base
change, S, ®s R is a flat Sy-algebra. )
Since p.Sy, is the maximal ideal of Sy, S := S, /pS, is a field, and R := S, /pS, ®s R
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is a finitely generated flat algebra over S. It remains to show that S ®j, ¢ embeds
into R.

Since S, ®; ¢ and S, ®g R are both flat over S,, the exact sequence 0 — p.S, —
Sy — Sp/pSy — 0 leads to a commutative diagram with exact rows

] |

Then the last vertical arrow is an injection if the left square is a pullback diagram.
Hence, we have to proof that any element in S, ®; ¢ whose image in S, ®s R
actually lies in p.S, ®g R is an element of p.S, ®;, .

Hence, let z = Z?Zl 5;@x; € Sy @y L with k-linearly independent x4, ..., x, €
, and let w = Y77 a; ® r; € pSy ®s R such that their images in S, ®s R
are the same. Since all elements in pS, are nilpotent, there is e; > 0 maximal

such that af* # 0. Inductively for j = 2,...,m, there is e; > 0 maximal such
that af*---a;’ # 0. Let a := | a; € Sy. Then by construction, a # 0 but

a-w = z;n:laaj @r;=0. So0=a-z=>.,as ®x;, le as; = 0 for all 7.
Since a # 0, one obtains s; & (S,)*, i.e. s; € pSy.

From now on, we may and will assume that S is a field. In this case R is
Noetherian as it is a finitely generated S-algebra.

2) Proof that ( is algebraic over k

Assume that £ is not algebraic over k, then there is an element a € ¢ transcen-
dental over k. By assumption, a is also transcendental over S inside R, i.e. the
polynomial ring S|a] is a subring of R. The image of the corresponding morphism
1 : Spec(R) — Spec(S[a]) = AL is a dense subset of Spec(S]a]), since the ringho-
momorphism is an inclusion, and it is locally closed by [Bou98, Cor. 3, Ch. V,
§3.1]. Hence, the image is open. But for all 0 # f € k[a], the irreducible factors
of f in S[a], are invertible in ¢ C R. Hence, infinitely many maximal ideals of
Spec(S[a]) are not in the image of 1) — contradicting that the image is open.

3) Proof that / is finite over k

For showing that ¢ is indeed finite over k, we give a bound on [¢' : k] for any
¢ C ¢ which is finite over k, and this bound only depends on data of R. Since /
is the union of all its finite subextensions this proves finiteness of /.

For simplicity we again write ¢ for the finite extension ¢’ of k.

Let .
(0) = ﬂ qi
i=1

be a primary decomposition of the zero ideal (0) € R and p; := /q; the cor-
responding prime ideals. Furthermore, let N; € N satisfy pfvi C q;, i.e. for all
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Yi,---, YN, € Pi, one has y1 - ya---yn, € qi.[| Furthermore, for each i = 1,...,¢
let m; C R be a maximal ideal containing p;. Then d; := dimg R/m; is finite for
all 7.

We claim that dimy(¢) is bounded by 2->"7  d; - N;:

First at all R — [[;_, R/q; is an injective S-algebra homomorphism and R/q;
is irreducible with unique minimal ideal p;.
Letting q; := q; N (S ® ), and p; := p; N (S @1 £) = /4, then (S ®y ()/q; embeds
into R/q;, and S @5 ¢ — [];_,(S ®x¢)/q; is injective. It therefore suffices to show
that dimg ((S ®g £)/q;) < 2d;N; holds for each i. In the following we therefore
consider an arbitrary component and will omit the index .

Since (S ®y ¢)/q is a finite S-algebra, and p is its unique minimal prime ideal,
(S®xl)/q is alocal Artinian algebra with residue field (S®4¢)/p. Since (S®y{)/p
is a field, the composition

(S®kl)/p— R/p — R/m
is injective. Hence,
dimg ((S ® £)/p) < dimg (R/m) = d.

It remains to show that dimgsg,s /s ((S @k €)/q) < 2N.

As a tensor product of fields and as ¢/k is finite, S ®; ¢ is a finite direct
product of local artinian algebras with residue fields being finite extensions of .S.
The local algebra over some finite extension S’ of S is given as S’ ®y k for a finite
extension k' of k contained in " and a purely inseparable extension k/k’.

In particular, also the algebra (S®x¢)/q is of that form (as it is just isomorphic
to one factor of (S®;£)). Hence, let S’, &’ and k be such that (S®y¢ )/p = 5" and
(S ® )/q >~ §' @ k. As k is purely inseparable over k', there are z, ..., z; € k,
my,...,m; € Nand ay,...,a; € k' such that

~_/ p',,Ll pmt
k—k:[ml,...,mt]/<x1 —ay,..., 8 —ay).

where p denotes the characteristic of the fields. As S’ @ k is local with residue
field S, there are also s1,...,s; € S such that s "= =ajforall j=1,...,¢, and
S" R l% is given as

S' k=S, .. 1)/ ((z1 — s)P o (= s )P

In particular its nilradical (corresponding to p) is generated by (z1 — s1,. ..,z —
St).
Since pY C @, and (z; — s1)P"" 7L (2 — 5¢)P" 7! #£ 0 we obtain that
t
1 .
N > i —1) > —p ':—d (S Qi k).
jzl(p ) ]Z 5 img (S" @ k)

IThis N; exists since R is Noetherian and therefore p; is finitely generated.
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Therefore, we have shown that dimgg,s /5 ((S ®r £)/q) < 2N.

2.2 Setup and basic properties

sec: setup
In this section, we set up an abstract framework in which we can prove theorems
on Picard-Vessiot extensions, as well as their Galois groups. The theorems thus
apply to all kinds of differential and difference Galois theories which match the
basic setup given below. The setup therefore provides a uniform approach to the
existing theories.

We consider the following setup:

(C1) C is a locally small abelian symmetric monoidal category with unit object
1 € C. We assume that 1 is a simple object in C.

(C2) C is cocomplete, i.e. C is closed under small inductive limits.

(F1) There is a scheme X, and an additive tensor functor v : C — Qcoh(X’) from
C to the category of quasi-coherent O y-modules which is faithful, exact and
preserves small inductive limits. (In particular, v(1) = Ox.)

(F2) M € C is dualizable whenever v(M) is a finitely generated Oy-module.

Remark 2.2.1. 1. The presence of a faithful functor v : C — Qcoh(X) as
stated in (F1) already implies that all More(M, N) are abelian groups,
i.e. that C is locally small. Hence, we could have ommitted this condition
in (C1). However, in this section and Section [2.3] we will not use conditions
(F1) and (F2) and therefore need the condition “locally small” in (C1).

2. By anobject M € C being dualizable, we mean that M admits a (right) dual,
i.e. an object MY € C together with two morphisms evy; : M @ MY — 1
(evaluation) and dp : 1 — MY ® M (coevaluation) such that the diagrams

Opr®id v

MY = 1M M2 Ve VMY and M = MoT 222y ieM VoM

\ lidjw\/ Xev s \ leV]u@id]\/[
id,,v idpy

MYl =2 MY 1M = M

commute.

Example 2.2.2. All the settings mentioned in the introduction are examples for
the category C.
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In the remainder of this section, C will be a category satisfying properties
(C1) and (C2).

Let k := End¢(1) denote the ring of endomorphisms of the unit object 1.
Then by simplicity of 1, k is a division ring, and even a field, as End¢(1) is
always commutative.

Let vect; denote the category of k-vector spaces, and vect; the subcategory
of finite dimensional k-vector spaces. There is a functor ®; : C x vect, — C such
that M ®; k» = M™ and in general M ®;, V = M=) (cf. [DMS82], p. 21 for
details).

As C is cocomplete, the functor ®; can be extended to ®;, : C x vect, — C via

M ®,V = %ﬂ M @ W.

wcv
fin.dim.

This functor fulfills a functorial isomorphism of k-vector spaces
More(N, M ®; V') = More(N, M) ®; V for all M, N € C,V € vecty,

where the tensor product on the right hand side is the usual tensor product of
k-vector spaces. Recall that More(N, M) is a k-vector space via the action of
k= Endc(]l)

The functor ®; induces a tensor functor ¢ : vect;, — C given by «(V) := 1®,V,
and one obviously has M ®; V = M ® (V') (the second tensor product taken in
C). The functor ¢ is faithful and exact by construction. Since ¢ is an exact tensor
functor and all finite dimensional vector spaces have a dual (in the categorial
sense), all objects (V') for V' € vect;, are dualizable in C.

There is also a functor (—)¢ := More(1, —) : C — vect,, from the category C
to the category of all k-vector spaces.

Remark 2.2.3. As already mentioned in the introduction, in the differential case
MC¢ = M? is just the k-vector space of constants of the differential module M.
In the difference case (with endomorphism o), M¢ equals the invariants M? of
the difference module M.

The functor ¢ corresponds to the construction of “trivial” differential (resp. differ-
ence) modules by tensoring a k-vector space with the differential (resp. difference)

base field F.

The following proposition gives some properties of the functors ¢ and (—)°¢

which are well known for differential resp. difference modules.
prop:first-properties—-cat

Proposition 2.2.4. Let C be a category satisfying (C1) and (C2), and let v and
()¢ be as above. Then the following hold.

1. If V € vecty, then any subobject and any quotient of 1(V') is isomorphic to
L(W) for some W € vecty.
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2. If V € vecty, then (V') € C has finite length and length(:(V)) = dimy (V).
3. If M € C has finite length, then M€ € vect), and dimy,(MC) < length(M).

Proof. 1. First consider the case that V & vecty, is of finite dimension. We show
the claim by induction on dim(V').
The case dim (V') = 0 is trivial. Let V' € vect, and N € C be a subobject of
t(V), and let V! C V be a 1-dimensional subspace. Then one has a split exact
sequence of k-vector spaces 0 — V' — V — V/V’ — 0 and therefore a split
exact sequence

0= (V") = (V)= (V/V') =0

in C. Since N is a subobject of ¢(V'), the pullback N N¢(V’) is a subobject of
(V') = 1. As 1 is simple, NN (V') =0 or N Ne(V') = (V).
In the first case, N < «(V/V"), and the claim follows by induction on dim(V").
In the second case, by induction N/¢(V") is isomorphic to ¢«(W') for some sub-
space W C (V/V'). If W’ denotes the preimage of W under the epimorphism
V — V/V', one has a commutative diagram with exact rows

00— (V") N (W) ——=0,

F ]k

00— (V") —= (W) —= (W) —0

and therefore N = ((W').

If V € vect, has infinite dimension, we recall that (V) = lim (W) and

wcv
fin.dim.

hence, for any subobject N C ¢(V'), one has
N = limg NOoW).

wcv
fin.dim.

From the special case of finite dimension, we obtain N N (W) = «(W’') for
some W' related to W, and therefore

N = lim (W)= lim W
wcv wcv
fin.dim. fin.dim.

Now let V' € vect; be arbitrary and, let N be a quotient of «(V'). Then by
the previous, Ker(¢(V) — N) is of the form +(V"’) for some V' C V| and hence
N =2 (V) /u(V") =2 (V/V"), as ¢ is exact.

2. By part (i), every sequence of subobjects 0 = Nog € Ny € --- C (V) is
induced via ¢ by a sequence of subvector spaces 0 = Wy, C Wy € --- C V.
Hence, length(¢(V)) = dimg (V).
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3. We use induction on the length of M. If M has length 1, then M is a simple ob-
ject. Since 1 also is simple, every morphism in M¢ = Mor¢(1, M) is either 0 or
an isomorphism. In particular, £k = End¢(1) acts transitively on More (1, M),
which shows that dimg(More(1,M)) is 0 or 1. For the general case, take a
subobject 0 # N # M of M. Applying the functor ()¢ = More(1,—) to the
exact sequence 0 - N — M — M/N — 0 leads to an exact sequence

0— N¢ — M® — (M/N)°,

as the functor More (X, —) is always left-exact.
Hence, dimy(MC¢) < dimg(N€) + dimg((M/N)€). Since N and M/N have
smaller length than M, we obtain the claim by induction using length(M) =
length(N) + length(M/N).

[

prop:adjointness
Proposition 2.2.5. Let C be a category satisfying (C1) and (C2) and let v and
()¢ be as above. Then the following hold.

1. The functor ¢ is left adjoint to the functor ()¢, i.e. for all V € vect,, M € C,
there are isomorphisms of k-vector spaces More(t(V'), M) = Homy(V, M€)
functorial in V' and M.

2. For every V € vecty,, the homomorphism ny : V — («(V))€ which is adjoint
to id vy 4s an isomorphism.

3. For every M € C, the morphism ey : 1 ®; More(1, M) = +(M€) — M

which 1s adjoint to idye is a monomorphism.
rem:iota-full

Remark 2.2.6. 1. Whereas in the differential resp. difference settings, part
(i) and (ii) are easily seen, part (iii) amounts to saying that any set vy, ..., v,
MFC of constant (resp. invariant) elements of M which are k-linearly inde-
pendent, are also independent over the differential (resp. difference) field F.
This is proven in each setting separately. However, Amano and Masuoka
provide an abstract proof (which is given in [Ama05, Prop. 3.1.1]) which
relies on the Freyd embedding theorem.

2. The collection of homomorphisms (1y)vevect, is just the natural transfor-
mation 7 : idyet, — (—)€o¢ (unit of the adjunction) whereas the morphisms
ey form the natural transformation € : ¢t o (=) — ide (counit of the ad-
junction). By the general theory on adjoint functors, for all VW € vecty,
the maps Homy (V, W) — More(e(V), t(W)) induced by applying ¢ are just
the compositions

adjunction

Homy (V, W)~ Homy (V, o (W)€) 222 N fore (o(V), o (W)
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(cf. [ML9g|,p. 81,eq. (3) and definition of n). This implies that ny is a
monomorphism for all W € vect, if and only if Homy, (V, W) — More(¢(V), t(W))
is injective for all V. W € vecty, i.e. if ¢ is a faithful functor. Furthermore,

nw is a split epimorphism for all W € vecty, if and only if Homy(V, W) —
More(¢(V), t(W)) is surjective for all V,W € vect, if and only if ¢ is a
full functor. In particular, ny being an isomorphism for all W € vecty, is
equivalent to ¢ being a fully faithful functor.

Proof of Prop.[2.2.5 1. For V € vect; and M € C we have natural isomorphisms

I

More(¢(V'), M) More(1, M ® (V)") = More(1, M @5 V)
More(1, M) @, VY = Homy,(V, More (1, M))

= Homy(V, M°)

I

If V is of infinite dimension the statement is obtained using that More and
Hom,, commute with inductive limits, i.e.

More(e(V), M) = More( lim (W), M) = Jim More(e(W), M)

wcv wcV
fin.dim fin.dim
> lim Homy (W, M€) = Homy,(V, M°).
wcv
fin.dim

2. We have, (¢«(V))¢ = More (1,1 ®;, V) = More(1,1) @, V 2 k®, V =V, and
the morphism id,yy corresponds to idy : V' 2% (4(V))° 2 V via all these

natural identifications.

3. Let M € C and N := Ker(gps) C +(MC). By Prop. [2.2.4(i), there is a subspace
W of M€ such that N = +(W). Hence, we have an exact sequence of morphisms

0 — (W) = o(M°) 25 M.
Since ()¢ is left exact, this leads to the exact sequence

€ C
0 = (L(W))€ — ((MC))¢ 2L, pye
But ny : V — («(V))€ is an isomorphism for all V by part (ii). So we obtain
an exact sequence

0 W — M€ e e

and the composite (/)¢ o nyc is the identity on MC by general theory on
adjoint functors (cf. [MLI8, Ch. IV, Thm. 1]). Hence, W = 0.

]

32



2.3 C(C-algebras and base change

sec:c-algebras
We recall some notation which are already present in [ML65, Ch. 17 & 18], and
refer to loc. cit. for more details. The reader should be aware that a “tensored
category” in [MLG5H] is the same as an “abelian symmetric monoidal category”
here.
A commutative algebra in C (or a C-algebra for short) is an object R € C
together with two morphisms ugr : 1 — R and ur : R® R — R satisfying several
commuting diagrams corresponding to associativity, commutativity and the unit.
For instance,

MR © (U,R X ldR) = ldR = UR O (ldR X UR)

says that ug is a unit for the multiplication ug (cf. [ML65, Ch. 17]; although the
term “C-algebra” in [MLG65] does not include commutativity).

For a C-algebra R we define Cgi to be the category of R-modules in C, i.e. the
category of pairs (M, pp) where M € C and up : R® M — M is a morphism
in C satisfying the usual commuting diagrams for turning M into an R-module
(cf. [ML65, Ch. 18])P] The morphisms in Cp are morphisms in C which com-
mute with the R-action. The category Cp is also an abelian symmetric monoidal
category with tensor product ®g defined as

M ®@g N := Coker((ppyo7)®idy —idyy @ uv : M@ RN — M ® N),

where 7: M ® R — R ® M is the twist morphism (see [ML65, Prop. 18.3]).

A C-ideal I of a C-algebra R is a subobject of R in the category Cgr, and R
is called a simple C-algebra, if 0 and R are the only C-ideals of R, i.e. if R is a
simple object in Cg.

Definition 2.3.1. For a C-algebra R, the additive right-exact functor ()g :
(C,®) — (Cr,®Rr),M — Mg = (R® M, ur ® idy) is called the base change
functor. It is even a tensor functor, and it is a left adjoint to the forgetful functor
Cr — C (see [ML65, Thm. 18.2]).

We can also base change the functors ¢ and ()¢. In more details, having in mind
that Ende,,(R) = More(1, R) = RC:

tg: mod pe — Cg,V — R ®,(gey u(V)
and
(% :Cr— mod pe, M — Morc, (R, M) = More(1, M) = M.
A special case is given, if R = ((A) for some commutative k-algebra A. In this

case, g is “the same” as ¢. This case corresponds to an extension by constants
in the theory of differential or difference modules.

2Most times, we will omit the p37 in our notation, and just write M € Cg.
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Proposition 2.3.2. The functor tg is left adjoint to the functor ()°r.
Proof. Let V€ mod re and M € Cg, then

More,, (tr(V), M) = More, (R ®,(rey L(V), M) = Morc, ., («(V), M)

)
is the subset of More(c(V), M) given by all f € More(e(V), M) such that the
diagram

W(RE) @ (V) L (RO @ M

lb(#v) l“M

M

commutes. On the other hand, Hom pe(V, M®) = Hompe(V, M) is the subset
of Homy(V, M¢) given by all g € Homy(V, M) such that the diagram

RC @, V ~224 pe o, MC

L“V’ L(MAi)C

174 g M€

commutes. Assume that f and g are adjoint morphisms (i.e. correspond to each
other via the bijection Mor¢(1(V), M) = Homy(V, M€) of Propl2.2.5(i)), then
the commutativity of the first diagram is equivalent to the commutativity of the

second, since the bijection of the hom-sets is natural. O
lemma:ideal-bijection: :abstract

Lemma 2.3.3. Let A be a commutative k-algebra. Then v,4y and ()4 define
a bijection between the ideals of A and the C-ideals of t(A).

Proof. By definition ¢,4)({) = «(I) for any I € mod 4. Furthermore, by
Prop. [2.2.4{i), ¢ induces a bijection between the k-subvector spaces of A and
the subobjects of ¢(A) in C. The condition on I being an ideal of A (resp. of

t(I) being an ideal of ¢(A)) is equivalent to the condition that the composite
Ho(A)

A@, T ™ A — A/I (vesp. the composite t(A) ® o(I) =2 1(A) = o(A)/u(I))
is the zero map. Hence, the condition for «(I) is obtained from the one for I by
applying ¢, and using that ¢ is an exact tensor functor. Since ¢ is also faithful,
these two conditions are indeed equivalent. O

In the special case that A is a field, one obtains the following corollary.
cor:still-simple::abstract

Corollary 2.3.4. Let { be a field extension of k, then v(€) is a simple C-algebra.

Remark 2.3.5. As 1z and ()°7 are adjoint functors, there are again the unit and
the counit of the adjunction. By abuse of notation, we will again denote the unit
by n and the counit by €. There might be an ambiguity which morphism is meant
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by epr if (M, pp) is an object in Cg. However, when M is explicitly given as an
object of Cg, then ey : tr(MCR) — M is meant. This is the case, for example, if
M = Np is the base change of an object N € C.
In cases where the right meaning of £,; would not be clear, we always give the
source and the target of €);.

prop:on-iota-r
Proposition 2.3.6. Assume that, Lg is exact and faithfulEL and that any subob-
ject of R™ is of the form tgr(W), then the following holds.

1. For every V € Modpge, every subobject of tr(V') is isomorphic to tgr(W) for
some W C V.

2. For every V € Modge, the morphism ny : V. — (tr(V))°® is an isomor-
phism.

3. For every M € Cg, the morphism €y : tp(MC®) — M is a monomorphism.

The most important cases where the proposition applies is on the one hand
the case R = 1(A) for some commutative k-algebra A (in which case tg = ¢), and
on the other hand R being a simple C-algebra.

Proof. 2. We show that ny : V. — (tx(V))°® is an isomorphism for all V €
Modge. As ¢ is faithful by assumption, all n, are monomorphisms (cf. Rem. [2.2.6)).
For showing that 7y is an epimorphism, it is enough to show that the natural
map

RC@p V =(R® (V)" = (1g(V))r

is an epimorphism, where on the left hand side, V' is considered just as a k-
vector space. Saying that this map is epimorphic is equivalent to saying that
any morphism g : R — tg(V) in Cg can be lifted to a morphism f : R —
R® (V) in Cg. Solet g : R — tg(V) be a morphism in Cg, and let P be the
pullback of the diagram

pTy

P R
Pra g
R& u(V)— (V)

Then P is a subobject of R@® (R® (V) = R*4m:(V) "and hence by assump-
tion, P = tgr(W) for some W € mod gre. By adjointness, pr; corresponds
to some RC-homomorphism ¢ : W — R = RC ie. pr; = egotr(q). Since

3For differential rings this means that the ring R is faithfully flat over +(RC).
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er: R =g (RCR) — R is the identity, and pr; is an epimorphism, faithful-
ness of tp implies that also ¢ is an epimorphism. Therefore, there is a R°-
homomorphism s : R — W such that ¢ o s = idgze. Let f be the morphism
fi=pryoig(s): R— R®(V), then

pof=popryoir(s) =gopryotr(s) =goir(gos) =g
Hence, f is a lift of g.

1. We show that any subobject of tz(V') is of the form ¢tz (W) for some submodule
W of V. The case of a quotient of tz(V') then follows in the same manner
as in Prop. [2.2.4] Let N C (V) be a subobject in Cg. Then the pullback
of N along p : R® «(V) — wg(V) is a subobject of R ® «(V'), hence by
assumption of the form (W) for some W C (Rf)dimk(v). Furthermore, as

ny is an isomorphism, the restriction p\LR(VV) s tr(W) — 1r(V) is induced by

some homomorphism f : W — V (cf. Remark [2.2.6). By exactness of ¢z, we
finally obtain N = Im(tg(f)) = tr(Im(f)) = tg(W) for W := Im(f).

3. The proof that gy : tgr(MC®) — M is a monomorphism is the same as in

Prop.

lemma:when-eps-is-iso
Lemma 2.3.7. Let R be a simple C-algebra. Then for N € Cg, the morphism €y
is an isomorphism if and only if N is isomorphic to tr(V') for some V € Modpg,.

Proof. If ey is an isomorphism, then N 2 1z(V) for V := Nk, On the other
hand, let N = (z(V) for some V' € Modg,. Since tr(nv) o €,,v) = id,y)
(cf. IML98|, Ch. IV, Thm. 1]) and 7y is an isomorphism, €, () is an isomorphism.

Hence, ey is an isomorphism. O
prop:subcat-of-trivial-modules

Proposition 2.3.8. Let R be a simple C-algebra. Then the full subcategory of Cr
consisting of all N € Cg such that ey is an isomorphism is a monoidal subcategory
of Cr and 1s closed under taking direct sums, subquotients, small inductive limits,
and duals of dualizable objects in Cg.

Proof. Using the previous lemma, this follows directly from Prop. [2.3.6i), and

the fact that ¢y is an additive exact tensor functor. O

2.4 Solution rings and Picard-Vessiot rings
sec:solution-rings
From now on we assume that C satisfies all conditions (C1), (C2), (F1) and (F2).

lemma:dualizables-are-projective-of-finite-rank

Lemma 2.4.1. Let M € C be dualizable. Then v(M) is a finitely generated
locally free Ox-module of constant rank.

36



Proof. 1t M € C is dualizable, then v(M) is dualizable in Qcoh(X), since v is a
tensor functor, and tensor functors map dualizable objects to dualizable objects
(and their duals to the duals of the images). By [Del90, Prop. 2.6], dualizable
objects in Qcoh(X) are exactly the finitely generated locally free Oy-modules.
Hence, v(M) is finitely generated and locally free whenever M is dualizable.

To see that the rank is constant, let d € N be the maximal local rank of v(M),
and consider the d-th exterior power A := A%(M) € C which is non-zero by the
choice of d. Hence, the evaluation morphism ev, : A®@ AV — 1 is non-zero. Since
1 is simple, and the image of ev, is a subobject of 1, the morphism ev, is indeed
an epimorphism. Hence the evaluation

eVy(A) = v(eva) 1 v(A) ®o, U(A)v — Oy

is surjective which implies that v(A) ®p, Ox ., # 0 for any point x of X. But
this means that any local rank of v(M) is at least d, i.e. v(M) has constant rank
d.

rem:dualizables—are-projecti&g

Remark 2.4.2. With respect to the previous lemma, condition (F2) implies that
if v(M) is finitely generated for some M € C, then v(M) is even locally free and
of constant rank. This also implies the following:
If M is dualizable, then v(M) is finitely generated and locally free. Further,
for every epimorphic image N of M, the Oy-module v(N) is also finitely gener-
ated and hence, locally free. But then for any subobject N/ C M the sequence
0 — v(N') = v(M) = v(M/N') — 0 is split exact, since v(M/N') as an epi-
morphic image is locally free. Therefore v(N’) is also a quotient of v(M), in
particular v(N’) is finitely generated and locally free.
So given a dualizable M € C, all subquotients of finite direct sums of objects
M®" @ (MY)®™ (n,m € N) are dualizable. Hence, the strictly full tensor sub-
category of C generated by M and M"Y — which is exactly the full subcategory
of C consisting of all objects isomorphic to subquotients of finite direct sums of
objects M®" @ (MY)®™ (n,m € N) — is a rigid abelian tensor category and will
be denoted by (M)). Furthermore by definition, v is a fibre functor and therefore
(M) is even a Tannakian category (cf. [Del90l Section 2.8]).

By [Del90, Cor. 6.20], there exists a finite extension k of k and a fibre functor

w: ((M)) — vectj. In view of Thm. in Section [2.5] this implies that there is
a Picard-Vessiot ring for M over k.

We will see later (cf. Cor. [2.4.13)) that for every simple minimal solution ring
R, the field R = Endc,(R) is a finite field extension of k.

Definition 2.4.3. Let M € C.
A solution ring for M is a C-algebra R such that the morphism

EMg ‘LR ((MR)CR) — MR =R M

is an isomorphism.
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A Picard-Vessiot ring for M is a minimal solution ring R which is a simple
C-algebra, and satisfies R¢ := Endc,(R) = k. Here, minimal means that for
any solution ring R € C that admits a monomorphism of C-algebras to R, this
monomorphism is indeed an isomorphism.

Remark 2.4.4. Comparing with the differential setting, (Mg)% is just the so
called solution space (R ®p M)? of M over R, and e, is the canonical homo-
morphism R ®po (R ®@p M)? = R®p M.

When R is a simple C-algebra (i.e. in the differential setting a simple differential
ring), then by Prop[2.3.6(iii), ey, is always a monomorphism. Hence, for a sim-
ple C-algebra R, the condition for being a solution ring means that the solution
space is as large as possible, or in other words that R® M has a basis of constant

elements, i.e. is a trivial differential module over R. . ) .
prop:image-of-solution-rings

Proposition 2.4.5. Let R be a solution ring for some dualizable M € C, and let
f: R — R be an epimorphism of C-algebras. Assume either that R' is a simple
C-algebra or that (R ® M) is a free RC-module. Then R’ is a solution ring for
M as well.

Remark 2.4.6. If (R® M) is a free RE-module, then it is automatically free of
finite rank, and the rank is the same as the global rank of v(M) as Ox-module

which exists by Lem. 2.4.1]

Proof of Prop.[2.4.5. As f : R — R’ is an epimorphism and M is dualizable,
f®idy : R® M — R’ ® M is an epimorphism, too. As the diagram

EMp

LR ((R X M)C)
l feidys
v (R'® M)°) —2 o My = R @ M

Mrp=R&®M

commutes and €y, is an isomorphism by assumption on R, the morphism ey,
is an epimorphism.

If R is simple, then by Prop. [2.3.6((iii) the morphism ,;,, is a monomorphism,
hence an isomorphism. Therefore, R’ is a solution ring.

Assume now, that (R@M)C is a free R¢-module of rank n. Then tzx(R®M )¢ =
tr ((R°)") = R". Composing with ¢, leads to an isomorphism R" S Ro M.
We therefore obtain an isomorphism « : (R')* — R’ ® M by tensoring with R'.
Applying the natural transformation ¢ to this isomorphism, we get a commutative
square

LR! (af)

R"™ = p ((Rm)c) = LR ((R/®M>C)

&LER/n LEJMR/

Rln R/® ]\47

e
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which shows that 3/, is an isomorphism, too. O

thm:exists-sol-ring
Theorem 2.4.7. Let M € C be dualizable. Then there exists a non-zero solution
ring for M.

Proof. We show the theorem by explicitly constructing a solution ring. This
construction is motivated by the Tannakian point of view in [DMS82] and by
Section 3.4 in [And01].

Let n := rank(v(M)) be the global rank of the Ox-module v(M) which exists by

Lemma [2.4.1, We then define U to be the residue ring of Sym((M ® (1™)Y) @

(1" M V)) subject to the ideal generated by the image of the morphism

(—ev,idy @0 @idppv) M@ MY — 1O (Mo (1) 01" @ MY)
c sym<(M 218 (1" MV)).

First we show that U # 0 by showing v(U) # 0. By exactness of v, the ring
v(U) is given as the residue ring of Sym ((v(M) ®p, (OF)") @ (OF @0, V(M)Y))
subject to the ideal generated by the image of (—evyr),id ® dop ® id).

Let U = Spec(S) € X be an affine open subset such that M := v(M)(U)
is free over S. Let {by,...,b,} be a basis of M and by, ... NS MY the corre-
sponding dual basis. Then v(U)(U) is generated by z;; := b; ® ] € M ® (S")"
and y;; == €;®b/ € S"® (M) fori,j =1,...,n, where {ej, ..., e,} denotes the
standard basis of S™ and {e, ..., e} the dual basis. The relations are generated
by

b (b:) = eV (bi @ b)) = (idy; ® S0 ®@ iy ) (B @ b)) = > (b @ e)) ® (e; ® b)),

j=1

ie. 0 = Z?:1 z;y;e for all ¢,k = 1,...,n. This just means that the matrix
Y = (yji) is the inverse of the matrix X = (x;;). Hence v(U)(U) = S[X, X !] is
the localisation of a polynomial ring over S in n? variables.

For showing that U is indeed a solution ring, we consider the following diagram

I AuShn o re(1n Vet incl.®idgn Ueln
id @ 1d®6 s 1d®6 s
MM @M “E0 L (Vo1 V )(1meMY oM —2E . Ug(1meMY @M
v ®id g piy ®id py @iday
1M tw iy UM id USM.
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It is easy to see that the upper left, upper right and lower right squares all
commute. The lower left square also commutes by definition of U, since the
difference of the two compositions in question is just (—ev,;,idy ® d9n ®idpv) ®
idy;. Furthermore the composition of the two vertical arrows on the left is just
the identity on M by definition of the dual. Tensoring the big square with U
leads to the left square of the next diagram

U® M UoUgln 22 g n

o s -

U@ M S 7 oo v 8N e v

where a 1= (uy®idyr)o(id®dys). The right square of this diagram also commutes,
as is easily checked, and the composition in the bottom row is just the identity
according to the constraints on the unit morphism uy and the multiplication map
py. Hence, a : U @ 1™ — U ® M is a split epimorphism in C, and even in Cy
(since the right square commutes). Since the rank of v(U ® 1) = v(U)™ and the
rank of v(U ® M) as v(U)-modules are both n, the split epimorphism v(«) is in
fact an isomorphism, i.e. « is an isomorphism.

Applying the natural transformation e, we finally obtain the commutative
square
)

U = iy (U)o (U2M)©)
ElEUn lEA{U
Ur = Ugl” = UM,

which shows that €,/ is an isomorphism. Hence, U is a solution ring for M. [
rem:universal-solution-ring

Remark 2.4.8. In the case of difference or differential modules over a difference
or differential field F', respectively, the ring U constructed in the previous proof
is just the usual universal solution algebra F[X, det(X )] for a fundamental
solution matrix X having indeterminates as entries. We will therefore call U the
universal solution ring for M.

This is moreover justified by the following theorem which states that U indeed

satisfies a universal property.
thm:univ-sol-ring

Theorem 2.4.9. Let R be a solution ring for M, such that (R@M)C is a free RC-
module, and let U be the solution ring for M constructed in Thm.|2.4.7. Then
there exists a morphism of C-algebras f : U — R. Furthermore, the image of

(RO ®U 297 R®@ R 2% R does not depend on the choice of f.

Proof. By assumption, we have an isomorphism in Cg:
a:R" > g (Mg)") = R@,peyt (R® M)°) = R@ M.
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Since M is dualizable, one has bijections

More,,(R", R® M) ~ More, (R® (1" ® M), R) ~ Morc (1" ® MY, R)

o QR = (idR®eVM>O(Oé®ide) = Q= &R’ﬂn@M\/
Similarly, for the inverse morphism 3 :=a~!': R® M — R", one has

More, (R ® M, R") ~ Morc,(R® (M ® (1™)), R) ~ Mor¢(M ® (1™)Y, R)
ﬁ — BR = (ldR X evﬂn) ¢} (6 & id(]ln)v) — B = BR|M®(1n)v

Therefore the isomorphism « induces a morphism of C-algebras
o sym((M ®(IMY) & (1" ® MV)> SR

We check that this morphism factors through U, i.e. we have to check that the
morphisms

Boa

v 1d®dn®id MeI")Wel oMY s Ro R R

Mo M

and
MeM =51 5 R

are equal. For this we consider the R-linear extensions in the category Cr. By
[Del90) Sect. 2.4], the composition

(SRn ®id]\4\/

MY —— 5 (R ®g R" @5 MY 22999 V1Y @ My ®@p (R™)Y

id®ev Mg

(R")”

is just the transpose ‘o : M}, — (R™)" of the morphism «, and this equals the
contragredient 3Y of 3 = a1t
Hence the equality of the two morphisms reduces to the commutativity of the

diagram

Mpr ®g M%&R” QR (Rn>\/

evpn
eVMR

R.

But by definition of the contragredient (see [Del90, Sect. 2.4]), this diagram
commutes.

It remains to show that the image of ((R¢) ® U SR8 R@ R 2% R does not
depend on the chosen morphism f: U — R.
Given two morphism of C-algebras f,g: U — R, let &y, a, € More(1" @ MY, R)
be the restrictions of f resp. of g to 1" @ MY C U, and let Bf,Bg € More(M ®
(1™)V, R) be the restrictions of f resp. of g to M ® (1™)¥ C U. Furthermore, let
ag,ay € More, (R", Mg) and By, B, € Morc,, (Mg, R™) denote the corresponding
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isomorphisms. Then by similar considerations as above one obtains that 3y and
By are the inverses of oy and o, respectively. Then

By 0 ay € More, (R", R") ~ Hompe ((R)", (R")) =~ More, . («(R°)",«(R)")

is induced by an isomorphism on «(R)" (Which we also denote by [, o ay).
Therefore for the «(RC)-linear extension éy,(gey, Gy, (rey : L(RY) @ 1" @ MY — R,
one has

Qfure) = (idr ® evar) o (Oéf’L(RC)n ® idpv)
= (dR®evM) (O[g| RC ®1de)O((BgOOéf)®lde)
= d ((ﬁgoaf)@)lde).

and similarly, . .

Brure) = Bgure) © ((ag 0 Br) @ idarv) .
Hence, the morphism ppo(eg® f) : t(R€) ® U — R factors through pupo (g ®g)
and by changing the roles of f and g, the morphism pgo (eg® g) factors through
pro (g ® f). So the images are equal. O

Remark 2.4.10. In the classical settings, every Picard-Vessiot ring for some
module M is a quotient of the universal solution ring U. This is also the case in
this abstract setting (see Thm. below). More generally, we will see that
every simple minimal solution ring for M (i.e. without the assumption on the
constants) is a quotient of U. Conversely, in Cor. we show that every
quotient of U by a maximal C-ideal m is a Picard-Vessiot ring if (U/m)¢ = k.
Dropping the assumption (U/m)¢ = k, however, one still has a simple solution
ring U/m (by Prop. 2.4.5), but U/m may not be minimal. To see this, let M = 1.
Then trivially R := 1 is a Picard-Vessiot ring for M, and the only one, since it
is contained in any other C-algebra.

The universal solution ring for M = 1, however, is given by U = 1 ®y, k[z, 27}
Hence, for every maximal ideal I of k[z,z™!], m := «(I) is a maximal C-ideal of
U = u(k[z,z7']) by Lemma [2.3.3] But U/m = ((k[z,2']/I) is only a minimal
solution ring, if k[z,z7']/T =k, i.e. U/m = 1.

We continue with properties of quotients of U.
prop:properties-of-quotients-of-U

Proposition 2.4.11. Let U be the universal solution ring for some dualizable
M € C, and let R be a quotient algebra of U. Then v(R) is a finitely generated
faithfully flat Ox-algebra. If in addition R is a simple C-algebra, then RC is a
finite field extension of k.

Proof. Since R is a quotient of U, it is a quotient of 7" := Sym((M@(]l")V)@(]l"@)

M V)) Since v(M) is finitely generated, v(7T') is a finitely generated Oy-algebra
and therefore also v(R) is a finitely generated Ox-algebra.
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Since M is dualizable, ((M)) is a Tannakian category (see Rem. [2.4.2)), and T
is an ind-object of ((M)). Being a quotient of T', R also is an ind-object of ((M)).
Therefore by [Del90, Lemma 6.11], v(R) is faithfully flat over Oy.

If in addition R is simple, £ := RC is a field. By exactness of ¢ and Prop. (iii),
we have a monomorphism ¢(¢) — R, and hence by exactness of v, an inclusion
of Ox-algebras Oy @ ¢ = v(1(f)) — v(R). After localising to some affine open
subset of X', we can apply Thm. and obtain that ¢ is a finite extension of
k. [

thm:simple-minimal-solution-rings-are—-quotients
Theorem 2.4.12. Let M be a dualizable object of C, and let U be the universal
solution ring for M. Then every simple minimal solution ring for M is iso-
morphic to a quotient of the universal solution algebra U. In particular, every
Picard-Vessiot ring for M is isomorphic to a quotient of U.

Proof. Let R be a simple minimal solution ring for M. Since R is simple, R¢
is a field, and therefore (R ® M) is a free RS-module. Hence R fulfills the
assumptions of Theorem [2.4.9 and there is a morphism of C-algebras f : U — R.
As (U M) is a free U°-module, the image f(U) is a solution ring by Prop. [2.4.5|
As R is minimal, we obtain f(U) = R. Hence, R is the quotient of U by the
kernel of f. O

cor:properties-of-simple-minimal-solution-rings
Corollary 2.4.13. Let R € C be a simple minimal solution ring for some dual-
izable M € C. Then v(R) is a finitely generated faithfully flat Ox-algebra, and
RC is a finite field extension of k.

Proof. This follows directly from Thm. and Prop. 2.4.11] O

prop:unique-pv-inside-simple-sol-ring
Proposition 2.4.14. Let M be a dualizable object of C, and let R be a simple
solution ring for M with R¢ = k. Then there is a unique Picard-Vessiot ring for
M inside R. This is the image of the universal solution ring U under a morphism

f:U—R.

Proof. As in the proof of Thm. 2.4.12] R fulfills the assumptions of Theorem
2.4.9| so there is a morphism of C-algebras f : U — R. By assumption on R, we
have ((R¢) = 1(k) = 1, and hence e @ f = f : 1®U = U — R. So by the second
part of Theorem the image f(U) does not depend on the choice of f. In
particular, f(U) (which is a solution ring by Prop. is the unique minimal
solution ring inside R. It remains to show that f(U) is a simple algebra.

Let I C U be a maximal subobject in Cy (i.e. an ideal of U), let R := U/I
and let g : U — R’ be the canoncial epimorphism. Furthermore, let m € C be
a maximal ideal of R’ ® R. Since R and R’ are simple, the natural morphisms
R — (R®R)/mand R — (R’ ® R)/m considered in Cr and Cg/, respectively, are
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monomorphisms, and it suffices to show that 1 ® f(U) C (R’ ® R)/m is simple.

U ! R

g jl@idR
. idpel ,

R (R ® R)/m

g(U) = R’ is simple by construction, and so is g(U) ® 1 C (R’ ® R)/m.
By Theorem [2.4.9, we have «(l) - (¢(U) ® 1) = «(I) - (1 ® f(U)), where [ =
(R ® R)/m)", and [ is a field, since (R’ ® R)/m is simple. By Corollary ,
applied to the category Cr, (1) - (g(U) ® 1) is also simple, i.e. ¢(I) - (1 @ f(U)) is
simple. Since, ¢({) - (1 ® f(U)) 21 ®y f(U) is a faithfully flat extension of f(U),
this implies that f(U) is also simple. O

Remark 2.4.15. The previous proposition ensures the existence of Picard-Vessiot
rings in special cases. For example, in the differential setting over e.g. F' = C(t),
if  is a point which is non-singular for the differential equation, then one knows
that the ring of holomorphic functions on a small disc around that point is a
solution ring for the equation. Hence, there exists a Picard-Vessiot ring (even
unique) for the corresponding differential module inside this ring of holomorphic
functions.

Similarly, in the case of rigid analytically trivial pre-t-motives (which form a spe-
cial case of the difference setting) the field of fractions of a given ring of restricted

power series is a simple solution ring for all these modules (cf. [Pap08]).
cor:special-quotients—are-pv-rings

Corollary 2.4.16. Let M € C be dualizable, and let m be a mazximal C-ideal
of the universal solution ring U for M such that (U/m)¢ = k. Then U/m is a
Picard-Vessiot ring for M.

Proof. By Prop.[2.4.5, U/m fulfills the conditions of R in the previous propostion.
Hence, the image of the morphism U — U/m (which clearly is U/m) is a Picard-

Vessiot ring.
cor:pv-rings-isom-over-finite-ext

Corollary 2.4.17. Let M € C be dualizable, and let R and R’ be two simple
minimal solution rings for M. Then there exists a finite field extension { of k
containing R® and (R')° such that R Qe { = R' Qpryc L.

Proof. As in the proof of the previous theorem, let f : U — Rand g : U — R be
epimorphisms of C-algebras whose existence is guaranteed by Thm. 2.4.12] Let
m be a maximal C-ideal of R’ ® R, and let £ := (R'® R/m)°. Then R’ and R
embed into R’ ® R/m and hence (R')¢ and R® both embed into ¢. Furthermore
by Thm. 2.4.9) the subrings ¢(¢)(g(U) ® 1) and ¢(¢)(1 @ f(U)) are equal. As ¢
contains both R® and (R')¢, one has ¢(£)(g(U) ® 1) = 1({)(R' ® 1) = R' @ (e L
and ((£)(1® f(U)) = R®pc L. Hence, R’ @gye £ = R ®pe £. As in the proof of
Prop. one shows that ¢ is indeed finite over k. O

44



thm:existence-of-pv-ring
Theorem 2.4.18. Let M € C be dualizable. Then there exists a Picard-Vessiot
ring for M up to a finite field extension of k, i.e. there exists a finite field extension
¢ of k and a C,y)-algebra R such that R is a PV-ring for M, € C, ).

Proof. Let U be the universal solution ring for M, and let m C U be a maximal
C-ideal of U. Then R := U/m is a simple solution ring for M by Prop. [2.4.5] and
¢ := RC is a finite field extension of k by Prop. 2.4.11]

Considering now M, € C,(»), and R as an algebra in C,y) via ep : L(RC) = 1(0) —
R, we obtain that R is a simple solution ring for M, with RC = (. Hence by
Prop. [2.4.14] with & replaced by ¢ (and C by C, etc.), there is a unique Picard-
Vessiot ring for M, inside R. Indeed also by Prop.[2.4.14] this Picard-Vessiot
ring is R itself, since the canonical morphism ¢(¢) ® U — R is an epimorphism,
and +(¢) ® U is easily seen to be the universal solution ring for M, ). O

2.5 Picard-Vessiot rings and fibre functors
sec:pv-rings-and-fibre-functors

Throughout this section, we fix a dualizable object M € C. Recall that we denote
by (M) the strictly full tensor subcategory of C generated by M and MV, i.e. the
full subcategory of C containing all objects isomorphic to subquotients of direct
sums of objects M®" @ (MY)®™ for n,m > 0.

In this section we consider the correspondence between Picard-Vessiot rings
R for M and fibre functors w : ((M)) — vecty. The main result is Thm. [2.5.5
which states that there is a bijection between their isomorphism classes. This
generalises [And01, Thm. 3.4.2.3] to our abstract setting.

prop:fibre-functor-associated-to-pv-ring

Proposition 2.5.1. Assume R is a Picard-Vessiot ring for M. Then the functor
wr : (M) — vecty, N = (R® N)°

1s an exact faithful tensor-functor, i.e. a fibre functor.
We call the fibre functor wg the fibre functor associated to R.

Proof. By definition of a Picard-Vessiot ring, the morphism ey, : R ®; (R ®
M)¢ — R® M is an isomorphism. Hence, by Prop. , €Ny 18 an isomorphism
for all N € ((M)).

Recall R ®;, (R® N)¢ = 1g((Ng)¢) = tp(wgr(N)) for all N.

As v(R) is faithfully flat over Ox = v(1) by Cor. 2.4.13] the functor N
R® N is exact and faithful. Hence, given a short exact sequence 0 — N’ — N —
N" — 0 in ((M)), the sequence

0>RIN - RIN—->R®N'"—0
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is exact, and R ® N = 0 if and only if N = 0. Using the isomorphisms ¢y, etc.
the sequence

0— R@k wR(N’) — R@k wR(N) — R@k wR(N") —0
is exact. As (g is exact and faithful, this implies that
0 — wr(N') = wr(N) = wr(N") =0

is exact. Furthermore, wg(N) = 0 if and only if R ®; wr(N) = 0 if and only if
R® N =0 if and only if N = 0.
It remains to show that wg is a tensor-functor which is already done by show-

ing that e vgn), is an isomorphism if ey, and € Ny, are. ]

Given a fibre functor w : ((M)) — vect, we want to obtain a Picard-Vessiot
ring associated to w.
Apparently, this Picard-Vessiot ring is already given in the proof of [DM82]
Thm. 3.2], although the authors don’t claim that it is a Picard-Vessiot ring.
We will recall the construction to be able to prove the necessary facts:
For N € {(M)), one defines Py to be the largest subobject of N ®; w(N)" such
that for all n > 1 and all subobjects N’ C N™, the morphism

Py — N @y w(N)Y L2 N" @, w(N")Y — N™ @), w(N')"

factors through N’ @, w(N')V.
For monomorphisms ¢g : N’ — N and epimorphisms g : N — N’ one obtains
morphisms ¢, : Py — Py, and therefore

R,= lim Py eInd({M))ccC
Ne(M))

is welldefined. The multiplication pg, : R, ® R, — R, is induced by the natural

morphisms Pygr — Py ® Py, via dualizing and taking inductive limits.
lem:R-omega-representing

Lemma 2.5.2. The functor C—Alg — Sets which associates to each C-algebra R’
the set of natural tensor-transformations from the functor R'®(tow) : (M)) — Cps
to the functor R’ ® idgay @ (M) — Cr is represented by the C-algebra R,,,
i.e. there is a natural bijection between the natural transformations R' ® (tow) —
R' @ idyary of tensor functors and the morphisms of C-algebras R,, — R'.

Proof. Let R' be a C-algebra, and let a be a natural transformation not necessarily
respecting the tensor structure. Then for every N € ((M)) one has a morphism

ay € More,, (R ®t(w(N)),R ® N) ~ More(t(w(N)), R @ N)
~ More(1,R ® N @ t(w(N))") = (R ® N @ t(w(N))")¢
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It is straight forward to check that such a collection of morphisms (ay)y
where ay € More(1, R @ N ® t(w(N))Y) defines a natural transformation if and
only if ay € More(1, R’ ® Py) for all N, and ay = (idp ® ¢,) o ay whenever
¢g 1 Pn — Pyy is defined.

On the other hand, one has

More (R, ) = More( lim Py, R)
Ne(M)
= lim Morc(Py, R') ~ Jim More (1, R’ ® Py)
Ne(M) Ne(M)

Hence, giving such a compatible collection of morphisms ayy is equivalent to giv-
ing a C-morphism R, — R'.

It is also not hard to check that the natural transformations that respect the
tensor structure correspond to morphisms of C-algebras R — R’ under this iden-
tification. O

Before we show that R, is a simple solution ring for M, we need some more
results from [DMS82] resp. from [Del90]:
As w has values in k-vector spaces, (M) together with w is a neutral Tannakian
category (see [Del90]), and therefore equivalent to the category of representations
of the algebraic group scheme G' = Aut®(w).
This also induces an equivalence of their ind-categories, and R, corresponds to
the group ring k[G] with the right regular representation (cf. proof of [DM82]
Theorem 3.2]).
prop:pv-ring-associated-to-fibre-functor
Proposition 2.5.3. The object R, € Ind({(M))) C C associated to w is a simple
solution ring for M, and satisfies (R,,)¢ = k.
rem:pv-ring-associated-to-fibre-functor
Remark 2.5.4. By Prop. 2.4.14] R, therefore contains a unique Picard-Vessiot
ring for M. This Picard-Vessiot ring will be called the PV-ring associated to
w. Indeed, R, is already minimal and hence a Picard-Vessiot ring itself. This
will be seen at the end of the proof of Thm. 2.5.5] There is also a way of directly
showing that R, is isomorphic to a quotient of the universal solution ring for M
which would also imply that R, is a PV-ring (cf. Cor.[2.4.16). But we don’t need
this here, so we will omit it.

Proof. As w defines an equivalence of categories (M) — Rep,(G) (and also of
their ind-categories), and w(R,) = k[G], one obtains

(R,)¢ = More(1, R,,) ~ Homg(k, k[G]) = k[G]® = k.

For showing that R, is simple, let I # R, be an ideal of R, in C. We even have
I € Ind({(M))), as it is a subobject of R,. By the equivalence of categories w([l)
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belongs to Ind(Rep,(G)), and w(I) is an ideal of w(R,) = k[G]. But k[G] does
not have non-trivial G-stable ideals. Hence, w(I) = 0, and therefore I = 0.

As seen in Lemma [2.5.2] idp, € Morc¢(R,, R,,) induces a natural transforma-
tion o : R, ® (tow) = R, ® idyary, in particular it induces a Cg,-morphism
ay : R, @ 1(w(M)) — R, ® M. By [DM82, Prop. 1.13], such a natural transfor-
mation is an equivalence, as (M) is rigid’} Therefore, the morphism ayy is an
isomorphism. As R, ® ¢(w(M)) = tg,(w(M)), Lemma implies that €, is
an isomorphism.

Hence, R, is a solution ring for M.
O

thm:pv-rings-equiv-to-fibre-functors
Theorem 2.5.5. Let M € C be dualizable, and let ¢ be a field extension of k.
Then there is a bijection between isomorphism classes of Picard-Vessiot rings R
for M, over 1 := u(¢) and isomorphism classes of fibre functors w from (M)
into L-vector spaces.
This bijection is induced by R — wg and w — (PV-ring inside R,) given in
Prop. and Rem. [2.5.]], respectively.

Proof. Clearly isomorphic Picard-Vessiot rings give rise to isomorphic fibre func-
tors and isomorphic fibre functors give rise to isomorphic Picard-Vessiot rings.
Hence, we only have to show that the maps are inverse to each other up to iso-
morphisms.
By working directly in the category C,) we can assume that £ = k.

On one hand, for given w and corresponding PV-ring R, one has natural
isomorphisms

LR(W(N)) = R®y w(N) — Ng

(see proof of Prop. [2.5.3). By adjunction these correspond to natural isomor-
phisms

v w(N) =2 (Ng)© = wgr(N),

i.e. the functors w and wg are isomorphic.

Conversely, given a Picard-Vessiot ring R and associated fibre functor wg, let
R, be the simple solution ring constructed above.
As tp = R® 1 and (Ng)°® = wgr(N) for all N € (M), the natural isomorphisms
ENg I LR ((NR)CR) — Np form a natural transformation R® (towr) — R®idary.
By Lemma this natural transformation corresponds to a morphism of C-
algebras ¢ : R, — R. As R, is a simple C-algebra, ¢ is a monomorphism. But R
is a minimal solution ring, and hence ¢ is even an isomorphism. Therefore, R,, is
isomorphic to R and already minimal, i.e. R, is a Picard-Vessiot ring itself. [

4Rigidity of the target category which is assumed in loc. cit. is not needed. See also [Bru94,
Prop. 1.1].
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2.6 Galois group schemes
sec:galois-groups
Given a dualizable object M € C and a Picard-Vessiot ring R for M, one considers
the group functor
Aute ), (R) : Alg, — Groups

which associates to each k-algebra D the group of automorphisms of R ®; D as
an algebra in C,(p), i.e. the subset of MorcL<D>(R ®y D, R ®; D) consisting of all
isomorphisms which are compatible with the algebra structure of R ®; D.

This functor is called the Galois group of R over 1.

On the other hand, given a fibre functor w : (M)) — vecty, one considers the
group functor
Aut®(w) : Alg;, — Groups

which associates to each k-algebra D the group of natural automorphisms of the
functor D ®; w : N — D ®; w(N).
As ((M)) together with the fibre functor w is a neutral Tannakian category, this
group functor is called the Tannakian Galois group of ({(M)),w). In [Del90]
it is shown that this group functor is indeed an algebraic group scheme.

The aim of this section is to show that both group functors are isomorphic
algebraic group schemes if w = wg is the fibre functor associated to R.

We start by recalling facts about group functors, (commutative) Hopf-algebras
and affine group schemes. All of this can be found in [Wat79].

A group functor Alg, — Groups is an affine group scheme over k if it is repre-

sentable by a commutative algebra over k. This commutative algebra then has a
structure of a Hopf-algebra. The group functor is even an algebraic group scheme
(i.e. of finite type over k) if the corresponding Hopf-algebra is finitely generated.
The category of commutative Hopf-algebras over k£ and the category of affine
group schemes over k are equivalent. This equivalence is given by taking the
spectrum of a Hopf-algebra in one direction and by taking the ring of regular
functions in the other direction.
For a Hopf-algebra H over k, and corresponding affine group scheme G :=
Spec(H), the category Comod(H) of right comodules of H and the category
Rep(G) of representations of G are equivalent. This equivalence is given by attach-
ing to a comodule V' with comodule map p : V' — V®; H the following representa-
tion ¢ : G — End(V) of G: For any k-algebra D and g € G(D) = Homy,_,.(H, D),
the endomorphism o(g) on V ®;, D is the D-linear extension of

gop: V-V H—-V®D.

On the other hand, for any representation ¢ : G — End(V'), the universal element
idy € Homy_,,(H, H) = G(H) gives a H-linear homomorphism p(idg) : V ®j
H — V ®; H, and its restriction to V ® 1 is the desired comodule map p: V —
V&, H.
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For showing that the group functors Aut,_,,(R) and Aut®(wg) are isomor-
phic algebraic group schemes, we show that they are both represented by the
k-vector space H := (R ® R)° = wr(R). The next lemma shows that H is a
finitely generated (commutative) k-Hopf-algebra, and hence Spec(H) is an alge-
braic group scheme over k.

Remark 2.6.1. This fact is shown for differential modules over algebraically
closed constants in [vdPS03, Thm. 2.33], and for t-motives in [Pap08|, Sections
3.5-4.5].

lemma:H-is-Hopf-algebra

Lemma 2.6.2. Let R be a PV-ring for M and H := wr(R) = (R® R).

1. The morphism eg, : R®y H — Rp = R® R is an isomorphism in Cr (with
R-module structure on R ® R given on the first factor).

2. H is a finitely generated commutative k-algebra where the structure maps
ug + k — H (unit), pg - H @ H — H (multiplication) are given by

Uy = wR(uR) and HH = oJR(/JJR)’
respectively.

3. The k-algebra H is even a Hopf-algebra where the structure maps cy : H —
k (counit), A : H — H &y H (comultiplication) and s : H — H (antipode)
are given as follows: Counit and antipode are given by

c = (ur)¢ and s:= (1)°,

respectively, where 7 € More(R ® R, R ® R) denotes the twist morphism.
The comultiplication is given by

A= wR(el_?; o (’LLR & 1dR))

Remark 2.6.3. The definition of A might look strange. Compared to other
definitions (e.g. in [Tak89, Sect. 2]), where A is the map on constants/invariants
induced by the map RO R - R RRXR,a®b— a®1®b, one might think that
A should be defined as (idg ® up ® idg)¢ = wr(ur ® idg). The reason for the
difference is that in [Tak89] and others, one uses (RQ R)®r(R®R) =X RQR®R
with right- R-module structure on the left tensor factor (R® R) and left- R-module
structure on the right tensor factor (R ® R).

In our setting, however, we are always using left- R-modules. In particular, the
natural isomorphism wg(R) ®k wr(R) — wr(R ® R) reads as

More,. (R, R® R) ®; More, (R, R® R) — Mor¢,(R,R® R® R)

—1
: 5
5Hence, A is the image under wg of the morphism R un®idr, p ® R —2 R Rk H
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where the left hand side is isomorphic to More, (R, (R ® R) ®r (R ® R)). But
here, this is the tensor product of left- R-modules.

The additional 5]_{}1% in the definition of A solves the problem. It is also implicitly
present in the identification H ®; H = (R ® R ® R) in [Tak89] (cf. proof of
Lemma 2.4(b) loc. cit.).

Proof of Lemma[2.6.9. As R is an object of Ind({M))), part (i) follows from
Prop. 2.3.8 As wg is a tensor functor, it is clear that the structure of a commu-
tative algebra of R induces a structure of a commutative algebra on wr(R) = H
via the maps uy and ppg defined in the lemma. As in the proof of Prop. [2.4.11],
one verifies that H = wr(R) is finitely generated as k-algebra.
Part (iii) is obtained by checking that the necessary diagrams commute. We only
show that A is coassociative, i.e. that (A ®;idy)o A = (idy ®x A)o A, and leave
the rest to the reader.

As A = (JJR(&“I_%; o) (uR®1dR)), A@kld[{ = (JJR((SI_%; ®k1dH) O (’LLR®1dR®k ldH))
and idy ® A = wr(idg ®; A), it suffices to show that the morphisms

(ery ®kidp) o (up ®idg @y idy) 0 € 0 (ug ®idg)  and

(ldR Rk A) e} 81_{; @) (uR & 1dR)
are equal. This is seen by showing that the following diagram commutes:

—1
£

R O _ R® R e R, H
uR®idRL UR®idR®Rl ) luR®idR®kH
R R4S popop R b ReyH
e;{}l%t ls;;%@kid,{

Re H & A=n(2) Ry H @y H

Obviously the upper squares commute. Let § := 5&11% o (ur ® idg). Then the

middle horizontal morphism equals idz ® 0 and the lower horizontal morphism is

tr(A) = tr((idg ® §)°R). As ¢ is a natural transformation tg o ()°® — ide,, and
as 51}}1% ®k idy = 6(_R1®k M also the lower square commutes.

m

thm:Aut-R-represented-by-H

Theorem 2.6.4. Let R be a PV-ring for M. Then the group functor
Aute ., (R) : Alg;, — Groups

is represented by the Hopf-algebra H = wr(R) = (RQR)C. Furthermore Spec(v(R))

is a torsor of Aute_,,(R) over X.
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Proof. This is shown similar to [MaulOa, Prop.10.9] or [Dyc08]. One has to use
that

ur®idgr

§5: RS po R R po H

defines a right coaction of H on R. The property of a right coaction, however, is
given by the commutativity of the diagram in the proof of Lemma [2.6.2
The torsor property is obtained by the isomorphism U(E}L;) :U(R)®0,v(R) —

thm:H-acting-on-omega_R

Theorem 2.6.5. Let R be a PV-ring for M and H = wgr(R).
1. For all N € (M), pn : wr(N) — H ®; wr(N) given by
pn = wr(en, 0 (up ®idy)) ﬁ
defines a left coaction of H on wr(N).

2. The collection p == (pn)Neqary @5 a natural transformation of tensor func-
tors wg — H Q@ wr, where H ® wg is a functor (M) — Mody.

Remark 2.6.6. By going to the inductive limit one also gets a map pgr : wg(R) —
H®ywr(R). This map is nothing else then the comultiplication A : H — H®, H.

Proof of Thm.[2.6.5 Part (i) is proven in the same manner as the coassociativity
of A. For proving the second part, recall that ¢ is a natural transformation.
Hence, for every morphism f : N — N’ the diagram

—1

u i €
NN po N~ Ry, wr(N)
fl idR®fl » jLR((idR®f)c)
€t

ur®id pp/

N’—)R@N’ ul R@ka(N/)

commutes. As tp((idgp ® f)¢) = idr ® wr(f), applying wg to the diagram
gives the desired commutative diagram for p being a natural transformation.

Compatibility with the tensor product is seen in a similar way. O
thm:Aut-omega_R-represented-by-H

Theorem 2.6.7. Let R be a PV-ring for M and H = wgr(R). Then the group

functor
Aut®(wg) : Alg, — Groups

is represented by the Hopf-algebra H.|Z|

6The map 5;\,; o (ur ®idy) is a morphism in C: N - R® N — R ®j, wr(N)

7As shown in the following proof, the representing Hopf-algebra naturally is the coopposite
Hopf-algebra HP of H. However, the antipode s is an isomorphism of Hopf-algebras s : H —
H®P hence HP = H.
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Proof. As p := (pn)nequy defines a left coaction of H on the functor wgp by
natural transformations, one obtains a right action of Spec(H) on wg. Compos-
ing with the antipode (i.e. taking inverse group elements), one therefore gets a
homomorphism of group functors

¢ : Spec(H) — Aut®(wg).

Explicitly, for any k-algebra D and h € H(D) = Homy_.,(H, D), one defines
o(h) € Aut®(wg)(D) = Aut®(D ®;, wg) as the natural transformation which for
N € (M) is the D-linear extension of the composition

3®idwR(N) h®idwR(N)
e — R

wR(N) p—N>H®k (JJR(N) H@k CL)R(N) D®k CL)R(N).

For showing that the homomorphism ¢ is indeed an isomorphism, we give the
inverse map:
For any k-algebra D and g € Aut®(wg)(D), one has the homomorphism gp €
Endp(D @i wr(R)) = Endp(D ®; H), and one defines ¢(g) € H(D) as the

composition
s up®idg 9R idp®ch
H->H——D®H—=D®, H——D.

It is a straight forward calculation to check that ¢(g) is indeed a homomor-

phism of k-algebras and that ¢ and v are inverse to each other. O]
cor:auts—are-isomorphic

Corollary 2.6.8. The affine group schemes Aute o,(R) and Aut®(wg) are iso-
morphic.

Proof. By Thm. [2.6.4] and Thm. both functors are represented by the Hopf-
algebra H = wr(R). O

2.7 Galois correspondence

sec:galois-correspondence
In this section we will establish a Galois correspondence between subalgebras of a
PV-ring and closed subgroups of the corresponding Galois group. As in [Maul4],
the Galois correspondence will only take into account subalgebras which are PV-
rings themselves on the one hand, and normal subgroups on the other.

We start by recalling facts about sub-Hopf-algebras and closed subgroup
schemes which can be found in [Wat79].

In the equivalence of affine group schemes and Hopf-algebras, closed subgroup
schemes correspond to Hopf-ideals, and closed normal subgroup schemes corre-
spond to so called normal Hopf-ideals. As there is a correspondence between
closed normal subgroup schemes and factor group schemes of G by taking the
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cokernel and the kernel, respectively, there is also a correspondence between nor-
mal Hopf-ideals and sub-Hopf-algebras ([Tak72, Thm. 4.3]). This correspondence
is given by

[+ H(I) := Ker <H Adneun, o H — H @y, (H/[)) ,
for a normal Hopf-ideal I, and by
H' — (H")"H,

for a sub-Hopf-algebra H', where (H')" is defined to be the kernel of the counit
cy - H — k.

Furthermore, for a sub-Hopf-algebra H' C H, the category Comod(H’) em-
beds into Comod(H) as a full subcategory.

thm:galois-correspondence-cat

Theorem 2.7.1. Let M € C be dualizable, R a PV-ring for M (assuming it
exists), w = wg the corresponding fibre functor, H = wr(R), and G = Spec(H) =
Aute . (R) = Aut®(w) the corresponding Galois group. Then there is a bijection
between

T:={T €C-Alg | T C R is PV-ring for some N € (M)}

and

N :={N | N <G closed normal subgroup scheme of G}
given by ¥ : T — N, T = Aute, o (R) resp. @ : N — TN = RN,

Here, the ring of invariants R is the largest subobject T of R such that for
all k-algebras D and all 0 € N'(D) C AutcL(D)(R®k D), one has o|rg,p = idrg,p-
Equivalently, RV is the equalizer of the morphisms idp Quin - R = R kN] E|
and R % R@, H — R®y, k[N], where § = ej! o (ug ®1idg) is the comodule map
of R as H-comodule, and H — k[N/] is the canonical epimorphism.

Proof of Thm.|2.7.1. The functor wg is an equivalence of categories
wg @ (M) — comod(H),

and also of their ind—categoriesﬂ Hence, it provides a bijection between subalge-
bras of R in C and subalgebras of H stable under the left comodule structure.
We will show that under this bijection sub-PV-rings correspond to sub-Hopf-
algebras and that this bijection can also be described as given in the theorem.

8k[N] := On(N) denotes the ring of regular functions on the affine scheme A/.
9Here, comod(H) denotes the category of left-H-comodules which are finite-dimensional as
k-vector spaces.
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First, let 7" C R be a PV-ring for some N € (M)). Then ((N)) is a full
subcategory of ((M)), and the fibre functor wr : {(N)) — vecty corresponding
to T is nothing else than the restriction of wg to the subcategory (N)), as T
is a subobject of R. Hence, H' := wr(T) = wyp(T) is a sub-Hopf-algebra of
H. Therefore, we obtain a closed normal subgroup scheme of G = Spec(H) as
the kernel of Spec(H) — Spec(H'). As Spec(H) = Aute a(R) and Spec(H') =
Aute o (T), this kernel is exactly Aute, . (R).

On the other hand, let N be a closed normal subgroup scheme of G = Spec(H)
defined by a normal Hopf-ideal I of H, and

SRS, @ H - H @y (H/T))

H' = Ker (H
the corresponding sub-Hopf-algebra of H.
The subcategory comod(H') is generated by one object V (as every category of
finite comodules is), and the object N € ((M)) corresponding to V' via wg, has a
PV-ring T inside R by Thm. [2.4.1§] since R is a simple solution ring for N with
RC = k. Furthermore, since T is the PV-ring corresponding to the fibre functor
wr : (N)) — comod(H'), we have wg(T) = H'.

It remains to show that 7= RV, i.e. that

0

Tsz(RM)R@kH—»R@kk[N]:R®k(H/I)>.

As wpg is an equivalence of categories, this is equivalent to

wr(6) — wr(idRr)®run

s wr(R) @ H — wr(R) & (H/J)) .

wr(T) = Ker (wR(R)

But, as wg(T) = H', wr(R) = H and wg(d) = A, this is just the definition of
H'. ]
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Chapter 3

Picard-Vessiot theory over simple
iterative differential rings

chap:id-simple-rings
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Like fields are simple rings having only (0) and (1) as ideals, the Picard-Vessiot
ring is a differentially simple ring, i.e. a differential ring having only (0) and (1)
as differential ideals. Having in mind that the classical Galois theory is a theory
of extensions of fields, i.e. of simple rings, it is quite natural to ask whether
one can also set up a Picard-Vessiot theory where the base is not a differential
field, but more general a differentially simple ring. Giving a positive answer to
this question, i.e. setting up such a differential Galois theory is the task of this
chapter.

We follow here [Maul4], but have adapted it to make use of the categorical
setting. A major change to [Maul4] is the notion of a solution ring. The one used
here is compatible with the notion of a solution ring in the categorical setting,
whereas a solution ring in [Mauld] is a simple solution ring having the same
constants, here.

3.1 Basic notation

sec:notation
We review the basic notation of iterative differential rings.

An iterative derivation on a ring R is a homomorphism of rings 6 : R — R[[T]],
such that 0(”) = idp and for all 4,5 > 0, ) 0 9 = ("17)9(+9) where the maps
0% : R — R are defined by 0(r) =: >, 0% (r)T". The pair (R, 0) is then called
an ID-ring and Cg := {r € R | 6(r) = r} is called the ring of constants of
(R,0). Anideal I <R is called an ID-ideal if (/) C I[[T]] and R is ID-simple if
R has no ID-ideals apart from {0} and R. An ID-ring which is a field is called an
ID-field. Iterative derivations are extended to localisations by 6(%) := 6(r)60(s)~!
and to tensor products by

0" (r Z 09 (r) @ 69)(s)
i+j=k
for all £ > 0.

A homomorph1sm of ID-rings f : S — R is a ring homomorphism f: S — R
s.t. 9 of=fo 9( for all n > 0. If R is an ID-ring extension of R. Then an
element reRis called ID-finite over R if the R-submodule of R generated by
{6 (r) | k > 0} is finitely generated.

For an ID-ring (R,#), an iterative derivation on an R-module M is an
additive map 0y, : M — M][T]] such that 0y (rm) = 0(r)0y(m), 0(0 = idy, and
95\? o 95\? = ("5, WD) for all 4,7 > 0. We will refer to such a pair (M, 6y) as a
module with iterative derivation.

An ID-module (M, 6),) over R is a module with iterative derivation which
is finitely generated as an R-module.

A subset N C M of an ID-module (M, ;) is called ID-stable, if §™) (N) C N
for all n > 0. An ID-submodule of (M, 0),) is an ID-stable R-submodule N of
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M which is finitely generated as R-module[[] For an ID-module (M, 6),) and an
ID-stable R-submodule N C M, the factor module M/N is again an ID-module
with the induced iterative derivation.

The free R-module R" is an example of an ID-module over R with iterative
derivation given componentwise. An ID-module (M, 6,,) over R is called trivial
if M = R™ as ID-modules, i.e. if M has a basis of constant elements.

For modules with iterative derivation (M,0y), (V,0x), the direct sum
M & N is a module with iterative derivation where the iterative derivation given
componentwise, and the tensor product M ®r N is a module with iterative
derivation g given by Qg)(m ®n) =D i Qg?(m) ® 0](\],)(71) for all £ > 0.

For modules with iterative derivation (M,6), (N,60y), a morphism f :
(M,0p) — (N,0y) is a homomorphism f : M — N of the underlying modules
such that 655) of = foeg\l;) for all £ > 0. For a morphism f : (M,0y) — (N,0n),
the kernel Ker(f) and the image Im( f) are ID-stable R-submodules of M resp. N.

ex:ID-rings
Example 3.1.1. 1. For any field C' and R := C]t], the homomorphism of C-
algebras 6, : R — R[[T]] given by 6(t) :== t + T is an iterative derivation
on R with field of constants C'. This iterative derivation will be called the
iterative derivation with respect to ¢. R is indeed an ID-simple ring,
since for any polynomial 0 # f € R of degree n, 0™ (f) equals the leading
coefficient of f, and hence is invertible in R = C[t]. .
item:der by t
2. For any field C, C[[t]] also is an ID-ring with the iterative derivation with
respect to t, given by 0;(f(t)) := f(t+T') for f € C[[t]]. The constants of
(C[[t]],6:) are C, and (C|[t]], 6;) also is ID-simple, since for f = >0 a;t’ €
C[t]] with a,, # 0, one has

o0

() = a; (;) " e ).

i=n

Hence, every non-zero ID-ideal contains a unit. This ID-ring will play an
important role, since every ID-simple ring can be ID-embedded into C[[t]]
for an appropriate field C' (comp. Thm. [3.2.4)).

3. For any ring R, there is the trivial iterative derivation on R given by
0o : R — R[[T]],r — r-T°. Obviously, the ring of constants of (R, ) is R
itself.

4. Given a differential ring (R, 0) containing the rationals (i.e. a Q-algebra R
with a derivation 9), then (™ := %8" defines an iterative derivation on
R. On the other hand, for an iterative derivation #, the map 1) always

1Since R may not be Noetherian, R-submodules of finitely generated modules may not be
finitely generated.
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is a derivation. Hence, differential rings containing Q are special cases of
ID-rings.

Since for a differentially simple ring in characteristic zero, its ring of con-
stants always is a field (same proof as for ID-simple rings), we see that
the Picard-Vessiot theory for ID-simple rings, we provide here, contains a
Picard-Vessiot theory for differentially simple rings in characteristic zero as

a special case.
rem:id-finiteness-questions

Remark 3.1.2. We will not assume our rings to be Noetherian. Hence, for an
ID-module over an ID-ring R, there might exist R-submodules which are stable
under the iterative derivation, but are not finitely generated as R-module, and
therefore are not ID-modules in our definition. In particular, the kernel of a
morphism of ID-modules is not an ID-module in general.

Another problem that might occur is concerned with ID-finiteness of elements.
In general, the set of ID-finite elements in a ring extension R does not have any
extra structure (sums and products of ID-finite elements may be not ID-finite).
Furthermore, there might be elements » € R which are not ID-finite over R, since
the ideal generated by all 9®)(r) (k > 0) does not need to be finitely generated.

For ID-simple rings, however, both points will work out fine as we will see in

Cor. [3.3.5 resp. in Prop.|3.2.2, and Cor.
prop:constants-of-triv-ext

Proposition 3.1.3. Let (R,0) be an ID-ring with constants C' and let D/C' be
a ring extension such that D s free as C'-module, and let D be equipped with the
trivial iterative derivation Op(d) = d € D|[T]] for all d € D. Then the constants
of R®c D are exactly the elements 1 @ d, d € D.

Proof. By definition all elements 1 ® d are constant. For proving that there are
no others, let (d;);e; be a basis of D as C-module, and consider an arbitrary
constant element > .. r; ® d; € R ®c D (almost all r; equal to 0). Then for all
k>0,

el

i€l icl
Therefore, all r; are constant, i.e. r; € C.
Hence, > .., mi @ di = 1® (3¢, rids). O

3.2 Properties of ID-simple rings
We first summarize some properties of ID-simple rings:

prop:first-properties-ID
Proposition 3.2.1. Let (S,0) be an ID-simple ring. Then

1. S is an integral domain.
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2. The field of fractions of S has the same constants as S.
3. The ring of constants of S is a field.

Proof. 1) and ii) are proved in [MvdP03, Lemma 3.2]. However, ii) also follows
as a special case of Prop. , since constants are ID-finite elements. Part iii)
follows from ii), since the inverses of constants are constants, and hence the ring
of constants of an ID-field is indeed a field.

[

prop:ID-finite

Proposition 3.2.2. Let (S,0) be an ID-simple ring. Then an element x €
Quot(S) is ID-finite over S if and only if v € S.

Proof. If z € S, then I := (0™ (z) | n € N)g is an ID-ideal of S, hence I = {0}

or I =S5 =(1)s. In both cases [ is finitely generated, and hence x is ID-finite.
Now assume z € Quot(S) is ID-finite over S, so by definition the S-module

M = (0" (z) | n € N)s C Quot(9) is finitely generated. M is also stable

under the iterative derivation, as is easily verified by calculation. The ideal

I:={seS|smeSVme M} is non-zero, since it contains the product of the

denominators of generators of M.

We will show that I is an ID-ideal. From this the claim follows, since by ID-

simplicity of S, this will imply I = S, and hence 1-x € S.

For all s,m € Quot(S), n € N the equation

0™ (s m) =Y 09(s) m—i—ZH’) )00 (1m)

i+j=n

holds. In particular, for all s € I, m € M we inductively obtain for all n € N:

6™ (s) - m = 0" s Z 9() 0= (m) € S,
w_/
ES =0 el by ind.hyp. eM
and hence, ™ (s) € I. Therefore, I is an ID-ideal. O

prop:ideal-bijection
Proposition 3.2.3. Let (S,60) be an ID-simple ring with field of constants C' =
Cs, let D be a finitely generated C-algebra equipped with the trivial iterative
deriwation. Then there is a bijection

(D) <~— TI™(S®c¢D)
I —— S®cI1
JN (1 XKoo D) < J

between the ideals of D and the ID-ideals of S ®¢ D.
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Proof. cf. [MaulOal, Lemma 10.7]. h: ombedd O
thm:embedding

Theorem 3.2.4. Let (5,0) be an ID-simple ring, m < .S a mazimal ideal, and
C = S/m the residue field. Then (S,0) can be embedded into (C|[t]],0:) as ID-
TIng.

Proof. The iterative derivation 6 induces an injective ring homomorphism 6 :
S — S[[t]], x = 3220, 0™ (x)t", and it is easy to check, that § is indeed an ID-
homomorphism (S, ) — (S[[t]], 0:) where 6; denotes the iterative derivation with
respect to ¢ (comp. Example B.1.1P)). Since m([t]] is an ID-ideal of S[[t]] and S
is ID-simple, also 6 : S — (S/m)[[t]] = C[[t]] is injective which is the desired
ID-embedding. O

3.3 The category of modules with iterative deriva-
tion

From now on, let (S,6) denote an ID-simple ring.

We will consider the category C whose objects are pairs (IV,0y) where N is
an S-module and fy is an iterative derivation on N, and whose morphisms are
morphisms of modules with iterative derivations.

It is easy to verify that the category C verifies (C1) and (C2) given in Section
2.2, with the tensor structure given in and unit object 1 = (5,0). This
can also be seen by recognizing that an S-module with iterative derivation is
nothing else than a module over the non-commutative ring S[0™|n € N] with
9 . gl) = (ivl%ﬂ')g(iﬂ') and

g . g — Z 09 (s) - oY)
i=0

for all n € N and s € S (cf. [MvdP03]).

There is an obvious additive tensor functor v : C — Mod(S) from C to the
category of S-modules which is faithful, exact and preserves small inductive lim-
its, namely the one which ”forgets” the iterative derivation. Hence, the category
C also satisfies (F1).

In the following, we will show that also (F2) is satisfied.

Remark 3.3.1. For a finitely generated S-module M, the following conditions
are equivalent (see [Bou98| Section I1.5.2, Theorem 1]):

1. M is projective.

2. M is finitely presented and locally free in the weaker sense, i.e. for every
prime ideal P < S the localisation Mp = Sp ®g M is a free Sp-module.
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3. M islocally free in the stronger sense: there exist x1, ..., x, € S, generating
the unit ideal, such that for each i, M[1] is a free S[--]-module.

Furthermore, Cartier showed in [Car58, Appendice, Lemme 5|, that the condition
"finitely presented” in ii) is superfluous if S is an integral domain.

Since, ID-simple rings are integral domains by Proposition [3.2.1] in our situ-
ation the conditions projective, locally free in the weaker sense and locally free in
the stronger sense are equivalent for finitely generated modules.

lem:M-free

Lemma 3.3.2. Assume that S is a local ring with maximal ideal m and let
(M, 0yr) be an ID-module over (S,0). Then M is a free S-module.

Proof. Let {x1,...,x,} be a minimal set of generators of M, and assume that
this set is S-linearly dependent, i.e. there are r; € S (not all of them equal to 0)
such that raxy + -+ r,x, = 0. Since S is ID-simple, for each r; there is some
k; € Ny such that 8%)(r;) & m, i.e. 0%)(r;) € S*. Take k € Ny maximal such
that for all j < kand all i = 1,...,n: 89 (r;) € m. W.lo.g. 0% (r;) € S*. Then
one obtains:

n k
0 — 95\? (rizy + -+ rx,) = Z <Z (g(j)<ri)9](\’;j)(xi)>

i=1 \j=0

= Z@Uf)(ri)xi mod mM
i=1

Since 0% (r,) is invertible, this implies 21 € (x5, ..., z,)+mM, hence (zs, ..., x,)+
mM = M, and by Nakayama’s lemma (zo,...,x,) = M contradicting the as-
sumption that {xi,...,z,} was minimal.

Hence, {1, ...,x,} is linearly independent, and therefore a basis of M. [

thm:M-projective
Theorem 3.3.3. If (M,0y) is an ID-module over (S,0), then M is a projective
S-module.

Proof. For every prime ideal P < S the localisation Sp is a local ring and an
ID-simple ring, and Mp = Sp ®g M is an ID-module over Sp. By the previous
lemma, Mp is free for all P, i.e. M is locally free in the weaker sense, hence
projective. O

Now we are able to show the non-trivial part of (F2), namely that every
finitely generated module with iterative derivation, i.e. every ID-module, has a
dual in the category C.

thm:dual-ID-module
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Theorem 3.3.4. The dual ID-module of an ID-module (M,0yr) is defined to be
(MY, 0pv) where MY = Homg(M, S) is the dual module of M, and Oy is given
by

n

O () = D_(=1P0" Do fo b

=0
for all f € MY and n € Ny.

The evaluation homomorphism evy : M @ MY — S and the coevaluation
homorphism 0y : S — MY QM of the projective S-module M are then morphisms
of ID-modules.

Hence, (MY, 0yv) is a dual object of (M,0yr) in the category C.

Proof. This is the same computation as in [Mat01] for ID-modules over ID-fields.
O

From Remark in the categorical setup, we obtain that ID-stable S-
submodules of ID-modules are again finitely generated which we state as a corol-

lary here.
cor:submodule-is-fin-gen

Corollary 3.3.5. Let (M, 0y) be an ID-module over (S,0). Then every ID-stable
S-submodule of M 1is a finitely generated S-module, and hence an ID-submodule
of M.

This enables us to prove the last point mentioned in Remark |3.1.2]
cor:ID-finite-subalgebra

Corollary 3.3.6. Let (R,0) be an ID-ring extension of (S,0). Then the set of
elements in R which are ID-finite over S is an S-subalgebra of R.

Proof. By Prop. [3.2.2] all elements in S are ID-finite over S. So it remains to
show that for ID-finite elements x,y € R also x + y and « - y are ID-finite.
Since = and y are ID-finite over S, the S-modules (8™ (z) | n € N)g and
(0™ (y) | n € N)g are finitely generated. But then also M := (0™ (z) | n €
N)s + (0™ (y) | n € N)g is finitely generated as well as N := (0™ ()™ (y) |
n,m € N)g. Therefore, M and N are ID-modules over S. Using additivity of the
0™ resp. the generalized Leibniz rule, one obtains that (7 (z+4y) | n € N)g and
(0™ (z - y) | n € N)g are ID-stable S-submodules of M resp. of N, and hence by
Cor. [3.3.5] they are both finitely generated as S-modules. Therefore x + y and
x -y are ID-finite over S. m

We end the considerations on the structure of ID-modules by looking at the
special case of the ID-simple ring (S, 6) = (C][t]], 6;) (comp. Example [3.1.10)).

thm:trivial-over-ct
Theorem 3.3.7. Let C' be a field. Then every ID-module over (CI|[t]],0;) is
trivial.
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Proof. Let (M, 0yr) be an ID-module over (C[[t]],6;). Since, C|[t]] is a local ring,
M is a free C|[[t]]-module by Lemma[3.3.2] Hence, let b = (by, ..., b,) be a basis of
M and A(t,T) € Mat, . (C[[t]][[T]]) be such that 6,,(b) = bA(t,T). Since () =
idys, one has A(t,0) = 1, € GL,.(C][t]]) which implies that A(¢,T') is invertible,
ie. A(t,T) € GL,.(C[[t]][[T]]). Therefore, also Y (t) := A(t, —t) € Mat,».(C[[t]])
is invertible, since Y'(0) = A(0,0) = 1, € GL,(C). We claim that bY'(¢) is a basis
of constant vectors in M, and hence M = S™ as ID-modules.

Since, O (bY (t)) = 00 (b)0,(Y () = bA(t, T)Y (t + T'), we have to show that

Y(t) = A(t, T)Y (¢ + T).

Since the iteration rule 9](\? o 65\? = (’Jl”) Gj(\ifj ) holds, one has the following com-
mutative diagram

M 2 MU
l9M[[U]]
MI[T, U]]
(which indeed is equivalent to the iteration rule; cf. [Mat89, §27]). Here /0, and

r+uby are the iterative derivations on M with T replaced by U resp. by T+ U,

ie. gyl M 2% MI[T]] EiaiN M{[U]]. The map 60y[[U]] denotes the extension
of 0y to M[[U]] by applying 0y to each coefficient, i.e. Oy [[U]] (3 o2, miU") :=
2 iz Our (ma)U* € M[[T, UJ].

Applying this to our setting, we obtain

bA(L,T+U) = rrv0u(b) =0um[[U]] (v0r(b))
= Ou[[U]] (bA(t,U)) = bA(t, T)A(t +T,U),

T+U0M

hence A(t,T+U) = A(t,T)A(t+T,U). Specializing U to —t — T, we finally get

Y(t) = A(t, —t) = A(t, T)A(t + T, —t — T) = A(t, T)Y (t + T).

3.4 Picard-Vessiot rings

sec:pv-rings-id
Throughout the section, let (.S, 6) denote an ID-simple ring, and (M, ;) an ID-
module over S. In the categorical setting we have already defined solution rings
and Picard-Vessiot rings. We recall their definition in this special case for the
sake of readability.

2When we apply @ resp. 0y to a tuple or a matrix, it is meant to apply @ resp. 0y, to each
entry. Then the equation has to be read as a matrix identity, i.e. 85;(b;) = Z;:1 bjA(t,T);i
for A(t,T);; being the (j,7)-th entry of A(t,T).
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def:pv-ring
Definition 3.4.1. A solution ring for M is an ID-ring extension (R,0g) of
(S, 0) s.t. the natural homomorphism

R ®cy, CR®SM — R®sM

is an isomorphism. A Picard-Vessiot ring (PV-ring) for M is a minimal solu-
tion ring (R, fr) such that

(i) R is ID-simple,
(i) Cr = Cs.

Here, minimal means that if (R, 6) is another solution ring, then any injective
ID-homomorphism of S-algebras g : R — R (if it exists) is an isomorphism.

prop:ct-is-simple-sol-ring
Proposition 3.4.2. Let m be a maximal ideal of S and C = S/m. Then C][t]]
is a simple solution ring for any ID-module M where S — C|[t]] is given as in
Thm. [3.2.2,

Proof. Let M := C[[t]] ®5 M. We then have to verify that C[[t] ®¢ Cy — M is
an isomorphism. But this just means that M is a trivial ID-module over C[[t]]

which is given by Thm. [3.3.7] O
Remark 3.4.3. Assume that M is a free S-module with basis b = (by,...,b,).

1. If R is a solution ring for M, then there is a matrix Y € GL,.(R) s.t. bY
is a basis of constant elements in R ®g M. Such a matrix will be called a
fundamental solution matrix for M (with respect to b).

2. The universal solution ring U defined in the categorical setting in Thm.[2.4.7]
is in this case nothing else than the localized polynomial ring S[X, det(X)™!]
in 72-variables z;; and the iterative derivation is given in such a way that
X is a fundamental solution matrix for M.

The next proposition implies that in case of an ID-module M which is free
as S-module, our definition of PV-ring coincides with the usual one given for
example in [MvdP03|, Sect. 3] (if the constants are algebraically closed) resp. in
[MaulObl Def. 2.3].

prop:generated-by-fsm
Proposition 3.4.4. Assume that M is free as an S-module, and let R be a simple
solution ring for M such that Cr = Cg. Then there is a unique Picard-Vessiot
ring R inside R. This is the S-subalgebra of R generated by the coefficients of a
fundamental solution matrix and the inverse of its determinant.

Proof. This is just Prop. [2.4.14 O
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We now turn to the construction of a PV-ring for a general ID-module.
thm:explicit-pv-ring

Theorem 3.4.5. Let M be an ID-module over S, R a simple solution ring for
M with Cr = Cg, and let e = (eq, ..., e,) be an R-basis of R ®g M consisting of
ID-constant elements. Furthermore, let x,...,x; € S such that (xq,...,2;)s = S
and M[l] is free over S| -] for alli = 1,. lﬂ For all i let b; be a basis of

M[mi] over S[+ -] conszstmg of elements in M and Y; € Mat,«.(R) s.t. b; = eY;
(i=1,...,1). Furthermore, choose n; € N such that z"M C (b;)s.

Then there is_a unique Picard-Vessiot ring R for M inside R, and it is ex-
plicitly given by R := S[Y;, det(z’Y; ") | j =1,...1].

Proof. First at all, since (x1,...,7;)s = S and therefore (z7',...,z/")s = S,
there exist a1,...,a; € S s.t. Zi:l a;x;* = 1. This also implies that by U---U b,
is a set of generators for M. Hence, by U---Ub; is a set of generators for R®g M,
and there also is a matrix Y € Mat,ix-(R) s.t. e = (b, .. ., bl)f/. The proof now
procedes in three steps:
Step 1: We show that R = S[Yj,det(xY; ) | j=1,...] C R:

Since 27" M C (bj)s and bz’ = b;jz’’Y;"'Y;, the matrix (z}7Y;"'Y;) has coeffi-
cients in S for all 4, j. Then

T

= (by,.... b)Yz’ = (bya}’, ... bz}’)Y
bi(27Y; e, 2P YTIV)Y € (by)r

’ J

and ex’ = b;(27’Y;""). Therefore, 7Y, € Mat,,,(R). Therefore we obtain
R = S[Y;,det(2}"Y; )] C R.

Step 2: R is a simple solution ring for M:
R is ID-simple, since all the localisations R[ ] are ID-simple by the consideration

of the special case of a free ID-module, because they are just Picard-Vessiot rings
for the free S[L+ -J-modules M [+ -]. (Y-_1 is a fundamental solution matrix for

ML) 2

Furthermore, R ®g M contains the basis e, since
e=e- Zajx?j = ij(:v?ij’l)aj € (byU---Ub)p=R®s M.

Hence, R ®g M is a trivial ID-module and therefore R is a solution ring for M.

Step 3: R is a Picard-Vessiot ring for M, and the unique one inside R:
The steps 1 and 2 work for any solution ring R, in particular for a Picard-Vessiot
ring R C R. In this case, by minimality of R/, and R C R', we obtain that
R’ = R. Therefore R is a Picard-Vessiot ring, and the unique one inside R. [

3The x; exist, since M is projective by Theorem hence locally free in the stronger
sense.
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From the explicit description above or directly from the categorical case (see
Thm. [2.4.12)), we obtain

cor:faithful-flatness

Corollary 3.4.6. Let (R,0g) be a Picard-Vessiot ring for M. Then:

(a) Allr € R are ID-finite over S.
(b) R/S is faithfully flat.

We end this section with two theorems on the existence and uniqueness of
Picard-Vessiot rings. The first one follows from the general case (Thm. [2.4.18

and Cor. [2.4.17)), and the second one from the considerations above.
thm:c-alg-closed

Theorem 3.4.7. Let M be an ID-module over S. If the constants C' of S are
algebraically closed, then there exists a Picard-Vessiot ring for M and it is unique
up to ID-isomorphism.

thm:pv-ring-exists
Theorem 3.4.8. Let S have a mazimal ideal m satisfying S/m = C = Cg, and
let S — C[[t]] be the embedding given in Thm.[3.2.4 Then for any ID-module
M over S there exists a unique Picard-Vessiot ring R for M inside C|[t]].

Proof. By Prop. 3.4.2] C[[t]] is a simple solution ring for M. By assumption it
constants C' equal the constants of S. Hence by Theorem [3.4.5] there exists a
unique Picard-Vessiot ring for M inside C[[t]]). O

3.5 The differential Galois group scheme

In this and the next section we introduce the Galois group scheme and estab-
lish the Galois correspondence for a Picard-Vessiot extension analogous to the
classical ones. The ideas are the same as in [Dyc08, Sect. 2] resp. in [MaulOa,
Sect. 10/11]. But we have to do a bit more work, since our modules are not free.

Although the main result follows from the categorical setting, we give the

proofs here, because they also give more explicit descriptions.
thm:torsor-isomorphism

Theorem 3.5.1. Let M be an ID-module over S, R a simple solution ring for
M with Cg = Cs and R a PV-ring for M. Then the map

a:R ®cCregsr — R @sRr@a— (rol)-a
is an ID-isomorphism. Furthermore, Crggr 15 a finitely generated C'-algebra.

Proof. By definition « is an ID-homomorphism.
First we show injectivity: Since « is an ID-homomorphism, Ker(«) is an ID-ideal
of R"®cCrggr- Since R’ is ID-simple, Ker(«) is generated by elements in Crgqr
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by Proposition [3.1.3] But Crig.r embeds in R’ ®g R. Hence, Ker(a) = {0}.
For showing surjectivity, we use the notation of Theorem Solet x1,...,2; €
S be such that (z1,...,2;)s = S and M[2] is free as S[-]-module for all i =

1
1,...,1, and let b; be a basis of M[xi] consisting of elements of M, and n; € N such
that M C (b;)s. Furthermore, let e resp. € be a basis of constant elements
in R®g M resp. R' ®¢ M. Additionally, let Y; € Mat,.(R) and X; € Mat,(R')
such that b; = eY; = €’X;. Then R is generated over S by the entries of Y; and

Y, ! and by R'-linearity of a it is enough to show that these entries are in

Im(a).

e and €’ can also be viewed as bases of the free (R ®g R)-module (R’ ®g
R) ®s M| Hence, there is a matrix Z € GL,(R' ®s R) such that eZ = €. Since
both e and €’ consist of constant vectors the entries of Z are also constant, and
the same holds for its inverse Z~! € GL,(R' ®s R). Hence, Z € GL,(Crggsr)-

For all i we have eY; = b; = €' X; = eZX; and hence Y; = ZX; € Mat,.(R' ®g
R), as well as 2"V, " = (21" X;')Z~!. Hence, the entries of all Y; and of all

2"Y;"" are in the image of a.

Finally, as just seen, the restriction of a to R’ ®c C[Z,Z7'] C R ®c Crigsr
is also surjective. But « is an isomorphism and hence, R’ ®¢ C[Z, Z7'] = R' ®¢
Cresr- Therefore, C[Z, Z71 = Crgsr, and Crggr is a finitely generated C-
algebra. O]

Proposition 3.5.2. Let M be an ID-module over S, and let R, R’ be PV-rings
for M. Furthermore, let D be a C-algebra equipped with the trivial iterative
derivation. Then any (S ®¢ D)-linear ID-homomorphism R®c D — R ®¢ D is
an 1somorphism.

Proof. Let f: R®c D — R ®c D be an (S ®¢ D)-linear ID-homomorphism.
As in the previous proof, Ker(/3) is generated by constants and hence is trivial.
For the surjectivity, we remark that 5(R) and R’ are both PV-rings for M. As in
the previous proof, there are bases of constant elements e and €’ in f(R) ®¢ M
resp. R’ ®g M which can both be viewed as bases of the free (R’ ®¢ D)-module
(R ®c D) ®s M.

The same arguments as in the previous proof (with R and R’ switched) show
that R’ is contained in the subring S(R ®¢ D) = B(R) - D of R’ ®¢ D. Hence by

D-linearity [ is surjective. )
thm:the-scheme-isom

Theorem 3.5.3. Let M be an ID-module over S, and let R', R be PV-rings for
M. Then the functor

Isom’P (R, R') : Alg, — Sets, D + Isom5”’ (R ®¢ D, R' ®¢ D)

is represented by Spec(Crigqr). In particular, it is an affine scheme of finite type
over C'.

4R and R’ both embed into R’ ®5 R, since they are both ID-simple.
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Proof. Using the previous proposition and theorem, the proof is exactly the same
as in [Dyc08| Cor. 2.11], or in [MaulOa, Prop. 10.9.]. O

As a special case for R = R we obtain the representability of Aut’”(R/S).
cor:galois-group-scheme
Corollary 3.5.4. For a PV-extension R/S, the group functor Aut'”(R/S) is
represented by G := Spec(Crgsr), and thus G = Auwt'P(R/S) is an affine group
scheme of finite type over C.

Definition 3.5.5. We call G = Aut’”?(R/S) the ID-Galois group (scheme)
of R/S and denote it by Gal(R/S).

Proposition 3.5.6. Let R/S be a PV-extension and G = Gal(R/S) the ID-
Galois group. Denote Gs := G X Spec(S) the extension of G by scalars. Then
Spec(R) is a Gg-torsor.

Proof. The inverse of the isomorphism « of Theorem for R = R induces an
isomorphism of affine schemes

Spec(R) Xspeo(s) Gs = Spec(R) X G — Spec(R) Xgpec(s) Spec(R).

By bookkeeping of the identifications one verifies that this map is indeed the
isomorphism (z, g) — (z, g(x)) indicating that Spec(R) is a Gg-torsor. O

3.6 (Galois correspondence

We will now describe the Galois correspondence given in the categorical setting
in a more explicit way. For that, we need a definition of functorial invariants
(comp. [MaulOal, Sect. 11]):

Let H < G be a subgroup functor of G = Gal(R/S), i.e. for every C-algebra
D, the set H(D) is a group acting on Rp := R®¢ D and this action is functorial
in D. An element r € R is then called invariant under H if for all D, the element
r® 1 € Rp is invariant under H(D). The ring of invariants is denoted by R™.

(In [Jan03l 1.2.10] the invariant elements are called “fixed points”.)
rem:rho

Remark 3.6.1. Let 7 : R®s R — R ®¢ C[G] denote the inverse of the iso-
morphism «. The action of G := Gal(R/S) on R is fully described by the
ID-homomorphism p := v|1gr : R — R ®¢ C[G]. Namely, for a C-algebra
D and g € G(D) with corresponding g € Hom(C[G], D), one has g(r ® 1) =
(1®g)(p(r)) € R®c D for all r € R.

Furthermore, for a closed subgroup scheme H < G, defined by an ideal I C CI[g],
one has r € R if and only if, p(r) = r®1 mod R®1, resp. if 75,(p(r)) = r®1 €
R ®c C[H] where 7§, : C[G] — C[G]/I = C[H] denotes the canonical projection.
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prop:R”G=S
Proposition 3.6.2. Let R/S be a PV-extension and G = Gal(R/S) the ID-
Galois group. Then RY = S.

Proof. By the previous remark, » € RY if and only if p(r) = r ® 1. This means
that y(r® 1) =r® 1 =~v(1 ®r) which is equivalent to r € Quot(S). Since, R/S
is faithfully flat by Cor. |3.4.6] we obtain r € S. n

rem:converse-to-R"°G=S
Remark 3.6.3. The converse conclusion to Proposition [3.6.2] i.e. that R* = S
for H < G implies H = G, is not true. For example, if G = GL,(C) and H is taken
to be a Borel subgroup, then R = S[GL,] by Hilbert 90, and R* = S[GL,]* = S.
The geometrical reason is that R’ is the ring of global sections of the scheme
Spec(R)/H. In case of H being the Borel subgroup this is a projective scheme
over S.

Before we come to the Galois correspondence, we need some lemmas and
propositions. We start with a condition on an ID-simple ring ensuring that it is
a PV-ring.

lem:torsor-is-pv-ring
Lemma 3.6.4 (analog of [MaulOal Prop. 10.12]). Let R/S be a faithfully flat
extension of ID-simple rings with Cr = Cs = C'. Assume there exists an affine
group scheme G of finite type over C such that Spec(R) is a Gs-torsor and the
corresponding isomorphism of S-algebras v : R ®s R — R ®¢ C[G] is an ID-
isomorphism. Here, as usual C|G] is equipped with the trivial iterative derivation.
Then R is a Picard-Vessiot ring over S.

Proof. The proof goes similar to [Tak89], proof of Thm. 3.3(a)=(b).

Since, Spec(R) is a Gg-torsor, R is finitely generated over S, and we can
choose C-linear independent elements uq,...,u, € R such that R is gener-
ated over S by these elements. By possibly increasing the set of u’s we can
assume that p((ui,...,u.)c) C (u1,...,u)c ®c C[G], since by general the-
ory on comodules, every element is contained in a finite dimensional comodule
(cf. [Swe69, Thm. 2.1.3])F| Then there are b;; € C[G] (i,j = 1,...,r) such that
puj) =7 u; ®by; forall j =1,...,r, or written in matrix notation:

p(ug, ... uy) = (ug,...,u.) ® B,

for B = (bij)lgi,jgr~
Since, p is a homomorphism of ID-rings, we also obtain for all n € N that

p(0™ (uy), ..., 0" (u,)) = (0™ (wy),...,0™ (u,)) ® B.

°As in Remark p = Yl1igr denotes the coaction of C[G] on R corresponding to the
action of G.
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Now, let M C R" be the S-module generated by all vectors (0™ (u,), ..., 00 (u,))
(n > 0). Then M is an ID-stable subset of R" by definition and an S-module.

We will show that M is ﬁnltely generated as S-module, that RRsM = R-M =
R", as well as that for any R R, the standard basis of R" is not contained in
R®g M.

The first shows that M is indeed an ID-module over S, the second that R is a
solution ring for M, and the third that R is a minimal solution ring, hence a
Picard-Vessiot ring for M.

We consider the matrices

Ok (uy) ... 0% (u,)
Wi(ky,..., k)= : : € Mat,,(R)
0% (uy) ... %) (u,)

for (k1,...,k,) € N, and the ideal
I:=(det(W(ky,..., k)| (k1,.... k) eEN)rRCR

generated by all the determinants of all these matrices.

Since {uy,...,u,} are C-linearly independent, {0(u;),...,0(u,)} C R[[T]] are
R-linearly independent (cf. [Tak89, Prop. 1.5]), and therefore, there is a matrix
W (ky,...,k.) having full rank. In particular, I # {0}. Furthermore, using the
Leibniz determinant formula and the product rule for iterative derivations one
obtains

0 (det(W (ky, ..., k,))) = Z (kll':l"l)...(’“T}i’“)det(W(kl—i—nl,...,kT—l—nr)).

ni+---+nr=n

Hence, I is an ID-ideal, and since R is ID-simple, we have I = R. Therefore, there
exist matrices Wy, ..., W, € {W(ky,..., k) | (k1,..., k) € N'} and ay,...,q; €
R such that 1 = 22:1 a; det(W;). Using the adjugate matrices Wi# of the W; we
get
! 1
1, = Za, det(W;)1, = Z azW#W

=1 =1

This means that the standard basis of R" is obtained as an R-linear combination
of the rows of the W;, and hence R- M = R".

For the finite generation of M, we take W = W (ky, ..., k,) of full rank, and ob-
serve that p(WW) = W® B, p(det(W)) = det(W)®det(B ) nd p(W#) = (1®B#)
(W# ®1), by using WIW# = det(W)1,. Write 00 (u) := (07 (uy),...,00 (u,)),
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then we get

Y(det(W) @ 0™ (w)W#) = det(W)(#"™(u) @ B)(1® B*)(W#* 1)
= (det(W)0") (u) ® det(B)1,)(W#* 1)
= 0™ (u)W# det(W) @ det(B)
= (0™ (w)W# @ det(W))

Since, 7 is an isomorphism, we have 00 (u)W# @ det(W) = det(W) ®
0™ (w)W# and since the tensor product is taken over S, each entry of 6 (u)W#
is a Quot(S)-multiple of det(1¥). So there is a vector s = (s1,...,s,) € S" and
t € S such that ¢ - 0™ (u)W# = sdet(W), and hence

t-0" (u) = sW.

This shows that all the vectors 0 (u) are S-linearly dependent to the rows of
W. Recalling that the rows of W were R-linearly independent, this show that for
any S-module N generated by vectors 8 (u) for several n € N containing the
rows of W, one has R®s N = R - N.
Applying this to the S-module M and to the S-module N generated by the rows
of the W; (i = 1,...,1) above, we see that R ®s N = R" = R ®g M. Hence by
faithful flatness of R/S, M = N and M is a finitely generated S-module.
Finally, we observe that for any solution ring R inside R, the standard basis
of R must be contained in R ®g M C R", as it is a basis of constant vectors.
Since (u1,...,u,) =Y ., u;e; € M, we get that u; € R. Hence, R = R. m
prop:equivalent-conditions
Proposition 3.6.5. Let R/S be a PV-extension with Galois group scheme G.
For an ID-ring T with S C T C R the following are equivalent:

1. T is a Picard-Vessiot ring over S for some ID-module.
2. T is ID-simple and stable under the action of G, i.e. p(T) C T ®@¢ C[G].

3. There is a normal subgroup scheme H of G such that T = R™.

If the equivalent conditions are fulfilled, the normal subgroup scheme H in iii)

can be taken to be H = Gal(R/T).

Proof. 1)=ii): (cf. [MaulObl proof of Prop. 3.4])

Since, T is a PV-extension over S, we obtain a commutative diagram

T ®sT—T ®c ClGal(T/S)] = T ®c Crogr

|

R®s R R®c ClG] = R®c Cregsr
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where the vertical maps are just the inclusions. But this implies p(7') C T ®¢
Cresr €T ®c C[G], i.e. T is stable under the action of G.

ii)=iii): Since R also is a PV-ring over T" for T'®¢ M, the Galois group
H = Gal(R/T) exists, and by Prop. , we have R = T. The group scheme
‘H is indeed a closed subgroup scheme of G: R ® R is a factor ring of R ®¢ R
by an ID-ideal I. Since v : R ®s R — R ®¢ C[G] is an isomorphism, one has
Y(I) = R®c J for an ideal J < C[G] by Prop. [3.2.3] Hence, C[H] = Crerr =
Crasr)r = C[G]/J. Furthermore, since 7T is stable under the G-action, for all
C-algebras D and g € G(D), h € H(D) C G(D), also g~*hg fixes the elements of
T ®c D, ie. g-thg € H(D). Hence, H is a normal subgroup of G.

iii)=1): (comp. [MaulOa, proof of Thm. 11.5(ii)])
First at all we show that 7" has constants C, that T'/S is faithfully flat, and
that T = R™ is ID-simple. As C = Cy C Op C Cr = C, we have Cp = C.
Faithful flatness is clear by the proof of Cor. [3.4.6] since T C R consists of ID-
finite elements. The isomorphism 7 : R ®s R — R ®¢ C[G] is H-equivariant,
considered by the action of H on the right tensor factor, and hence we get an
ID-isomorphism

]%@ng%H 95}%C§(7(7Kﬂ}p

Since H is normal, G /H is an affine group scheme with C[G /H] = C[G]™ (cf. [DGT0,
I11,§3, Thm. 5.6 and 5.8]). Furthermore, C[G]* C CIG] is faithfully flat. But then
also R@c C[G]" C R®c C[G] is faithfully flat, i.e. R®gR* C R®g R is faithfully
flat. But as S C R is faithfully flat, this implies that R* C R is also faithfully
flat.

If 1 QT is an ID-ideal, then RI < R is an ID-ideal, and hence, RI equals {0} or
R. As R is faithfully flat over R™ this implies I equals {0} or R* = T. Hence,
T is ID-simple.

Taking again invariants on both sides of the isomorphism R®g R" & R®cC[G]"
(this time H is only acting on the first tensor factor), this isomorphism restricts
to an isomorphism

R" ¢ R" = R" ¢ C[G]" = R ®¢ C[G/H].

By construction it is an ID-isomorphism, and it is the isomorphism correspond-
ing to the map Spec(R*) xg (G/H)s — Spec(R*) x s Spec(R™) indicating that
Spec(R™) is a (G/H)s-torsor. Therefore, by Lemma T = R is a PV-ring
over S.
The statement on the choice of H has already been seen in the proof of the
implication ii)=iii). O
thm:galois-correspondence-ID
Theorem 3.6.6. (Galois correspondence) Let R/S be a PV-extension for some
ID-module and G = Gal(R/S). Then there is a bijection between

T:={T|S CT C R intermediate PV-ring}
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and
H:={H |H <G closed normal subgroup scheme of G}

given by U : T — 9, T — Gal(R/T) resp. ®: $ — T, H — R

Remark 3.6.7. The maps ¥ and ® can be defined between all intermediate 1D-
rings and all closed subgroups of G. But contrary to the Galois correspondences
in [Maul0a] and others, one does not get a full bijection, as we only consider the
rings and not the fields of fractions. Remark provides an example that the
extension ® would not be injective in general.

Maybe, one would get a full bijection when considering schemes with ID-simple
structure sheaves, because G/H, and therefore Spec(R)/H is a non-affine scheme
in general.

Proof of Thm.[3.6.0. Prop. already shows most things: If H is a normal
subgroup scheme of G, then R* is a PV-ring. Hence ® is welldefined. If T is
an intermediate PV-ring, the group scheme #H := Gal(R/T) is a closed normal
subgroup scheme of G. Hence, ¥ is welldefined. Furthermore, RG2UE/T) — T
showing ® o ¥ = id.

It remains to show that Gal(R/R*) = H for all closed normal subgroup
schemes H of G. In the proof of Prop. it is shown that Gal(R*/S) = G/H.
Furthermore, the projection map G — G/H corresponds to the map Gal(R/S) —
Gal(R™/S) given by restricting the automorphisms in Gal(R/S) to R*. Hence,
Gal(R/R™) is the kernel of this map, i.e. equals H. O

3.7 Example
sec:example

We now give an example of an ID-module which is not free as a module. There-
fore, we first need an ID-simple ring for which non-free projective modules exist.
The most standard examples for non-free projective modules are non-principle
ideals of Dedekind domains. This will be our example after having attached
iterative derivations to the Dedekind domain as well as the module.

3.7.1 An ID-simple ring having non-free projective mod-
ules

Let C be any field and let

_ 3 o 42
S.—C’[s,t,382_1]/(s s —t%),

which is the localisation of an integral extension of C[t] of degree 3. S is integrally
closed, and hence S is a Dedekind domain.
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Since we inverted 3s? — 1, S is étale over C[t], and hence the iterative deriva-
tion 6; by t on C[t] can be uniquely extended to an iterative derivation 6 on S
(cf. [Mat89, Thm. 27.2]). The 6™ (s) can be computed successively using the
equation

0(s)* —0(s) = 0(t)* = (t + T)%,

obtained from s® — s = 2 by applying . In particular,

2t

) = ga T

Proposition 3.7.1. The ID-ring (S,0) is ID-simple.

Proof. 1f 0 # I < S is an ideal, then I N C[t] is an ideal of C[t]. Since, S
is the localisation of an integral extension, the ideal I N C[t] also is nontrivial.
Furthermore, if I is an ID-ideal, then obviously I N C[t] is also ID-stable, hence
an ID-ideal of C[t]. But (C[t],6;) is ID-simple by Example 3.1.1] Hence, S also

contains no nontrivial ID-ideals. O

3.7.2 A non-free ID-module over S in characteristic zero

We first restrict to the case of char(C') = 0. In this case, an iterative derivation
Oy on M is uniquely determined by the derivation dy; := 6’](\?.

We consider the S-module M generated by two elements f; and fy subject
to the relations tf; — sfo = 0 and (s> — 1)f; — tf, = 0. As S-module M is
isomorphic to the ideal I = (s,t)s € S by mapping f; to s and f, to ¢t. Since [
is a non-principal ideal of S, I and hence M is a non-free projective S-module of
rank 1.

Theorem 3.7.2. For any b € S,

2
Ou(fy) =bfi 4 ogtfo and  Ou(f2) = sy + b

defines a derivation on M.
Furthermore, every derivation on M can be written in this form.

Proof. Using the definition, one obtains

Ou(tfr —sfa) = 0)fr +tou(f1) — O(s)f2 — sOm(f2)
352+ 1

2t
= fi+tbf +tmf2 - 332——1f2 — s°f1 — sbfs

2
= bth —sf) + (L= s)fi+ (322 e 1) '

= W(th —sf) = ((s* =) fi = tfa) =0,
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and similarly dy; ((s* —1)f1 — tf2) = 0. Hence, the derivation is a well-defined
derivation on M.

On the other hand, given a derivation dyp; on M, we obtain a derivation on
the Quot(S)-vector space M := Quot(S) ®g M by scalar extension. The element
f2 is a basis of that vector space, and f; = 3 fs € M.

Hence, 0p(f2) = afe for some a € Quot(S) which can also be written as dp(f2) =
sfi+bfs forb—a——

Then
gt
om(f) = ou(5h)=0(3) fﬁ?aM(fQ):%m (sf1 +bf2)
2 ’ 3 +1
- (332_1 —t%) fot Gh+ b =bfi+ S o

Therefore, dy, is of the form above for some b € Quot(S ) But, M is stable under
this derivation if and only if bfy € M as well as bf; € M. So M is stable under
the derivation if and only if bM C M, ie. b€ S. m

3.7.3 Picard-Vessiot rings and Galois groups for this ID-
module

The ID-ring S has a C-rational point, e.g. the ideal m = (s — 1,¢), and we obtain
an ID-embedding S — (S/m)[[t]] = C[[t]]f] So by Thm. “ 8 there exists a

Picard-Vessiot ring for M inside C[[t]], and we follow the explicit description of
the Picard-Vessiot ring given in Thm. [3.4.5]
First at all, we choose x; := s and x5 := s> — 1. Then M[%] is free over

S[i] with basis by := fi, and M[é] is free over S[é] with basis by = fs.
Further, z; M = sM C (b;)s and oM = (s> —1)M C (bs)s, hence we can choose
ny = ng = 1.

Let 0 # e € C[[t]] ®s M be a constant element, and y € C[[t]] such that
fi =ye. As s ¢ m, s is invertible in S, = C[[t]], and fo = Lf; € C[[t]] ®s M.
In particular, f; is a basis of C[[t]] ®¢ M. Actually, this also implies that y is
invertible in C[[t]], as it is the base change matrix between the bases f; and e of

Cllt]] ®s M. As

2
a(y)e — @M(ye) (fl) = bf1 38 + 1]02 = (b+ 322 i_ 12) ye,

y is a solution of the differential equation

32+ 1t
ANy) = (b+ 352 — 15)

6Using the variable ¢ in the power series ring is justified by the fact, that ¢ € S indeed maps
to t € C[[t]] via the given embedding.
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Furthermore with notation as in Thm. wegetY; =y, Yo = % det(a]'Y ') =

s n — s2—1)s
> as well as det(25°Y, ') = % = . Hence,
yt s t
R = S[ya_a_a_]'
S Yy

Be aware that the inverse of y is not in R.

As M is a module of rank 1, the Galois group is a subgroup of GL; = G,,.
Hence, the Galois group is G,, or one of the groups pu, of n-th roots of unity.
The Galois group is G,,, if y is transcendental over S, and it is pu, if n is the least
positive integer such that y" € S.

Whether y is transcendental over S or not, depends on the choice of b.

1. If we take, b = 52°&, then 9(y) = my, and hence
2 210 20

a(y_> _290y) y 2(8):0_
s s s

Therefore, % is a constant, i.e. y is a square root in C|[[t]] of cs for some
0 # c € C. Actually, any ¢ # 0 such that cs is a square in C[[t]] will do, as
different choices just correspond to different choices of the constant basis e.
Asin C[[t]], s =1 mod t, there exists a square root /s € C[[t]] of s with

Vs =1 mod t. Hence, we can choose ¢ = 1, and y = /s, and obtain

s

an extension of degree 2 and Galois group fs.

If we would have taken the maximal ideal to be m = (s 4+ 1,¢), and the
corresponding embedding S — (S/m)[[t]] = C][t]], then in the last step
s = —1 mod t inside C[[t]], and we have a square root \/—s of —s in C[[t]]
with v/—s =1 mod t. This leads to the Picard-Vessiot ring

st

which is not isomorphic as an S-algebra to R above, if —1 is not a square
in C'*. The Galois group, however, is again ps.

2. If we take, b = 0, then inside Quot(S) we have

5 (g) _ o) y@(s) _ (Bs*+ 1ty 2y _ty
s s 52 (3s2—1)ss (3s2—1)ss ss
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If ¥ was not transcendental over Quot(S), then some n-th power w = (%)n

would be in Quot(S). For w we get the differential equation
t
d(w) = .

S

Writing w = wp(s) 4+ w1 (s)t with wg, w; € C(s), we calculate
O(w) = O(wo(s)) + wi(s ))t+w1( )

= W) g+ uwl(s) syt wn(s)
= () +uf 95 >)+iﬂﬂu
as well as
o oyt

Here wj(s) and w)(s) denote the usual derivatives of rational functions. By
comparing coefficients of ¢, we obtain

/
nwo(s) _ 2w (s) and
s 352 —1
2(s® — )
2 _
(ns® —n — 1w (s) = w’l(s)m

If wg,wy # 0, this implies

d%xww»:@&(m@@)+1=®&(”?@)+1:@&wmm—L

352 —1
and

dog,(ur(s) = deg, (ns* —n — Dun(s)) —2
2(s® — s

= deg, (wf () 5= ) 2 = deg,uf o)~ 1.

But deg,(f'(s)) < deg,(f(s)) — 1 for all 0 # f(s) € C(s), and hence
wo(s) = wq(s) =0, i.e. w = 0 which is impossible.
Hence, there is no such w, and ¢ and also y are transcendental over S.

3.7.4 A non-free ID-module over S in positive character-

istic

Finding an example in positive characteristic is harder, since one is not done by

giving just (9](\?, but by giving all 9]({;) which moreover have to commute and have
to be nilpotent of order p.
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We will follow a different approach here. We start with the example in char-
acteristic zero given in the previous paragraph.

The iterative derivation on C|t] is already defined on Z[t] and extends to the
ring Sz, := Z[s, t, 55—]/(s* — s — t?), since the latter is étale over the former.

Therefore, the ID-ring S from above (with constants C') is obtained as S =
C ®z Sz. And this holds in any characteristic. For constructing an ID-module M
over S, one can start with a projective module M’ over Sz, and define a derivation
on M = S ®g, M'. If the corresponding iterative derivation stabilizes M’, one
can reduce modulo p, to obtain an iterative derivation on M’/pM’. This is then

an ID-module over F), ®z Sz.

—3st
3s2—-1"

Therefore take the ID-module over Sp from above with b = Then we

know that e = %}fl is a constant basis of R ® M, where y = +/s.

Hence, 0y (f1) = Oa(ye) = 0(y)e = %fl. Replacing y by /s and using the
chain rule (cf. [R6s07, Prop. 7.2]) one obtains:

O(V/3) = Bu(v/3)lrmstor—s = (5 + T)}rgge s = V5 i (47) ("2~ 1)k.

Therefore, all appearing rational numbers only have powers of 2 in the denomina-
tor, and we can reduce modulo any prime p different from 2, obtaining a non-free
ID-module in characteristic p.
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Chapter 4

Finite inverse problem in
iterative differential (zalois
theory

chap:finite-inverse
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In this chapter, we prove a necessary and sufficient condition to decide whether
a finite group scheme occurs as Galois group scheme of a PicardVessiot extension
over a given ID-field or not. In particular, this solves the inverse ID-Galois
problem for finite group schemes. Furthermore, the part on infinitesimal group
schemes gives a tool to tell whether all purely inseparable ID-extensions are in
fact PicardVessiot extensions.

This part is published in [MaulOb] and [Maul3]. Take care that the Picard-
Vessiot rings and fields were called pseudo Picard-Vessiot rings and pseudo Picard-
Vessiot fields in[MaulOb], since at that time the point theoretic definition of
Galois extensions was more popular.

In this part, we are even dealing with several commuting iterative derivations
(called multivariate iterative derivations) instead of only one iterative derivation,
because the general case is not more difficult than the special case of one iterative
derivation.

4.1 Basic notation
basics

All rings are assumed to be commutative with unit. We use the usual notation
for multiindices, namely (*77) = | ("“;:j“) and T* = T)'Ty ---Tim for 4 =
(11, yim)yJ = (J1s -y dm) EN"and T = (11, ..., T),).

An m-variate iterative derivation on a ring R is a homomorphism of rings
0: R — R[[T},...,Tp]], such that #®) = idg and for all 4,5 € N™, @) 0 9U) =
(2?) 0(+3) where the maps 0@ : R — R are defined by 0(r) =: 3, _m 09 (r)T*
(cf. [Hei07], Ch. 4). In the case m = 1 this is equivalent to the usual definition
of an iterative derivation used earlier here. The pair (R, ) is then called an ID-
ring and Cg := {r € R | 6(r) = r} is called the ring of constants of (R,6).
An ideal I < R is called an ID-ideal if 6() C I[[T]] and R is ID-simple if R
has no nontrivial ID-ideals. Iterative derivations are extended to localizations by
(%) := 60(r)f(s)~" and to tensor products by

k)r®s Z@ ()

i+j=k

for all kK € N™. The m-variate iterative derivation # is called non-degene-
rate if the m additive maps §(:0-0) O1.0.-,0) " = 9(0.-01) (which actually are
derivations on R) are R-linearly independent.

Given an ID-ring (R,60r) over an ID-field (F,6), we call an element x €
R differentially finite over F if the F-vector space spanned by all %) (z)
(k € N™) is finite dimensional - quite as we did in Section The same
calculation as in the proof of Corollary shows that the set of elements which

are differentially finite over F' form an ID-subring of R that contains F'.
rem-on-1IDs
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Remark 4.1.1. (see also [Hei07], Ch. 4)
Given an m-variate iterative derivation # on a ring R, one obtains a set of m

(1-variate) iterative derivations 6y, ...,6,, by defining

egk) — e(k’,O,...,O)’ e(k) - 9(0,]@0,...,0)’

2 97(7’;) — (0..0.k)

ey

for all £ € N. By the iteration rule for 6 these iterative derivations commute,
i. e. satisfy the condition 05’“) o 0](.1) = 0]@ o 02@) for all i,7 € {1,...,m}, k,l € N,
On the other hand, given m commuting 1-variate iterative derivations 6, ...,60,,
one obtains an m-variate iterative derivation # by defining

o) . 95’“1) o0 fkm)

m
for all k = (ky,...,kn) € N™.
Using the iteration rule one sees that the m-variate iterative derivation 6 is

determined by the derivations «9%1), e ,eﬁ,? if the characteristic of R is zero, and
4 4

by the set of maps {0&” ) w) | ¢ € N} if the characteristic of R is p > 0.

Furthermore, 6 is non-degenerate if and only if for all j = 1,...,m the derivation

0;1) is nontrivial on ()/Z; Ker(@El)).

Notation From now on, (F,0) denotes an ID-field of positive characteristic p,
and C = Cp its field of constants. We assume that C s perfect, and that the
m-variate iterative derivation 6 is non-degenerate.

With these assumptions, the derivations 951), e ,6’%) are nilpotent C'r-endo-
morphisms of F. Since the;z commute and 6 is non-degenerate, there exist
Z1,...,T,m € F such that 951 (xj) = 6;; for all 4, j, where J;; denotes the Kro-
necker delta. Therefore {zf'---z5m | 0 <e; < p—1} is a basis of F as a vector
space over [y = [, Ker(ﬁgl)). Hence F/F; is a field extension of degree p™.
Furthermore, the maps egp ), e 0%) are derivations on F 1, they also are nilpotent

and commute, and
1 p
0P () = (60 ()" = 3.

So by the same argument, Fj is a vector space over Fy := F; N[~ Ker(9§p)) and
[F} : Fy] = p™. Repeating this, one obtains a descending sequence of subfields
Fyi=F, N (", Ker(0% ) satistying [Fp_y : Fy] = p™

This sequence will be useful in Section
Definition 4.1.2.
Let (F,0) be an ID-field, and let A = 37, o AxT* € GL,(F[[T]]) be a matrix
satisfying the properties Ag = 1, and (k;rl)AkH = Ziﬂ.:l H(i)(Ak)Aj for all
k,l € N™. Then an equation

0(y) = Ay,

where y is a vector of indeterminants, is called an iterative differential equa-
tion (IDE) over F[]

' As before, iterative derivations are applied componentwise to vectors and matrices.
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Picard-Vessiot rings in this setting are defined the same way as in the uni-
variate setting. There is also the following explicit description.

Definition 4.1.3. An ID-ring (R, 0r) > (F,0) is called a Picard-Vessiot ring
(PV-ring) for 6(y) = Ay if the following holds:

1. R is an ID-simple ring.

2. There is a fundamental solution matrix ¥ € GL,(R), i.e. an invertible
matrix satisfying 0(Y') = AY.

3. As an F-algebra, R is generated by the coefficients of Y and det(Y) ™.
4. Cr = CF.

The quotient field £ = Quot(R) (which exists, since such a PV-ring is always
an integral domain) is called a Picard-Vessiot field (PV-field) for the IDE

0(y) = Ay.
ide-condition
Remark 4.1.4. The condition on the Ay given in the definition of the IDE
is equivalent to the condition that 9%“)(8%) (Yi;) = (kzl)GgH)(Yij) holds for a
fundamental solution matrix Y = (Y};)1<ij<n € GL,(R).
Furthermore, the condition A9 = 1, already implies that the matrix A is
invertible.

A PV-ring has a nice characterization inside the PV-field.
diff-finite
Proposition 4.1.5. Let (R,0g) be a PV-ring over F' for an IDE 6(y) = Ay and
E = Quot(R). Then R is equal to the set of elements in E which are differentially
finite over F.

Proof. (Compare [Mat01], Thm. 4.9, for the case when C' is algebraically closed
and 6 is univariate.)

Let Y € GL,(R) be a fundamental solution matrix for the IDE. Then by def-
inition 8%)(Y) = A,Y and hence for all i,j and all k € N™ the derivatives
0*)(Y;;) are in the F-vector space spanned by all Yj;, i.e. all Yj; are differen-
tially finite. Furthermore, one has 0(det(Y)™!) = det(9(Y))™! = det(AY)™! =
det(A)~tdet(Y) ™!, i.e. det(Y) ™! is differentially finite. Therefore, R is generated
by differentially finite elements, and since the differentially finite elements form
a ring, all elements of R are differentially finite.

On the other hand, let x € E be differentially finite over F' and let Wg(x) be
the F-vector space spanned by all §%)(z) (k € N™). Then the set I, := {r € R |
r-Wg(x) C R} is an ID-ideal of R. Since Wg(x) is finite dimensional and £ is
the quotient field of R, one has I, # 0. Since R is ID-simple, this implies I, = R.
Hence 1- Wg(z) C R, and in particular 1 -2z =z € R. O
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From this characterization of the PV-ring as the ring of differentially finite

elements, we immediately get the following.
unique-PV-ring

Corollary 4.1.6. Let E be a PV-field over F' for several IDEs. Then the PV-ring
inside E 1s unique and independent of the particular IDE.

4.2 (alois theory

galois-theory

The Galois theory for a PV-extension works the same as in the univariate case,
since it is also an instance of the abstract setting.

However, as in the classical differential setting, we get a full Galois correspon-
dence using the PV-field.

For a PV-ring R/F the Galois group scheme is again defined as the functor
Gal(R/F) : Alg,, — Groups, L — Aut'™®(R ®¢ L/F ®¢ L)

where L is provided with the trivial iterative derivation, i.e. the iterative deriva-
tion on L given by a — a € L C L[[T1].

As before (see also [MaulOa], Sect. 10) the functor G := Gal(R/F) is
representable by a C-algebra of finite type and hence G is an affine group scheme
of finite type over C. We sometimes also refer to it as the Galois group scheme
of the extension F over F', Gal(E/F), where E = Quot(R) is the corresponding
PV-field. This is justified by the fact given in Corollary [4.1.6|that the PV-ring can
be recovered from the PV-field without regarding an IDE. Also take care that the
functor Aut'™(E/F) is not isomorphic to Aut'™”(R/F). Hence the Galois group
scheme of E/F has to be defined using the PV-ring.

Directly from the abstract setting, we get that Spec(R) is a (G x¢ F)-torsor
and the corresponding isomorphism of rings

v:R®p R — R®c C[0] (4.1)

is an R-linear ID-isomorphism. Here again, C[G] is equipped with the trivial
iterative derivation, and equals Crg . R-

For later use, we remark that the comultiplication on C[G] is induced via the
isomorphism v by the map

RerR— (R®r R)®r (R®r R),a®b— (a®1)® (1®VD),
and the counit map ev : C[G] — C' is induced by the multiplication
R®r R— R,a®b~ ab.

(see also [Tak89]).
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We recall that for a subgroup functor H < G, an element r € R is called
invariant under # if for all L, the element r ® 1 € Ry, is invariant under #H(L).
The ring of invariants is denoted by R*. (In [Jan03], 1.2.10 the invariant elements
are called “fixed points”.)

More generally, let £ = Quot(R) be the quotient field and for all L let
Quot(R ®¢ L) be the localization by all nonzero divisors. Since every auto-
morphism of R ®¢ L extends uniquely to an automorphism of Quot(R®¢ L), the
functor Aut(R/F) is a subgroup functor of the group functor

Alg. — Groups, L — Aut(Quot(R ®@¢ L)/ Quot(F ®@¢ L)).

In this sense, we call an element e = = € E invariant under #, if for all C-
algebras L and all h € H(L),

h(r@®l) r®l
Ms®1) s®@1

The ring of invariants of E is denoted by E*. .
rno

Remark 4.2.1. The action of G := Gal(R/F) on R is fully described by the
ID-homomorphism p := v|1or : R = R ®c C[G]. Namely, for a C-algebra L and
g € G(L) with corresponding § € Hom(C[G], L), one has g(r®1) = (1®g)(p(r)) €
R ®c L for all r € R.

Similar to Proposition |3.6.5| we have

Proposition 4.2.2. Let E/F be a PV-extension with PV-ring R and Galois
group scheme G. An ID-field F', with ' < F < F, 1s a PV-field over F, if and
only if it is stable under the action of G, i.e. if pf(RNF) C (RN F) ® C[G].

Proof. 1f F is a PV-field, its PV-ring R is the set of elements in l*? which are
differentially finite over F' (cf. Prop |4.1.5), in particular we have R = F' N R.
Hence we obtain a commutative diagram:

RQ®r R—%>R®c O[@(R/Fﬂ = R®c Choph

|

R®r R R®c ClG] = R®c Crepr ,

where the vertical maps are induced by the inclusion B C R, and the horizontal
maps are the 1somorph1sms ~ for R respectively for R. But this implies ,a(R) -
R®c Chopi C R®c¢ C[G], i.e. F is stable under the action of G.

The converse is stated in Theorem [4.2.3}iii). O
Theorem 4.2.3. (Galois correspondence)lgzet ]ﬁﬂ?o Sextension with

PV-ring R and Galois group scheme G.
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1. There is an antiisomorphism of the lattices
H:={H|H <G closed subgroup scheme of G}

and
M:={M | F <M < E intermediate ID-field}

given by ¥ : H — M H — E™ and & : M — H, M — Gal(E/M).
normal_subgroup
2. If H < G is normal, then E* = Quot(R™) and R* is a PV-ring over F
with Galois group scheme Gal(R™/F) = G/H.

3. If M € M is stable under the action of G, then H = ®(M) is a normal
subgroup scheme of G, M is a PV-extension of F' and Gal(M/F) = G/H.

4. For H € 9, the extension E/E™ is separable if and only if H is reduced.

Proof. See [MaulOa], Thm. 11.5. O

4.3 Purely inseparable extensions
purely-insep

As in the previous section, F' denotes a field of positive characteristic p with a
non-degenerate m-variate iterative derivation ¢ and a perfect field of constants

Recall that a field extension E/F is purely inseparable, if for every r € £
there exists e € N such that r?° € F, where p denotes the characteristic of F.
The minimal number e € N such that " € F for all r € F (if it exists) is called
the exponent of the extension, and is denoted by e(E/F). In our cases, E/F is
finitely generated — and therefore finite — and so the exponent e(FE/F') exists.

An affine group scheme G over C'is called infinitesimal, if the kernel of the
counit map ev : C[G] — C, denoted by C[G]T, contains only nilpotent elements.
The minimal number h € N such that 27" = 0 for all x € C[G]T (if it exists) is
called the height of G, denoted by h(G). In our cases, G is of finite type over C,
so C[G] is a finitely generated C-algebra, and the height h(G) exists.

Examples of infinitesimal group schemes are given by Frobenius kernels. For
example for any { € N, aye := Ker(G, = G,,a — a”é) is an infinitesimal
group scheme with coordinate ring Clay,e] = C[X] /X? and pye = Ker(G,, —

Y

G, a — ape) is an infinitesimal group scheme with coordinate ring Cu,e] =
CLx, H/(x — 1),

infinitesimal_group
Corollary 4.3.1. Let E/F be a PV-extension with Galois group scheme G. Then
E/F is a purely inseparable extension if and only if G is an infinitesimal group
scheme. In this case, the exponent e(E/F) and the height h(G) are equal.
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Proof. Let G be infinitesimal of height h and let ev : C'[G] — C denote the counit
map corresponding to the neutral element 1g of the group. Then by Remark

{21} for any ¢ € E, we have
(i[dee)(y(res—ser)) = (rel)lg(s) — (s®1)lg(r) =rs —sr =0,

that is y(r ® s — s ®r) € R®c C[G]T. Since G is of height h, we obtain

(r@s—s@r)P" = 0. Therefore " @ s*" = " @ " € R ®p R which means
h

that :% € F. So E/F is purely inseparable of exponent < h. On the other

hand, let F/F be purely inseparable of exponent e. For arbitrary 2 € C[G]", let
Y (1®x) =), r;®s;. Then

J J J

Hence (e.g. by applying id ® ev), one obtains ) T?esge = 0 and 27" = 0.

Therefore G is infinitesimal of height < e. ]
Notation For all ¢ € N, let J, := {(jl,...,jm) e N™\ {0} |Vi:j; <p€} and
let
F, = ﬂ Ker(ﬁg)).
J€Je
Actually, the subfields F, are the same as the ones defined in Remark[{.1.1]
Since Op(Fy) C Fg[[Tfl, ..., T, one obtains an iterative derivation on F =

—L
_ p
(E))P™" by Or,(2) = <0F(a:pl) . This is the unique iterative derivation which
turns Fly into an ID-extension of I, since every such iterative deriwation has to

coincide with 0 on F). lefsedd
max-id-ex s

Proposition 4.3.2. 1. Foralll € N, Fyy is the unique mazimal purely insep-
arable ID-extension of F' of exponent < L.

formula
2. For all 1,05 € N, (F[&])[Kz} = F[gl+£2]. o
trivial
3. If Fjyy = F then Fig = F for all { € N.
eq-ell

4. If Flyy # F and 0 is non-degenerate, then for all £ € N, the exponent of
Fig/F is exactly (.

Proof. For the proof of part , we have already seen that Fi,/F is an ID-extension,
and by definition it is purely inseparable of exponent < /. If F is a purely
inseparable ID-extension of F' of exponent < ¢, then Er C FNkE, C F, and
therefore E2 C Fjy. Hence Fjq is the unique maximal ID-extension of this kind.
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By definition (F,))j,) is an ID-extension of F' of exponent < ¢; + ¢5. Hence

L1 +Lo

by part , we have (Fig,))ia) € Flevte,)- On the other hand (Fig4ey)” CF
and so (le%])p@ C Fl,). Hence Fjy, 44, is an ID-extension of Fjy,) of exponent
<l and therefore contained in (Fjs,)),). This proves part .

Part [3 is a direct consequence of part 2l So it remains to prove [d For
this it suffices to show that Fj.1 # Fjy for all £, because this implies that
e(Fg/F) = e(Fle—q)/F) + 12 - Ze(F/F)+{—-1=L.

By Remark (4.1.1} one has dimpg,,, (F;) = p™, since 6 is non-degenerate. As-
sume that F[g+1] = F[g]. Then Fg+1 = (F[£+1])p€+1 = (Fm)le = (Fg)p and there-
fore F' is a finite extension of (Fy)? of degree [F : (F})?] = [F : Fpyq] = ptthm,
On the other hand,

[F:(F))P] = [F:FP]-[FP:(F)")=[F:FP|-[F:F]=p"™[F:Fr.
Hence [F': FP| = p™ = [F : ], and F} = FP, in contradiction to Fjjj # F. [
frob-pullback

Theorem 4.3.3. Let E/F be a PV-extension and let { € N. Then Ey/Fy is a
PV-extension, and its Galois group scheme is related to Gal(E/F) by

(Frob')* (Gal(Ejq/F)) = Gal(E/F), where Frob denotes the Frobenius mor-
phism on Spec(C).

Proof. Let R C E be the corresponding PV-ring and Y € GL,,(R) a fundamental
solution matrix for a corresponding IDE 0(y) = Ay. Since the m-variate iterative
derivation is non-degenerate on F', on has [F : F)] = p™* = [E : E,|. Hence, there
is a matrix D € GL,(F) such that Y := D'V € GL,(R,). The matrix ¥
satisfies
0(Y)=0(D"'Y)=6(D)'ADY,

that is, it is a fundamental solution matrix for the IDE (y) = Ay, where A =
6(D)'AD e GL,(F[[T)).

We first show that A € GL,(F[[T7,...,T])): Clearly A € GL,(F[[T"]),
since 0% (Y') = 0 for all k € J, and since 0 is iterative. Then for all j € N™ and
all k € J, we have

(k) (9(3’)({/)) _ W) (9(k>(y)> _0,
and o o o
o(k) (9<J>(Y)) o (Aj -Y) — 9 (A,)Y.
Hence, %) (A;) = 0. Therefore A; has coefficients in F}.

Since A € GLJZ(FE[[TPZ]]), Ry is actually a PV-ring over F; with fundamental
solution matrix Y. By taking p’-th roots, we obtain that Ry is a PV-ring over

Fiy with fundamental solution matrix ((ﬁj)p*e)‘ .
ij
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For obtaining the relation between the Galois groups, we first observe that F
and R, are linearly disjoint over F; and hence F' ®p, Ry = R, which induces a
natural isomorphism of the Galois groups Gal(R/F) = Gal(R,/Fy).

Furthermore the p‘-th power Frobenius endomorphism leads to an isomor-

phism

{4

Ry @k, Ry % Ry @, Re.

Since Gal(R,/F;) (rvesp.Gal(Ryy/Fjg) is isomorphic as C-group scheme to
Spec(Cr,er,r,) (resp. Spec(CR[l@F[Z]R[Z])), this gives the desired property

(Frob")* (Gal(Eyy/F)) = Gal(E,/F;) = Gal(E/F). O

From this theorem we obtain a criterion for Eyj/E being a PV-extension.
E_ell-is-ppv
Corollary 4.3.4. Let E/F be a PV-extension and suppose that Fy = FP. Then
the extension Ejq/E is a PV-estension, for all { € N.

Proof. By Prop. [£.3.2] the condition F = FP implies that Fjy = F for all (.
Hence by the previous theorem, Ey;/F is a PV-extension and therefore Ey/E is

a PV-extension. ]
finite-id-ext

Proposition 4.3.5. Let E be a finite ID-extension of some ID-field F with Cg =

C. Then there is a finite field extension L over C such that E is contained in a
PV-extension of FL = F ®¢ L.

Proof. Let e, ... e, € E be an F-basis of . Then there are unique A, € F™*",
such that Qgc)(ei) = > io1(Ag)ije; for all k € N™ and i = 1,...,n. Since the Ay
are unique, the property of 0 being an iterative derivation implies that 6(y) =
Ay is an iterative differential equation, where A =Y, .. AxT* € GL,(F[[T)).
Let U := E[X;;,det(X)™!] be the universal solution ring for this IDE over F
(i.e. Oy(X) = AX). Then the ideal (x1; — 1,291 — €9,...,2Zp1 —€,) U is an

ID-ideal and there is a maximal ID-ideal P containing (z11 — €1, ..., 21 — €,).
Then the field of constants L := Cy/p of U/P is a finite field extension of C' and
by construction U/P is a PV-extension of F'L which contains F. O

thm:general-realisation

Theorem 4.3.6. Let I' be an ID-field with Cr = C' perfect.
Let Cy denote the mazimal subalgebra of Cr,epr, which is a Hopf algebra with
respect to the comultiplication induced by

F[g] RF F[g] — (F[g] KRp F[g]) ®F[21 (F[g] KRp F[g]) ,a® b (a@ 1) X (1 X b).

Then an infinitesimal group scheme of height < € is realisable as ID-Galois
group scheme over F, if and only if it is a factor group of Spec(Cy).
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In particular, there is a PV-extension of F' with Galois group scheme Spec(ég),
and this is the unique maximal PV-extension which is purely inseparable of expo-
nent < /£.

Furthermore, if Fy/F is a PV-extension, then C, = Cryepry, and Spec(Cy)
is isomorphic to Gal(Fig/F).

Proof. The uniqueness in the second statement follows from the fact that there
is only one minimal ID-extension F of F such that Cy is contained in F @ F.
(This F is the desired PV-extension.)

The proof of the first statement is done in two steps.

Let G be an infinitesimal group scheme of height < ¢ which is realisable as
ID-Galois group scheme over F and let F'/ F be a PV-extension with Galois
group scheme G. By Cor. and Prop. , I is an ID-subfield of Fj.
Therefore, C[G] & Cpig,p is a subalgebra of C’p erF, and is a Hopt algebra
with comultiplication as given in the statement. Hence 1t is a sub-Hopf algebra
of Cy and so G is a factor group of Spec(Cy).

For the converse, let G be a factor group of Spec(ég). We first assume that
there is a PV-extension E/F such that £ D Fiy. Let R denote the corre-
sponding PV-ring and G := Gal(£/F) the Galois group scheme. Since Fjg is
an intermediate ID-field by Thm. [£.2.3] there is a subgroup H < G such that
Fig = Since Fjy is a finite dimensional F-vector space, all elements in Fjy
are dlfferentlally finite over F, and we obtain Fj; = R* by Prop. [4.1.6f Then
C, C Cryerry © Cropr = C[G] is a sub-Hopf algebra, i.e. Spec(Cy) is a factor
group of G. Smce G is a factor group of Spec(Cy), it also is a factor group of G,
and therefore there is a normal subgroup G’ < G such that Q G/G'. Then by
the Galois correspondence, F := EY9 is a PV-extension of F with Galois group
scheme G.

If there is no PV-extension E/F containing Fi, then by Prop. , there
is a finite Galois extension C’ of C' such that there is a PV-extension E'/FC’
containing FiyC". By the previous arguments there is a PV-field F’ over F C’
with Galois group G x¢ C'. Since F' is a purely inseparable extension of F'C”, i
is defined over F, i.e. there is an ID-field F'//F such that F' = F @¢ C". Smce
Gal(C’"/C) acts on F' = FC' by ID-automorphisms, the constants of F ®p F =
(F' @p F)GIC/C) 2= (F' @pen F')G2C/C) are equal to the Gal(C'/C)-invariants
of Cpg,.,r = C"[G] inside CFZ]@FF[Z] C', i.e. are equal to C[G]. By comparing
dimensions, one obtains that the F-linear mapping F ®¢ C [Q] — F®pF isin fact
an isomorphism, and hence by [MaulOal], Prop. 10.12, F'/F is a PV-extension
with Galois group scheme G.

In the case where Fig/F is a PV-extension, the torsor isomorphism im-
plies that q[@(Fm/F)] > CryorFy is a Hopf algebra. Hence, Cy = CryerFy,
and Spec(Cy) = Gal(Fiy/F).

special-realisation
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Corollary 4.3.7. Let E be an ID-field and suppose that E is a PV-extension of
some ID-field F' satisfying Iy = FP. An infinitesimal group scheme of height < ¢
1s realizable as ID-Galois group scheme over E, if and only if it is a factor group

of Gal(Ejg/E).

Proof. This follows directly from Corollary and Theorem [4.3.6] O]

all-ids-are-ppv
Corollary 4.3.8. Let E be an ID-field and suppose that E is a PV-extension of
some ID-field F satisfying Fy = FP, and that Gal(E/F) is a commutative group
scheme. Then every purely inseparable ID-extension of E is a PV-extension of

E.

Proof. By Thm. [£.3.3] Gal(Ey/F) is commutative, if Gal(E/F)) is. Hence
Gal(Ey/E) is commutative for all £. Since every purely inseparable ID-extension
of E sits inside some Ej) and every subgroup scheme of a commutative group
scheme is normal, the statement follows from the Galois correspondence[d.2.3] [

The following table recalls some properties of a PV-extension E/F and the
corresponding properties of the Galois group scheme G = Gal(E/F):

Property of G Property of E/F
finite scheme with dimq(C[G]) = m finite extension with [E : F] = m.
reduced scheme separable extension
infinitesimal scheme of height n purely inseparable extension of exponent n.

4.4 Finite separable PV-extensions

sec:sep-pv
We now consider PV-extensions with finite reduced Galois group schemes, i.e., fi-
nite separable PV-extensions. Since iterative derivations extend uniquely to finite
separable field extensions (see [MvdP03],2.1,(5)), we obtain a close relationship
to classical Galois extensions.

Lemma 4.4.1. Let E be a finite (classical) Galois extension of F which is geo-
metric over C, and let G be its Galois group. Let E be equipped with the unique
iterative derivation extending the iterative derivation on F'. Then the extension
E/F is a PV-extension with Galois group scheme Gal(E/F') = Spec(C[G]), the
constant group scheme corresponding to G.

Proof. Let {zi,...,z,} be an F-basis of E, and let a;; € F[[T]] such that
0(xi) = > i ayx; for all i = 1,...,n. Furthermore, let G = {o1,...,0,},
and Y = (U’f(xi))1<i,k<n € GL,(E). (Y is invertible by Dedekind’s lemma on the
independence of automorphisms.)
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T 2
By definition, one has 9(( : )) = A ( : ), where A = (a;;) € Mat,,«,,(F[[T7])).
Since the extension of the ?erative derigxcfrétion of F' to F is unique, all automor-

phisms are indeed ID-automorphisms, and therefore 6(Y) = AY.
Therefore by Remark 6(y) = Ay is an IDE and Y is a fundamental

solution matrix for this IDE. Furthermore, F is generated by the entries of Y,
and Crp = C, since E/F is geometric. Hence, E is a PV-field for the IDE
0(y) = Ay.

Finally, Spec(C[G]) is a subgroup scheme of Gal(E/F), since G acts by ID-
automorphisms, and dim¢(C|[G]) = n = [E : F| = dim¢(C[Gal(E/F)]). Hence,
Spec(C[G]) = Gal(E/F). 0

Remark 4.4.2. In the case that C' is algebraically closed, the statement also
follows easily from [MvdP03], 4.1.: in this case, Matzat and van der Put proved
that the C-rational points of Gal(F/F') equal G. Since for an algebraically closed
field C, a reduced group scheme is determined by its C-rational points, the claim
follows.

Lemma 4.4.3. Let E/F be a finite separable PV-extension with Galois group
scheme G. Let Es = E ®c C and Fg = F ®@¢ C be the extensions of constants,
where C' denotes an algebraic closure of C. Then Eq/Fg is a finite (classical)
Galois extension with Galois group G(C').

Proof. By definition of the Galois group scheme G, the group G(C) equals the
group Aut’?(Es/Fg). (Recall that in the finite case the PV-ring and the PV-field
are equal.) Since Eg/Fg is separable, G is reduced and hence, F9¢) = B9 = F.
Therefore, (Es)9“) = Fg, which implies that Es is Galois over F with Galois
group G(C). O

Remark 4.4.4. The previous lemma tells us that all finite separable PV-extensions
become classical Galois extensions after an algebraic extension of the constants.
Actually, this extension of constants can be chosen to be finite Galois. Hence

finite separable PV-extensions are almost classical Galois extensions in the sense
of Greither and Pareigis (cf. [GP87], Def. 4.2).

4.5 Finite PV-extensions

sec:finite-pv
We finally consider the case of arbitrary finite PV-extensions, i.e., PV-extensions
with finite Galois group schemes. By [DG70], Ch. II, §5, Cor. 2.4, every finite
group scheme is the semi-direct product of an infinitesimal group scheme and
a finite reduced group scheme, since our base field C' is assumed to be perfect.
Hence, the results of the previous sections also give us information in this case.
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thm:finite-realisation

Theorem 4.5.1. Let G be a finite group scheme over C, G° < G the connected
component of G (an infinitesimal group scheme), and H < G the induced re-
duced group scheme. Assume that there is ¢ > ht(G°) such that Fiq/F is a
PV-extension. Then G is realizable over F, if and only if G = G x H, G° is a
factor group of Gal(Fig/F) and H is realizable over F.

Proof. Let G = G° x H, such that G° is a factor group of Gal(Fjy/F) and H is
realizable over F as H = Gal(E"/F). By Theorem [£.3.6] G° is the Galois group
scheme of some intermediate PV-field F' < B’ < Fyy. Since £ / F is separable and
E'/F is purely inseparable, E’ and E” are linearly disjoint over F', and so E'®@p E"
is a PV-extension of F' with Galois group scheme Gal(E’ @ E"/F) = G° x H.
Hence, G is realizable over F'.

On the other hand, let G be realized over F' as G = Gal(E/F). By [DGT0],
Ch. II, §5, Cor. 2.4, G is a semi-direct product G = G° x H, and therefore
H = G/G° = Gal(E9"/F), ie., M is realizable over F. Furthermore, E¥ is a
purely inseparable ID-extension of F' of height < ht(G"). By assumption, there
is ¢ > ht(G°) such that Fj;/F is a PV-extension and therefore Fy; is a PV-
extension containing E*. As in the first part of the proof, E := Flg ®F E9 is a
PV-extension of F with Galois group Gal(E/F) = Gal(Fiy/F) x Gal(E9" | F) =
Gal(Fyy/F) x H. Since E™ and E9° are subfields of E, E is also a subfield of E.
Therefore, Gal(E/F) 2 G° x H is a factor group of Gal(E/F) = Gal(Fjq/F) x H
which implies that H acts also trivially on G, i.e., the semi-direct product G° xH
is in fact a direct product. Finally, we obtain that E* is a PV-extension of F

(since H < G is a normal subgroup) with Galois group G°, and hence G° is a
factor group of Gal(Fjy/F). O

cor:inverse-problem-over-pv-field

Corollary 4.5.2. Let C' be algebraically closed, and let F' be a PV-extension of
some function field L/C in one variable with non-degenerate univariate iterative
derivation. Then the finite group schemes which occur as Galois group scheme
over F' are exactly the direct products G° x H, where H is a constant group scheme
(i.e., a reduced finite group scheme) and G° is a factor group of some Gal(Fy/F).

Proof. By Corollary £.3.4] Fg is a PV-extension of F' for all £. So by Theo-
rem [4.5.1] we only have to show that every finite reduced group scheme H is
realizable. Since C' is algebraically closed, the PV-extensions E of F' with Ga-
lois group H are the (classical) Galois extensions with Galois group H(C'). By
[Har95], Thm. 4.4, the absolute Galois group of L, Gal(L**?/L), is a free group on
infinitely many generators. Hence, there is an epimorphism ¢ : Gal(L**?/L) —
H(C) x Gal(F N L*?/L) such that the composition of ¢ and the projection pr,
onto the second factor is the restriction map Gal(L*?/L) — Gal(F N L*P/L).
But this means that pr; o ¢ : Gal(L**?/L) — H(C') corresponds to a Galois
extension L of L with group #(C') which is linearly disjoint to F. Hence L ®, F
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is a Galois extension of F' with Galois group H(C). O

4.6 Examples

examples
In this section we consider some examples. Throughout this section C' denotes
a perfect field of characteristic p > 0 and C'((¢)) is equipped with the univariate

iterative derivation 6 given by 0(t) =t + 1.
exl

Example 1. We start with the easiest case, namely F' = C(t) or F is a finite
ID-extension of C(t) inside C'((¢)). We have already seen in Remark that
FP C Fy and that [F : Fy] = p. Since F is a function field in one variable over
the perfect field C', we also have [F' : FP] = p. Hence, F} = FP?, i.e. Fjj) = F, and
therefore by Prop. there exist no purely inseparable ID-extensions of F.

Example 2. We present an example for an ID-field ' with Fj; > F which
nevertheless has no purely inseparable PV-extensions. More precisely, we show
that the constants of Fjj ®p Fjy are equal to C' = Cp for all £ € N.

Let a € Z, \ Q be a p-adic integer, and for all k € N, let oy, € {0,...,p" — 1}
be chosen such that @ = a; mod p*. Then we define r := > 2 t* € C[[t]].
The field F' := C(t,r) is then an ID-subfield of C'((¢)), since for all j € N,

[e.9]

0P (r) = Zepj ) :Z (pj)tak pﬂ
‘ S . . J
_ (agl)tpj Z ok — (O‘;;H)MJ (r - Ztak> € C(t,r).

k=j+1 k=1
Here we used that (;7) =0if a < p’ and (;]) = (pbj) mod p if a =b mod p*.
We will show now that r is transcendental over C(t):
Let s be a solution for the 1-dimensional IDE 0®")(y) = (a;}rl)t_pjy (7 € N)in
some extension field of . Since o € Q, the element s is transcendental over C(t)

by [MatO1], Thm. 3.13. The rules for the derivatives of r and s can be written
as a matrix equation

o (5 7) = (C)7 T (o)
01 0 0 0 1)’

which shows that C(t,7, s) is a PV-field over C'(t) with Galois group inside G, x
Go = {(§ 1) € GL2}.

Since s is transcendental over C(t), the full subgroup G,, is contained in the
Galois group. The only subgroups of G, which are stable under the G,,-action
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are the Frobenius kernels ay,m. But all Galois groups over C(t) are reduced
(cf. [MaulQa], Cor. 11.7), and hence we have Gal(C(t,r,s)/C(t)) = G, X G, or
= Gy, In both cases C(t,, s) contains no elements that are algebraic over C(t).
Since the power series of 7 does not become eventually periodic, ¢ C(t) and so
r has to be transcendental over C(t).

Next we are going to calculate the constants of Fjgq ®p Flg:
It is not hard to see that Fjg = C(t, 7)), where

V4 p7£ 00
" (t =3 ’fa”) = Yt € O],
k=1 k=1

and the derivatives of rj, are given by:

) J
g(pj)(rm) — ((aj+1+€ - a)p )tpj (r[ﬂ _ t(akJrZaZ)pe) )
pj k=1

Hence, one obtains for all n € N:
a—oa)pt\
Q(R)(T‘[g]) € (( ne)p )t n?“[g] + C(t)

For calculating the constants in Fjj ®p Fjg, we remark that {rfg] ® 7”{@] |0 <

i,j < p’—1} is a basis of Fig ®F Fjg as an F-vector space. A further calculation
shows that forn € N and k € Z

, : k+(i+7)(a—ap)p™* . ,
pn) (tkrfg] Q ng}) — ( ( J)T(L Z)p )t—n (tkrfé] Q Tfe])

modulo terms in rfz] ®ryy with p+v <i+j. So an element z := 3, ; ci,jrf@ ®'rf'£] €
Flg ®F Fjg can only be constant, if for the terms of maximal degree these binomial
coefficients vanish for all n. Since « is not rational, this is only possibleifi = 7 =0
is the maximal degree and if £ = 0, i,e. = € C. So we have shown that
Cryorr, = C for all £ € N, which implies by Theorem W that there are
no purely inseparable PV-extensions over F' = C(t,r). 5
ex

Example 3. The following example is quite contrary to the previous one. In
this example all purely inseparable ID-extensions are PV-extensions.

Let ay,...,an € Z, be p-adic integers such that the set {1,aq,...,a,} is
Z-linear independent, and let o; =: > 32 a;xp® (i = 1,...,n) be their normal
series, i.e. a; € {0,...,p—1}. Fori =1,...,n, we then define

5; 1= Zaiﬁkt”k e C((t))
k=0
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and consider the field F' := C(t,$1,...,5,). This is an ID-subfield of C((t)),
since 0 (s;) = a;4 for all ¢ € Nand i = 1,...,n. Also from 0®)(s;) € C, one
obtains that the extension F'/C(t) is a PV-extension and its Galois group scheme
is a subgroup scheme of G. Actually, the condition on the «; implies that the
s; are algebraically independent over C(t) and hence the Galois group scheme
is the full group G/. Therefore by Corollary [£.3.4] for all £ € N the extension
Fig/F is a PV-extension and Gal(Fjy/F) = ()", where oy, denotes the kernel
of the p’~th power Frobenius map on G,. Furthermore, ()™ is a commutative
group scheme and so all its subgroup schemes are normal subgroup schemes.
By Theorem [.2.3] this implies that every intermediate ID-field ¥ < E < Fyg
is a PV-extension of F. So all purely inseparable ID-extensions of F' are PV-
extensions over F'. Furthermore, by Cor. [4.3.7] an infinitesimal group scheme is
realizable over F'if and only if it is a factor group scheme of (av,¢)™ for some ¢,
which are exactly the infinitesimal closed subgroup schemes of G

Example 4. Let C' be an algebraically closed field of positive characteristic p.
We want L/C to be a function field in one variable over C' with a non-degenerate
iterative derivation #, and F' to be a PV-extension of L with Galois group scheme
G,n. For example, we may take L = C(t) with § = 6, the iterative derivation
with respect to t, given by 0(t) =t+1T € L[[T]], and F = L(t*), with a € Z, \ Q
and the iterative derivation given by 6™ (t*) = (&)t~ /t".

By Theorem , for all ¢ > 0, Fyy/L is a PV-extension with Gal(Fjq/L) =
Gy, and the “restriction map” Gal(Fiq/L) = G,, — Gal(F/L) = G,, is given by
the Frobenius map z — 27", Hence, Gal(Fjg/F) = pe, the “group of p‘th roots
of unity”. The only factor groups of ¢ are p,x where k < £. Hence by Theorem
[4.5.7] the finite Galois group schemes over F are exactly the group schemes of
the form p,e X H, where £ > 0 and H is finite reduced.
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Chapter 5

Realization of Torsion group
schemes

chap:real-of-torsion
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This chapter contains the results of [Maul5]. We show that torsion group
schemes of abelian varieties in positive characteristic occur as iterative differen-
tial Galois groups of extensions of iterative differential fields. The main part
is to find computable criteria when higher derivations are iterative derivations,
and furthermore when an iterative derivation on the function field of an abelian
variety is compatible with the addition map. For an explicit example, we give a
construction of (a family of) such iterative derivations on the function field of an
elliptic curve in characteristic two.

The rough idea for getting the n-torsion scheme A[n| of an abelian variety A
over a perfect field C as ID-Galois group scheme is the following. Starting with
the abelian variety A over C' we consider the function field L of Acy) (i.e. of A
after base change to C(t)) as an extension of the rational function field C(¢). The
field C(t) comes with the standard iterative derivation with respect to ¢, and this
iterative derivation is then extended to an iterative derivation on L. By taking
care that this extension fulfills the appropriate conditions, one guarantees that
the torsion group scheme A[n| indeed acts on L by ID-automorphisms. Hence by
Picard-Vessiot theory, one obtains A[n] as the iterative differential Galois group
of L over LA the fixed field under A[n]. To be more precise, one should say
that the group scheme acts by functorial automorphisms, i.e. D-rational points
act as ID-automorphisms on the total quotient ring Quot(L ®¢ D).

This chapter is structured as follows. In Section [5.1] we give the basic nota-
tion and some basic properties which will be used in the calculations later on.
Furthermore, we give a short summary of the Picard-Vessiot theory used in this
article. The theoretical considerations for obtaining the torsion group scheme
of an abelian scheme as ID-Galois group are given in Sections and 5.3l The
main theorems are Theorem giving a necessary and sufficient condition for
the iterative derivation on the function field of an abelian variety to “commute”
with the addition map, as well as Theorem [5.3.1] stating that the torsion group
schemes are the ID-Galois group schemes over an appropriate subfield when the
iterative derivation satisfies the previous conditions.

In the last two sections, we turn the conditions of Theorem [5.2.2| into explicit
recursive formulas for the higher derivatives of the generators of the field L.
While Section [5.4] deals with the condition that the extension to the overfield
is an iterative derivation, Section is dedicated to giving recursive formulas
for constructing the iterative derivation on the function field in a way that it
“commutes” with the addition map (cf. Theorem [5.5.3)). As this becomes quite
complicated in the general case, we restrict to the example of an elliptic curve in
characteristic 2 in this last section.
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5.1 Basic notation

sec:basics
All rings are assumed to be commutative with unit.

In addition to the notation on iterative derivations given in Section [3.1} we
will need a more general notion, namely the notion of a higher derivation.
A higher derivation (HD for short) on a ring R is a homomorphism of rings
0 : R — R[[T]], such that 6(r)|r—o = r for all r € R. If there is need to emphasis
the extra variable T or if we use another name for the variable, we add a subscript
to 6, i.e. denote the higher derivation by 67 (resp. 6y if the variable is named U).

Hence, an iterative derivation on R is a higher derivation with the additional
property that for all i,5 > 0, 00) 0 00 = ("17)9(+9) where as before the maps
0% : R — R are defined by 0(r) =: > 09 (r)T". The pair (R,0) is then called
an HD-ring (resp. ID-ring) and Cr := {r € R | 0(r) = r} is called the ring
of constants of (R,#). An HD/ID-ring which is a field is called an HD /ID-
field. Higher derivations and iterative derivations are extended to localisations
by 0(%) := 0(r)f(s)~" and to tensor products by

0P (r e s) = Z 0 (r) ® Y (s)

it+j=k

for all £ > 0.

Given a homomorphism of rings f : R — S, we often consider the T-linear
extension of f to a homomorphism R[[T]] — S[[T]] of the power series rings.
This map will be denoted by f[[T]]. Given two HD-rings (R,#) and (S,6). A
homomorphism of rings f : R — S is called an HD-homomorphism (resp. ID-
homomorphism if R and S are ID-rings) if f o f = f[[T]] o f. As a special case of
a homomorphism f[[T]], we have the homomorphism 6y[[T] : R[[T]] — R|[[T, U]]
induced by the higher derivation 6y : R — R[[U]] on R. A short calculation
shows (cf. [RGs07]) that a higher derivation € on R is an iterative derivation if

and only if the following diagram commutes
Oy

R R[]
R{[T)) A Ry, 17),

or in other terms 0y [[T]] o O = Or4p.
ex:ID-fields

Example 5. (cf. [MaulOal)

1. For any field C' and F := C(t), the homomorphism of C-algebras 6 : F' —
F[T]] given by 6(t) := t+T is an iterative derivation on F' with field of con-
stants C'. This iterative derivation will be called the iterative derivation
with respect to t.
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2.

For any ring R, there is the trivial iterative derivation on R given by
0o : R — R[[T]],r — r-T°. Obviously, the ring of constants of (R, 0,) is R

itself. item:fin-sep-ext

. If (F,0) is an HD-field and L > F is a finite separable field extension,

then 6 can be uniquely extended to a higher derivation on L. If the higher
derivation 6 is an iterative derivation, then the extension to L is also an
iterative derivation.

Let (F,0) be an HD-field, L/F a finitely generated separable field ex-
tension and xi,..., 2, a separating transcendence basis of L over F (i.e.
F(z1,...,x)/F is purely transcendental and L/F(xq,...,xy) is finite sep-
arable). Using the previous example, it is easy to see that any choice of
elements &, € L (¢ =1,...,k and n > 1) defines a unique higher deriva-
tion @, on L extending 0 and satisfying 0 (x;) = x; + Y - &,T™ for all
i=1,... .k

We now summarize some well known formulas for higher derivations and it-
erative derivations in characteristic p > 0 which will be used later on:

lem:known-stuff

Lemma 5.1.1.

1.

2.

0 (x?) = 0 if p does not divide j and 09 (zP) = (09/P)(x))" if p divides j.

If m = mog+nmup + - +mup® and n = ng + mp + -+ + npp® where
mi,n; € {0,...,p— 1} then

(r:) _ (7;;0) | (7:11) (:’Z:) mod p.

If 0 is iterative, then (09)P =0 for all 5.

item:expansion
Let m = mg+mip+---+myp® where m; € {0,...,p—1}. If 0 is iterative,

then all the 6% commute with each other, and

1

mo! - mq!omy!

gm) — (O™ o (Y™ o ... o (9(p’“))mk'

Notation Let (L,0) be an HD-field of characteristic p > 0, and k € N U {oo}.
We say that “for x € L the iteration rule holds up to level k7 if for all i, € N
satisfying © + j < k one has

2

69 0 9V (z) = (2 + j) 0(+D) (1),
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or equivalently if
0u[[T)]) (0r(2)) = br1v(z) mod (U'TV | 0<j<k+1).

We say that “the iteration rule holds on L up to level k7 if the iteration rule holds

up to k for all x € L.
lem:Things to show

Lemma 5.1.2. Let (L,0) be an HD-field of characteristic p > 0.
item:subfield
1. For k € NU {oc}, the set of elements x € L for which the iteration rule
holds up to level k is a subfield of L.

item:level-extended

2. Assume that for fized £ > 0 the iteration rule holds on L up to level p*, then
for all 0 < k,m < p* such that k +m > p*, one has

o) o gm) — = (k M m) gli+m)
k

item:cancellation

3. Assume that for fixed £ > 0 the iteration rule holds on L up to level p’, and
that L contains an element t satisfying 6(t) =t +T. Then for all x € L
and all 0 < r < p* one has:

1
00 | >0 (@) (-t | =0
m=0

Proof. The set under consideration is just the equalizer of the ring homomor-
phisms 0y[[T]] o 07 : L — L[[T,U]/(U*19T7 |0 < j < k+1) and 7,y Hence,
it is a subfield of L.

As k,m < p’ and k +m > p’, the binomial coefficient (k:m) equals 0 in
characteristic p. Hence, the right hand side of the equation equals 0. For proving
that the left hand side equals zero, it is sufficient to consider the case where k = p’
for some j < ¢, as any %) is a composition of those up to a non-zero constant.
Let m' := m + p’ — p’. By assumption on m and p/, we have 0 < m/ < p/. As
m —m' = p* — p’ is divisible by p?, m' is the first part of the p-adic expansion
of m up to PPt and m — m/ is the second part. Hence, by the previous lemma
(:n”/) = 1 in characteristic p. As the iteration rule holds on L up to level p’, and
as k = p’ < p’ one gets

. ) . V4
00 & gm) — ) o ge'—p) o glm') (p‘) 00 o gm) —
pj 9

since (gj) = 0.
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This is a more complicated, but straightforward calculation:

g (pZe(m)(xxwm =0 ) (et

m=0 m=0 k=0
r pt=1-(r—k)
by (@) m+r—=k\ ik mY\ ok
= 9 m-r . _1 m tm
> (" e o ()
k=0 m=k
ipelr m' +r m' + k ( 1)m’+k9(m’+r)( )tml
= — x
m' + k k
k=0 m’=0
2 () (5 () e
gl — x
r k
m/=0 N k=0 ,
=0
= 0.
Equation (x) holds, as both products (2;12) (m;jk) and (m/jr) (l’;) count the num-
ber of possibilities of splitting a set of cardinality m/+r into three disjoint subsets
of cardinalities k, m’ and r — k respectively. O]

5.1.1 Picard-Vessiot theory

We now recall the main definitions from Picard-Vessiot theory. (F,#) denotes
some ID-field with constants C'.

Definition 5.1.3. Let A = > A, T" € GL,(F[[T]]) be a matrix with 4y = 1,,
and for all k,1 € N, (*]") Aps = 32,09 (Ax) - A;. An equation

0(y) = Ay,

where y is a vector of indeterminants, is called an iterative differential equa-
tion (IDE).

Remark 5.1.4. (cf. Rem. The condition on the Ay is equivalent to the con-
dition that 0®) (91 (Y;;)) = ( Z)H(k“)(Y,-j) holds for a matrix Y = (V};)1<ij<n €
GL,(F) satisfying 0(Y') = AY, where E is some ID-extension of F. (Such a Y is
called a fundamental solution matrix) . The condition Aq = 1,, is equivalent
to 09(Y;;) = Y;;, and already implies that the matrix A is invertible.

Definition 5.1.5. An ID-ring (R, 0g) > (F,0) is called a Picard-Vessiot ring
(PV-ring) for the IDE 0(y) = Ay, if the following hold:

1. R is an ID-simple ring, i.e. has no nontrivial #x-stable ideals.
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2. There is a fundamental solution matrix ¥ € GL,(R), i.e., an invertible
matrix satisfying 6(Y) = AY.

3. As an F-algebra, R is generated by the coefficients of Y and by det(Y")™!.

The quotient field F = Quot(R) (which exists, since such a PV-ring is always
an integral domain) is called a Picard-Vessiot field (PV-field) for the IDE

0(y) = Ayl]
For a PV-ring R/F one defines the functor
Aut’P(R/F) : (Algebras/C) — (Groups), D +— Aut'”(R ®¢c D/F ®¢ D)

where D is equipped with the trivial iterative derivation. In [MaulOa], Sect. 10,
it is shown that this functor is representable by a C-algebra of finite type, and
hence, is an affine group scheme of finite type over C'. This group scheme is called
the (iterative differential) Galois group scheme of the extension R over F' —
denoted by Gal(R/F') —, or also, the Galois group scheme of the extension E over
F, Gal(FE/F), where E = Quot(R) is the corresponding PV-field.

Furthermore, Spec(R) is a (Gal(R/F) x¢ F)-torsor and the corresponding
isomorphism of rings

v:R®p R — R®c ClGal(R/F)] (5.1)

is an R-linear ID-isomorphism. Again, the ring of regular functions C|Gal(R/F')]
is equipped with the trivial iterative derivation.

On the other hand, if (R, 0g) is an ID-simple ID-ring extending (F,#) with
the same constants, and if there is an R-linear ID-isomorphism v : R ®p R —
R ®¢ C[G] for some affine group scheme G < GL,, ¢ corresponding to an action
of G, then R/F is indeed a Picard-Vessiot ring for some IDE (cf. [MaulOal,
Prop. 10.12).

For later purposes, also keep in mind that for a finite Picard-Vessiot extension
R/F, the PV-ring R already is a field. Hence, in that case the quotient field F
coincides with the PV-ring R.

5.2 Iterative derivations compatible with addi-
tion
sec:it-der-on-ab-schemes

Let C be a field of positive characteristic p, k = C(t) the rational function field
with iterative derivation by ¢, and let A/C' be a connected abelian scheme over C'.

!The PV-rings and PV-fields defined here were called pseudo Picard-Vessiot rings (resp.
pseudo Picard-Vessiot fields) in [Maul0Oa] and [MaulOb]. This definition, however, is the most
natural generalisation of PV-rings and PV-fields to non algebraically closed fields of constants.
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The addition map on A will be denoted by @ : A x A — A (and the subtraction
by ©).

Let K4 denote the function field of A. Let (L,#) be the field L = K4(t) with
some higher derivation 6 extending the one on k = C(t), and let D be the field
K 4 equipped with the trivial higher derivation. The higher derivations of L and
D are extended to a higher derivation (also denoted by ) on LD := L -D :=
Quot(L ®¢ D), the total ring of fractions of L ®¢ D.

The map @ induces a homomorphism of fields Ky — Kaixa = Ky - Ky
and also a homomorphism L — L - D by t-linear extension. Extending again
D-linearly, we obtain an isomorphism p : LD — LD. This isomorphism fixes
exactly the elements in D(t) C LD, i.e. D(t) = {z € LD | p(z) = x}. Actually
p is nothing else than the homomorphism on the generic fibers corresponding to
Acwy X A — Acy) X A, (p1,p2) = (p1 @ p2, p2).

As the sheaf O4 of regular functions on A embeds into D = K4, we have a
generic point np € A(D) = Hom(O4, D) given by that embedding. Similarly,
we have a “generic point” 7, € A(L) = Hom(O4, L) given by the inclusion
@ 4 C K A 7 L.

If we have a homomorphism of rings « : Ry — Ra, we let o, : A(Ry) — A(Ry)

denote the induced map from the R;-points of A to its Ro- POINgS, . 3 ub homo

Lemma 5.2.1. With notation as above, let 0, : A(L) — A(L[[T]]) be the map
induced by 0 : L — L[[T]]. Then p is an HD-homomorphism if and only if
nL © 0.(n) € A(CH)[[T]]) € A(L[[T]]) where we consider ng, as an L[[T]]-point
of A wia the inclusion L = L -T° C L[[T]].

Proof. Since in any case ng, © 0.(n.) € A(L[[T]]), the condition is equivalent to
saying that 7, © 0.(n.) € A(D[[TT]) € A(LD[[T]]).

Let np denote the generic point of A in A(D), and p. : A(LD) — A(LD)
the map induced by p. Then by construction, one has p.(n;) = nr @® np, and
therefore, 0, (p.«(nr)) = 0.(nr ® np) = 0.(nL) & np, since 6 acts trivially on D.

Hence:

n © 0x(nr) € A(D@)[[T]]) ([T« (2 © 0.(n1)) = nr © 0.(nr)
p(nr) © (p[[T])+(0x(nr)) = Nz © 0.(n1)
(. @ np) © (p[[T]])«(0+(n)) = 1 © 0.(11)
0.(nz) & np = (p[[T]])+(0x(nr))

«(n

0.(pe (1)) = (pl[T1])+(0x (1))

Since 7y, is the generic point of A, the last equality is equivalent to fop = p[[T]] o8,
i.e. to the condition that p is an HD-homomorphism.

(I

thm:commuting with rﬁg

Theorem 5.2.2. We use notation as above. Let C(t)[[T,U]] be the power se-
ries ring over C(t) in two variables T and U and let R denote the subring of
C()[[T,U]] of those power series P(t,T,U) such that P(t+U,T,0) = P(t,T,U).
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Then 0 is an iterative derivation and p is an ID-homomorphism if and only
if Ous(ne) © Oriva(ne) € A(R).

As already mentioned earlier, 6y : LD — LDI[[U]] and 64y : LD — LDI[T, U]
denote the maps 0 with T replaced by U and T + U, respectively, and Oy . :
A(LD) — A(LDI[U]]) as well as Or p. : A(LD) — A(LD][T,U]]) the induced

maps.

Proof. Let us first remark that R is nothing else than the image of C'(¢)[[7']] under
the homomorphism 6y [[T]], since the map 6y [[T]] on C(¢)[[T]] is just replacing ¢
by t 4+ U.

Now assume that 6 is an iterative derivation such that p is an ID-homomorphism.
Since @ is an iterative derivation, one has 0r,y = Oy|[[T]] o Or, and therefore
Ou«(nL)S07+v.(nL) = (Ou[[T]])« (N © O1..(nL)). Since p is an ID-homomorphism,
one has n, © 0r.(n) € A(C(t)[[T]]) by the previous lemma. Hence, we obtain
(Ou[[T])« (L © Or.(n)) € A(C(t)[[T,U]]). By the characterisation of R above,
the point (0y[[T]])« (n © Or.(nL)) is indeed R-valued.

For the converse, let 8y.(nL) © Or4v.(nL) € A(R). Applying the homomor-
phism C(t)[[T,U]] — C(t)[[T]] given by mapping U to 0 (or more precisely the
induced map on the points of A) leads to 1y © Or.(nL) € A(C(¢)[[T]]), hence p
is an HD-homomorphism by the previous lemma. As before, the condition that
the expression is in A(R) implies that we obtain the same element when mapping
U +— 0 and applying (6y[[T]])«. Hence

Ovs(nL) © Orivs(ne) = (Oul[T]])« (Box(nL) © Or104(nL))

]
= Oua(ne) © (Ou([T1])« (Or.4(12))
This means 07,y (nL) = (Ou[[T]])« (Or«(nL)). Since 7y, is the generic point, this
implies 07, = 0y[[T]] o 67, and therefore 0 is iterative. O

Remark 5.2.3. So far, we didn’t use commutativity of @&. Hence, all the state-
ments made so far are also valid for non-commutative connected group schemes
instead of abelian schemes.

5.3 Torsion schemes as Galois group schemes
sec:torsion-galois-groups

We use the notation of the previous section. In particular, A/C is an abelian

scheme and L is the function field of Ac() equipped with a higher derivation ¢

extending the iterative derivation with respect to ¢t on C(t).
thm:torsion as galois

Theorem 5.3.1. Let 6 be an iterative derivation on L such that p is an ID-
homomorphism. Also assume that the constants of (L,0) are C. Forn € N, let
[n] : A — A denote multiplication by n, Aln] = Ker([n]) the n-torsion scheme,
and [n]# : L — L the corresponding map on the function fields of Acwy. Then
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1. the subfield [n]# (L) C L is an ID-subfield of L,

2. the extension L/[n]#(L) is a PV-extension and the iterative differential
Galois group scheme is given as

Gal(L/[n]* (L)) = Aln]
as affine group schemes over C'.

Proof. The addition A x A[n] — A induces a homomorphism p : O4(U) —
O4(U)®@c C [Aln]] for an appropriate (affine) open subset U C A, where C'[A[n]]
denotes the ring of regular functions on the affine scheme A[n|. The subring
[n]#(O4(U)) is then the equalizer of p and id ® 1.
Furthermore, p can be extended to a homomorphism p : L — L ®¢ C[A[nH
by p(t) = t ® 1 and by localisation. This map p is actually a specialisation of
the map p: L — LD. By assumption p is an ID-homomorphism and therefore
p is an ID-homomorphism when C' [A[nﬂ is equipped with the trivial iterative
derivation.
This shows that the equalizer [n]# (L) C L is an ID-subfield of L.

The L-linear extension of p leads to an ID-homomorphism py, : L ®p# (1) L —
L ®c C[A[n]] which is a monomorphism, since [n]#(L) is the equalizer of p and
id ® 1.
As the degree of the extension L/[n]#(L) equals the dimension dimq(C[A[n]]),
this monomorphism is indeed an ID-isomorphism.
Therefore, the second claim follows by [MaulQa], Prop. 10.12. (Here we use that
the constants of L are indeed C.) O]

Remark 5.3.2. In the previous theorem, there is an issue which we couldn’t
solve satisfactorily, namely whether a given higher derivation 6 which satisfies
the other conditions will also satisfy LY = C. Even more, whether there exists
such a 6. We will see in Proposition that for the example considered in that
section, there exists an iterative derivation satisfying all the assumptions above
for cardinality reasons.

We are confident that a similar — but more involved — argument should also
show the existence of such an iterative derivation # as in Theorem [£.3.1] in the
general case. Motivated by explicit calculations, we even think that L # C
only occurs in exceptional cases. In the case of elliptic curves we make this more
precise in the following conjecture.

Conjecture 5.3.3. If A is an elliptic curve, and 0 an iterative derivation on L
such that p is an ID-homomorphism, then either L’ = C or L’ = K, C L.

Theorem above has a consequence to the realisation of all commutative
finite group schemes which was communicated to us by an anonymous referee.
We state it in the following corollary.
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cor:finite-group-schemes

Corollary 5.3.4. Assume that for every abelian variety A/C', the function field
L of Ay can be equipped with an iterative deriwation 0 satisfying the conditions
in Thm. [5.3.1. Then every commutative finite group scheme G over C can be
realised as ID-Galois group scheme of some PV-extension. Even more, G can be
realised over some [n]# (L) for such an ID-field (L,0) and some n € N.

Proof. Every commutative finite group scheme G over C' can be embedded into
an abelian variety over C, and hence into its subscheme of n-torsion points A[n]
for some n (see [?, Sect. 15.4]). Letting L be the function field of Acy with 0
as in Thm. [5.3.1] we have Gal(L/[n]#(L)) = A[n]. By the Galois correspondence
(cf. [MaulOa, Thm. 11.5]), one therefore obtains that G' (now considered as a
subgroup of A[n]) is the Galois group of L over LY, the fixed field of L under G.

For obtaining the realisation over some [n]#(L), one has to obtain G as a
quotient of some A[n|. Then, one can again apply the Galois correspondence to
this situation, and obtain that G is the ID-Galois group scheme of LKer(AR=G)
over LA = [n]#(L).

Obtaining G as a quotient is done by first applying the embedding result to
the Cartier dual GV of G, and possibly enlarging A (as e.g. in Zarhin’s trick)
so that A can be principally polarized. In this case the Cartier dual of A[n] is

again A[n], and hence the embedding GV — A[n] corresponds to a quotient map
Aln] — G. O

5.4 Extension of iterative derivations

sec:ID-extensions

In this section we develop criteria for a higher derivation to be iterative. This
will be used in the last section. We will assume that C'is a field of characteristic
p > 0, and (F,0) is an ID-field containing C'(¢) such that f|c () is the iterative
derivation with respect to ¢ (compare Ex. [f|[2)).

thm:equivalent conditions

Theorem 5.4.1. Let L be a finitely generated separable field extension of F
with a higher derivation on L extending 60 on F', which will also be denoted by
0. Let xy,...,x be a separating transcendence basis of L over F, and 0(z;) =:
T+ Yy oo &I foralli=1,... k.

Assume that &, € LPF C L for alli =1,...,k and all n > 1. Then for any
Ly > 0 the following are equivalent:

1. The iteration rule holds on L up to level p*o+t!,

2. For all 0 < ¢ < {y, one has:
(a) for all0 <m < p’ and 0 < a < p: O(m+er’) = z <6(pz)>a o fm),
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3.

(b) <9<pe>>p — 0, and
(c) forall0<j<{: 6% o 9P = g(r) o @7,
The iteration rule holds up to level p®*! for all x; (i =1,... k).

Condition (2) holds when evaluated at all x; (i =

1tem exp11c1te formula

For all0 < (< /{lyandi=1,...k, one has:
p-1 |
Sipt + Z 9(pé)(€i,m)(—t)m € ﬂ Ker <9(p3)> A Ker (9(172(10—1))) 7
m=1 0<j<t

foralll <a<p:
Lo\
fi,ape = a (8 > (gi,pl)a

and for all0 < m < p’ and 0 < a < p:

Eomsant = 1 (099)" (Em)

Remark 5.4.2. Condition of the previous theorem, gives a recursive rule for
constructing an iterative derivation on L. In more detail:

1.

Choose ;1 € LPF N Ker (9(1’*1)) = LP (F N Ker (9(”*1))) arbitrarily for all
1=1,...,k.

Calculate &4 :== - (6(1))%1 (&) for 1 < a < p.

Proceed inductively: Assume that for £ > 0, the elements &, for m < p*
are already given satisfying condition of the theorem. Then choose

Eipt € — Z 0% (&) (—1)™ + ﬂ Ker (9(pj)> N Ker (0(3’2(”_1))) NIL'F

0<j<t

and calculate §; .0 for 1 < a < p as well as §; ,, 4 for 0 < m < p’ and
0 < a < p, by the rules above.

_ p
Since for an element 27 € LP, one has %) (2?) = <9(pg 1>(£L‘)> , the con-
dition &;,,, € LPF implies that «9(p€)(§i,m) is computable using only the
values &, for m < p‘. By the same reason the set ﬂ0§j<z Ker <9(pj)> N

Ker (0(1”[(1’*1))) N LPF is determined by the elements &, for m < p‘.

Proof of Thm.[5.4.1]
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(1)<(2) All three conditions in (2) follow directly from the iteration rule for §. On
the other hand, given the conditions in (2), any 6 with i < p®*! can be
written as a composition of several §%") as in Lemma . Then it is
not hard to check that #%) 0 019 indeed equals 8717 whenever i + j < pf+1,

P
Using again this decomposition and the conditions (0(pe)> = 0, one verifies

that 0@ o #U) = 0 whenever i, j > 0 and i + j = p‘*!'. Hence the iteration
rule holds on L up to level pfo+!.

(1)<(3) We only have to show that (3) implies (1). Since the set for which the
iteration rule holds up to level p®*! is a subfield of L (cf. Lemma )
and since 1, ...,z generate F(z1,...,xy) over F' it is immediate that the
iteration rule holds up to level p®*! on F(zy,..., 7). But an extension of
an iterative derivation to a finite separable field extension is unique, and

again an iterative derivation. So the iteration rule holds on L up to level
lo+1
pot

(2)<(3’) This is shown in a similar way.

(1),(2) =(4) By the iteration rule resp. condition (2)(a), one has

man® 1 o\ ¢ m 1 o) ¢
Sumsapt = 0" @) = — (699) 060 (@) = — (6) (&)
forall 0 < m < pland 0 < a < ps.t. m + ap® < p*'. Furthermore for all
1 S m S pe - 17

p(Z

O (0™ (i) (=) = D _0WO™ (i) (=)o)

p
k+m k+m m m m—pt+k
= X (e (S e

k= -

— g

~ |l
o

~ O

0 ) (1)1 = 00 €0n) ()"

as for k < p® —m the second binomial coefficient vanishes and for p’ > k >
p’ — m the first one. Hence, using condition (2)(c) and Lemma we

have
) p-1 ‘ pl—1
0P ¢ 0 + Z g(p’“’)(éri’m)(_t)m — 9P| 1 4 Z 0™ (;) (=)™ | =0
m=1 m=1
for all 0 < j < ¢ and by condition (2)(b)
pi—1 pi—1
o' (p—1)) &t + Z g(pf)(&m)(_t)m — g r-D)g@) [ 4 4 Z 0™ (2;)(—t)™ | = 0.
m=1 m=1
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(4)=(3") The formulae for & ,,¢ and &, 4,¢ imply the conditions (2)(a) evaluated
at ;. Furthermore, by induction 8%~ D9 = ¥ 9@ ™" for all j < ¢
and hence 0®)9@) (z) = 9€I9W) () for all x € LPF, in particular for
x = 0 (z;). This implies

. plil
0= 0% { Epe D 0% (6im) (=
m=1

— g(zﬂ)(&,pe) _ g(p‘)g(p])(xi) + g(pe)g(zﬂ)(xi) + ") Z 9(p‘)(g(m) (2:)) (=)™

m=1
— o) (wz) g(p‘f)g(pj)(xi)_
The last step is obtained by the same calculation as above.

Similarly, one obtains

0 = pee-1) §ZPZ+ZQ (Eim)(—

p-1
= PP (1)) 4 Z g(pe)g(pz(p—l))(fivm)(_t)m
m=1
1 N ¢
— TR (@(p ))p 1g(p )(567,)

5.5 Example

sec:torsion-example
In this section, we restrict to an example for which it is even possible to give a
recursive formula for constructing an iterative derivation # which is compatible
with the addition map (see Theorem . Indeed, it will be a sharpening of
the formula in Thm. [5.4.1] Item [d] We also show that there is such an iterative
derivation 6 which additionally satisfies LY = C' (see Prop. .

The example we consider is the elliptic curve E/C in characteristic p = 2
given by the equation z® = 22 + z, the neutral element of addition being given
by the point (0, 0).

As before, Kg/C denotes the function field of E/C, and L = Kg(t) =
C(z, z,t) is the HD-field with a higher derivation 6 extending the iterative deriva-
tion with respect to t on C'(t). The iterative derivatives of x are denoted by &,,,
e O(x) =1ax+ >~ &I, and ny, = (z,z) € E(L) is the generic point of E.
Furthermore, D = K denotes the ID-field with trivial iterative derivation.
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Lemma 5.5.1. For two points (x1,21) and (x2,29) with z; # 1 and x4

Z1
14217
the difference (x4, zq) := (21, 21) © (22, 22) 18 given by: 1

x Zg — T ’
1 1+z
Tg = Tg + 1 -+ I11
+ 21 To — Ttz

Z1
Z9 —
o 1421
Zd = — (SCd — ZEQ) + 29
xz 1+2z1

and

Proof. One only has to check, that the point (z4, z4) is the third intersection of the

elliptic curve with the line passing through (22, 20) and ©(21,21) = (77, 725)-

Let

o S mo.__ x 9(2) - lj-z :
F(T) ;fmT =)+ T + (9(33)— 1.”;) e L[[T]].
Then by the previous lemma, f(7T) is the z-coordinate of n; © 0,(n). For the
coefficients f,, we have: fo = 0, fo, = & for odd m and fn, = &m + (frn)? for
even m > (0 and an appropriate element fm € L, depending only on x, z and the
elements &, for k < m/2.

Furthermore, let g(7T") denote the z-coordinate of n;,&0.(nL), i.e. n,S0.(nL) =
(f(T),9(T)) in these local coordinates. Since this is a point on FE, one has
the relation f(T)* = g(T)* + g(T), and hence the coefficients g,, of g(T) =:
Y peo gmT™ can be expressed in terms of the f,,. In more detail, gy = g1 = g =0

and g,, can be written as a polynomial in fi,..., f_o.
lem:theta-f

Lemma 5.5.2. Assume that 0 is an iterative derivation on L. Then for even
m, j € N\{0} the difference 0™ (f;)— (") frm; is a polynomial in ((mﬂ)ﬂ) fom+5)/25

m m/2

Jm+j)/2=1, - - - f1, whereas for all other choices of m,j € N this difference is 0.

Proof. By definition, f(7T') is the z-coordinate of n; ©6.(ny), hence 0y [[T1]](f(T))
is the z-coordinate of (0y|[[T]])«(nr © 60.(nL)). But
Oul[T]])«(ne ©0.(nL)) = Ouu(ne) © (Ou[[TT])«(6:(ne))
= Ou.(nL) ©nL &L © 0psr.(nL)
= (nL © 6U+T,*(77L)) S/ (77L S QU,*(UL))

Hence, (Ou([T]](f(T)),0u([T]](9(T))) = (f(U+T),9(U +T)) e (f(U),g(U)).
Using the formula for the difference, we obtain

OullTII(A(T)) = F(U) +

Frevy (o) - 2N
1+ g(T+0) (f(U)_ s | € LT,V

1+9(T+U)
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The coefficient of U™T7 on the left hand side is 6™ (f;). For the right hand side,
we first remark that

f(r+0)
1+g9(T+U)

2

= (T +U)+ (9(T+ ) /(T +U))* - (F(T+U)/(T+U)) 7,

as power series in (7'+ U). So the right hand side is f(U) + f(T + U) modulo
squares. This already shows that the coefficient of U™T7 on the right hand side
is (mﬂ)fmﬂ, if m or j are odd.

For the other coefficients one has to have a closer look at the equation. There-
fore, we consider the remaining terms as power series in (7'+ U) with coefficients
in L((U)). The coefficient of U™TY in (g(T + U)/(T + U))*- (f(T + U)/(T +
U ))_2 is ("™*7) times the coefficient of (T + U)™* in this expression. Since
(9(T + U)/(T + U)) is a multiple of (T 4 U)?, this coefficient depends only on
Jm+j)/2—2> fim+j)/2=3, - - -, f1. The last term in the equality above is the square of

o) -t 1 g(U) +g(U) + (9(U)* — 1)g(T + V)
FO) - 29T T Thgl0) fO) + [0+ U)— [T+ D)
_ 1 fUP+(gU)? —1)g(T+ V)
L+g(U) f(U)+ (U)Q(T+U) f(T+U)
— 1 2 1+Zk 19( 231)(T+U)k
- 1+g(U) 1+ 352 1(9k—f((k] (T +U)
= (1+g(U) (ZTHTJFU >
where 7,, is some polynomial in fi,..., f, (and g1,...,9,), 9(U) and . Since

the whole expression is a power series, f(U)? - 7, is already in L[[U ]] Hence
. 2
the coefficient of U™TY in <#(U)f(U)2 (O (T + U)”)) depends only on

Jm+5)/2> fomaj)j2=1, - - -5 f1, and fnq4)/2 only occurs with the factor ((mnj;;/z). O]
thm:strong formula

Theorem 5.5.3. 6 is an iterative derivation on L commuting with p if and only
if for all £ >0 and all 0 < m < 2° one has &, o0 = 9(22)(&”) and

2
261 2t

£y € Z 0@ (€, )™ + Z 0 (fp)t™ |+ . ()

In particular, it is possible to choose/calculate elements &, recursively for m =
1,2,... in order to obtain an iterative deriwation on L commuting with p.
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Proof. First let # be an iterative derivation which commutes with p. Then
Emyar = 00 (Ey) for all 0 < m < 2¢ by Theorem [5.4.1]
Further using the rules in Theorem [5.4.1 we obtain:

2¢-1 2¢—1 26+ 1
o+ Y 0D(EN™ = Y0 (gt = 0™ ()¢,
m=1 m=1 m=1

since 0™ (&y) = 0 for 2/ < m < 271 as well as

2

201 201 201
SSemEr | = S (0 () = 30 ()
m=0 m=0 m=0
20+
= Z e(m)(<f2é> ) )
m=0

since (™) ((f;e)z) = 0 for m odd. Combining these we get:

2

26-1 2¢—1
€ + 30 E ) + [ S 00 (freyem
m=1 m=0
26+l 20+ 20+
= 0 (& )t™ + Y 0 ((far)? Z O™ (for )™
m=0 m=0

This expression is in C(t), since fye € C(t) by Lemma and it is in the
intersection (<., Ker(¢ #)) by Lemma [5.1.2] hence in C’(t2 ") as desired.

On the other hand, assume that the conditions on &, o and on & hold.
We will first show that 6 is an iterative derivation by showing inductively that
01 o glm) = (jJ;.m)G(jJ“m) for all j +m < 2f+1,

For fy = 0, condition (x,) is just & € C(t?), which implies 01 (&) = 0.
Hence by Theorem [5.4.1] the iteration rule holds for all j +m < 2 = 29!, Now,
assume by induction that the iteration rule holds for all j +m < 2%. Then
it even holds for all j +m < 2%%! since &, 0 = 02)(£,), and we obtain by

Lemma [5.1.2 that 02*) (z;‘;ﬁ‘;gl 9<m>(;c)tm) —Oforallz e Land 0<j <, in

particular ') <Zi:0:f)1 G(W)(Eeo)tm> =0 for 0 < j < {. Therefore using (xy,),

&0 + Zf:):_ll 00 (¢, )t € No<i<to Ker(#®)). By Theorem [5.4.1} this shows
that the iteration rule holds for j +m < 2f+1.

It remains to show that p is an ID-homomorphism. By Lemma this is
equivalent to fr € C(t) for all £ > 1. Again we use induction: The case k =1 is
given by condition (%), since f; = &. Assume f,, € C(t) is already shown for

113



1<m <2 —1. If k = 2°+m for some 0 < m < 2¢, then by Lemma [5.5.2]
fotsm differs from 8@ (f,,) by a polynomial in f; for 1 < j < 2¢—1, and hence
is an element of C'(¢) by induction. If k = 2¢, condition (*,) and the calculations
above imply that

2t

> 0 ()™ € C(1). (1)

By using Lemma and for,,, € C(t) as well as f; € C(t) for 1 < j <
2¢ — 1, we see that 0™ (fy) is an element of C(t) for 0 < m < 2¢ and also
02 (fp) € C(t), since (2;:1) and (2%1) are both zero in characteristic 2. For
20 < m < 2441 we have 00 (fy) = 9m=2) <9(22)(f2£)> € C(t). Therefore all the
terms in (f) different from fy¢ are in C(t) and hence fyr € C(2). O

prop:theta-exists
Proposition 5.5.4. The higher derivation 8 in Theorem (or the &;’s re-
spectively) can be chosen in such a way that LY = C.

Proof. If we have an iterative derivation 6 on L such that LY 2 C, then L is
finite over L?(t), since both fields have the same transcendence degree. Since
all ID-extensions of L?(t) with same constants are separable, there is a separable
irreducible polynomial u[X] € L?(t)[X] such that u(z) = 0, and the higher deriva-
tives & of x are uniquely determined by p (comp. Example ) In particular,
the parameter space of such iterative derivations is bounded by the countably
dimensional C-vector space of polynomials with coefficients in L O L%(t).

On the other hand, the space of iterative derivations satisfying the conditions
in Theorem [5.5.3| is parametrized by [[,s, C(tZZH) which has uncountable di-
mension over C. Hence, there is an iterative derivation # as desired (and indeed
uncountably many). O
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