J. Symbolic Computation (1999) 28, 473-494
Article No. jsco.1999.0311 @

Available online at http://www.idealibrary.com on Illikl

Computing Galois Groups of Completely Reducible
Differential Equations

ELIE COMPOINT AND MICHAEL F. SINGER#Y

t Mathématiques, Université de Paris VI, T. 46 Case 247, 4, Place Jussieu, 75 230
Paris Cédex 05, France

tDepartment of Mathematics, North Carolina State University, Raleigh,
NC 27695-8205, U.S.A.

We give an algorithm to calculate a presentation of the Picard—Vessiot extension associ-
ated to a completely reducible linear differential equation (i.e. an equation whose Galois
group is reductive). Using this, we show how to compute the Galois group of such an
equation as well as properties of the Galois groups of general equations.

© 1999 Academic Press

1. Introduction

At present we do not know a general algorithm that will compute the Galois group of a
linear differential equation with coefficients in a differential field k, even when k = Q(x),
where Q is the algebraic closure of the rational numbers. In contrast, algorithms for
calculating the Galois group of a polynomial with coefficients in Q or Q(x) have been
known for a long time (van der Waerden, 1953; Pohst and Zassenhaus, 1989; Cohen,
1993). The key idea behind these methods is to represent the splitting field of a polynomial
in terms of generators and relations. The Galois group is then the set of permutations
of the generators that preserve the relations. In the differential case, the analogue of
the splitting field is called the Picard—Vessiot extension and the Galois group is defined
as the group of differential automorphisms leaving elements of the base field fixed. The
obstruction to mimicking the ideas from the Galois theory of polynomials is that, at
present, we do not know how to effectively present a general Picard—Vessiot extension
in terms of generators and relations. In this paper, we will show that for differential
equations whose Galois group is reductive, one can effectively present the corresponding
Picard—Vessiot extension and from this presentation compute the Galois group.

In Compoint (1996a,b), the first author showed that if a Picard—Vessiot extension has a
reductive unimodular Galois group then the relations defining this extension come from
the invariants of the Galois group. To be more specific, let k be a differential field of
characteristic zero with algebraically closed field C' of constants and let Y/ = AY be a
differential equation where A is an n X n matrix with entries in k. Let G C SL(n) be
the Galois group and let its action on the polynomial ring C[¥71,...,Y, ,] be defined
by letting each element of G act on the n x n matrix [Y; ;] by multiplication on the
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left. Since G is reductive, the ring C[Y] 1,...,Y,.,]¢ of invariants is finitely generated.
Compoint showed that if this ring is generated by polynomials of degree at most m, then
the Picard—Vessiot extension is the quotient field of the ring k[Y71,..., Yy »]/I, where I
is an ideal generated by polynomials of degree at most m as well. It is known that given
m, one can calculate these generators directly from the equation Y’ = AY, without a
priori knowledge of the Galois group (van Hoeij and Weil, 1996). Therefore, the question
of determining the Galois group of an equation Y’ = AY with reductive unimodular
group is reduced to the question of finding a bound on the degrees of the generators of
the ring of invariants. The main result of this paper is that there is an effective method
to find such a bound.

The rest of the paper is organized as follows. In Section 2 we review some material
concerning the relationship between connections, differential equations and D-modules,
discuss the concept of completely reducible operators in these settings and prove some
ancillary results concerning exponential extentions of differential fields. In Section 3, we
show how to bound the degree of generators of the invariants of the Galois group of
a completely reducible operator. In Section 4 we show how one can use these bounds
together with the results of Compoint (1996a,b) to give an effective presentation of the
Picard—Vessiot extension of an algebraic extension of C(z) associated to a completely
reducible differential operator and show how this can be used to compute the Galois
group of this extension. We also show how to apply this result to arbitrary operators
to deduce properties (e.g. connectedness) of their Galois groups. We have included an
appendix where we give algorithms to factor linear operators over algebraic extensions of
C(z) as well as algorithms to decide if operators over these fields are completely reducible.

All fields in this paper will be assumed to be of characteristic zero. We shall use
the term computable field to denote a field in which the field operations are recursive
functions and over which we can factor polynomials. We shall also assume that the reader
is familiar with the basics of the Picard—Vessiot theory, (Kaplansky, 1976; Kolchin, 1976;
Magid, 1994).

2. Connections, Equations and D-Modules

In this section we start by giving a quick review of the definitions and basic facts
concerning these topics. We then characterize linear differential equations whose Galois
groups are reductive groups and give procedures to determine if an equation has a reduc-
tive Galois group as well as constructions that will be used later in this paper. Throughout
this section k is a differential field with an algebraically closed field of constants C'.

2.1. CONNECTIONS

A connection is a finite-dimensional k-space M with an operator V : M — M satis-
fying
V(u+v)=V(u)+ V(v)
V(fu) = fu+ fV(u)
for all u,v € M and f € k (cf. Haefliger, 1987). We shall refer to the k-dimension of M
as the dimension of the connection. If ey, ..., e, is a k-basis of M, we may write

Vei = — Z a; i€4 (21)
J
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where A = (a;;) € HOMp(M,M). If u =}, use;, then V(u) = 37, (ui — >, ai juj)e;.
Therefore, once a basis of M has been selected and the identification M ~ k™ has been
made, we have that u € k™ satisfies v/ = Au iff Vu = 0. Conversely, given a system
Y'=AY,A € HOM (k™ k™) one can use equation 2.1 to define a connection V 4 on k™.
A connection (N, Vy) is a subconnection of (M, V) if N C M and Vi = V|y. Given
a connection and a subconnection one can define a quotient connection and if (M1, V1)
and (Maz, V3) are two connections one can form the direct sum (M; & My, Vi & Vs)
and the tensor product (M; ® M3, V1 ® 1+ 1® V3) in the obvious ways. A morphism
¢ (M1,V1) = (M2, V2) is a k-linear map ¢ : My — Ma such that ¢ o Vi = Vi 0 ¢.
If {e1,...,en} is a basis of My (resp. {f1,..., fm} is a basis of Ms) and Y’ = AY
(resp. Y/ = A5Y) is the equation associated with (M1, V1) (resp. (Mg, V3)) then U €
HOMj, (M, Ms) defines a morphism iff U’ = A3U — U A;. One can define a connection
(HOM (M1, M3),Vgoum) by the equation Vyopd(u) = Va(op(u)) — ¢(Viu). One sees
that ¢ € HOMy (M, M3) defines a morphism iff Vgou¢ = 0. When My = k and
Vs is the trivial connection, then we say that (HOM(M1, M2), Vo) is the dual

connection (M3, V). The differential equation associated with (M3, V3)is Y’ = —ATY.
If My = M5 and U defines an isomorphism, we then have
Ay =UU '+ UA U (2.2)

We therefore define the systems Y/ = A;Y and Y/ = AY to be equivalent if there exists
a matrix U € GL(n, k) such that equation (2.2) holds.

Let K be a Picard—Vessiot extension of k£ containing the full solution spaces V; and
Vo of Y = A;Y and Y/ = AY and let G = Gal(K/k) be the Galois group of K over
k. The spaces Vi and V5 are G-modules. If they are isomorphic as G-modules, then
there exist fundamental solution matrices™ Z; and Zy of Y/ = A;Y and Y/ = A,Y,
respectively, such that for each g € G, there is a matrix [g] € GL(n,C) such that
9(Z1) = Zy|g) and g(Zs) = Z»|g]. Therefore the matrix U = Z; Z, " is left fixed by G and
so must lie in GL(n, k). The matrix U then defines an isomorphism between (k™,V 4,)
and (k™,V 4,). Conversely, if the two systems Y’ = A;Y and Y’ = AsY are equivalent
one sees that the map Z; = UZs defines a G-isomorphism between the two solution
spaces V7 and Vs. In fact, this argument shows that if Y/ = A;Y and Y/ = AyY are
equivalent differential systems and K is a Picard—Vessiot extension containing the full
solution space of Y’ = AY, then it will contain the full solution space of Y/ = A,Y.

2.2. D-MODULES

Linear differential equations are frequently given by nth-order scalar equations L(y) =
y(”) + an_ly(”’l) +...a0y = 0, a; € k. It is useful to associate with such an equation
the operator L = D™ + a,,_1D" ! + --- + ag in the ring D = k[D] of linear differential
operators (cf. Singer, 1996). This ring is the ring of noncommutative polynomials in D
where D satisfies Df = fD + f' for all f € k. The ring D has a right and left division
algorithm and one can calculate right and left least common multiples. A D-module is
a finite-dimensional k-space M on which D acts on the left. A connection (M, V) can
be considered a D-module by defining Du = Vu for u € M. Conversely, to any D-
module M one can associate the connection (M, V) where Vu = Du. Given an operator

TA fundamental solution matrix is a matrix whose columns form a basis of the solution space.
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L=D"+a,_1D" ' +...4ag € D one can associate to it the system Y’ = A;Y where

0 1 0o ... 0
A —| 0 0 10 . (2.3)
—ap —a1 ... ... —Qp_1

We denote the associated connection (k™, V). One can easily check that this D-module
is isomorphic to (D/D-L)*. It is well known (Katz, 1987) that if k contains a nonconstant
element then any connection (M, V) is cyclic, that is, there exists an element u € M
such that the elements u, Vu, V2u, ..., V" tu form a k-basis of M. Applying this fact to
the dual (M*, V*), we see that with respect to a basis of the form v, V*v, ..., (V*)""lv,
the connection will have a matrix of the form

0O 0 0 ... —ao
10 0 ... —-a
0 1 0 N —Aas9
0 0 e 1 —Aan—1

Therefore, (M**, V**) ~ (M, V) is associated with the equation Y’ = —BTY where
—BT = A, for the operator L = D" +a,,_1 D" '+ -4ag. Let Y’ = AY be a differential
equation and (k™, V 4) the associated connection. We shall refer to an operator L so that
(k",Va) ~ (k™, V) as an operator equivalent to the system Y’ = AY or equivalent to
the conmection V 4.

2.3. COMPLETELY REDUCIBLE OPERATORS

An operator L € D is said to be reducible over k if it can be written as the product
L = L, L of operators of smaller order. The following gives several equivalent properties.
We will call an equation Y/ = AY (or its connection) reducible over k or simply reducible,
if k is clear from the context, if any of these equivalent conditions holds. An equation
that is not reducible is said to be irreducible. Recall that a module is reducible if it has
a proper, nonzero submodule.

PROPOSITION 2.1. Let Y' = AY be a linear differential equation with coefficients in k
and let K be its Picard—Vessiot extension with Galois group G. Let L be an operator
equivalent to this system. The following are equivalent:

(1) The connection (k™,V 4) contains a proper nonzero subconnection.
(2) The D-module M 4 is reducible.
(8) Y' = AY is equivalent to a system Y’ = BY where B has the form

(B 0
so (B 0).
(4) The D-module D/DL is reducible.

(5) L is a reducible over k.
(6) The solution space V of Y = AY in K is a reducible G-module.
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PROOF. Since K contains the full solution space of Y/ = AY, it will contain the full so-
lution space of any equivalent operator. Furthermore, these spaces will be G-isomorphic.
The equivalence of (5) and (6) is given by Corollary 2.3 of Singer (1996). The equiva-
lence of (3) and (6) is given in Grigoriev (1990). Since D/DL is the dual of M4, the
equivalence of (2) and (4) is clear. The equivalence of (1)—(3) is by definition. O

An operator L is said to be completely reducible if it is the least common left multiple of
irreducible operators. A module is completely reducible if it is the direct sum of irreducible
modules. Finally, a linear algebraic group G is reductive if its unipotent radical is trivial
(see Humphreys, 1975, for the definition of this and related notions). The following
proposition relates these notions.

PROPOSITION 2.2. Let Y' = AY be a linear differential equation with coefficients in k
and let K be its Picard—Vessiot extension with Galois group G. Let L be an operator
equivalent to this system. The following are equivalent:

(1) The connection (k™,V 4) is the direct sum of irreducible subconnections.
(2) The D-module M 4 is completely reducible.
(3) Y' = AY is equivalent to a system Y’ = BY where B has the form

By 0 ... 0
B=|0 By ... 0
0 0 ... B

and where each equation Y' = B;Y is irreducible over k.
(4) The D-module D/DL is completely reducible.
(5) L is a completely reducible over k.
(6) The solution space V of Y = AY in K is a completely reducible G-module.
(7) G is a reductive group.

PRrOOF. The equivalence of (5)—(7) is given by Lemma 2.13 of Singer (1996). The equiv-
alence of (1)—(3) is by definition. A module is completely reducible iff its dual is and
so (2) is equivalent to (4). We now show that (4) is equivalent to (5).

Assume (4) holds and write D/DL = M; @ - -+ & M; where each M, is irreducible.
Let 1 be the coset of 1 € D. We may write 1 = vy + - -- 4+ v; where each v; € M;. Let
L; € D be the monic operator of smallest degree such that L;(v;) = 0. Since each M, is
irreducible, each L; is irreducible. Furthermore, 0 = L(1) = L(v1) + - - + L(v;) so each
L(v;) = 0. Therefore, each L; divides L on the right. If each L; divides an operator Lg
on the right, then Lo(1) = Lo(v1) + -+ + Lo(v¢) =0+ - -+ + 0 = 0. Therefore, L divides
Ly on the right and so L is the least common left multiple of L;.

Assume (5) holds and let L be the least common multiple of the distinct monic ir-
reducible operators Lq,...,L;. One easily sees that this implies that the map ¢ : D —
D/DL, & --- & D/DL; taking L € D to the sum of cosets has kernel DL. Since the L;
are distinct, the sum of their orders equals the order of L. Therefore the k-dimensions of
D/DL and D/DLy @ - - - ® D/DL; are the same and so these modules are isomorphic. O

In Singer (1996), an algorithm is described that decides if a given operator L € k[D]
is completely reducible when k& = C(z),C a computable algebraically closed field. This
algorithm is extended in 4.2 to fields k that are algebraic extensions of C(x).
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Finally, let ko be an algebraic extension of k; both fields having the same algebraically
closed field of constants and let L € k;1[D]. We then have that L; is completely reducible
over kj iff it is completely reducible over ko. This is because the Galois groups of L over
k1 and ko share a common connected component and a group is reductive iff its identity
component is reductive.

2.4. DECOMPOSITION FIELDS

Let k be a differential field with algebraically closed field of constants C'. A connection
(M, V) defined over k is said to be absolutely irreducible over k if for any algebraic
extension K of k, the connection (M®K, V) is irreducible over K. Let M be a completely
reducible k[D]-module. We say that k; D k is a decomposition field for M if

(1) ky is an algebraic extension of k, and
(2) M®ky = M1 ®---®M; where each M; is an absolutely irreducible k;[D]-module.

In terms of equations, we can state this as follows. An algebraic extension k; of k is a
decomposition field of Y’ = AY if this equation is equivalent (over k) to an equation in
block diagonal form where the equation corresponding to each block remains irreducible
over any algebraic extension of k;. Clearly, the algebraic closure of k is a decomposition
field for any completely reducible equation.

Now assume that for any equation Y’ = AY over k one can effectively find an algebraic
extension k; of k and elements Y7,...,Y, € k}' such that any solution of Y/ = AY
algebraic over k is a C-linear combination of the Y;. Examples of such fields are C(x),
where C' is a computable algebraically closed field, any finitely generated algebraic or
elementary extension of C(x), and certain Liouvillian extensions of C'(z) (Singer, 1979,
1991). The following result shows that for such fields one can compute a decomposition
field.

PROPOSITION 2.3. Let (M, V) be a completely reducible connection defined over the field
k and let k be the algebraic closure of k. Let (HOM(M, M),V gon) be the connection
associated with the endomorphisms of M.

(1) Let ky C k be a computable differential field containing k. If we can effectively find
a C-basis of all elements U of HOMy, (M ® k1, M ® k1) such that Vgou (U) =0,
then we can effectively decompose (M ® k1,V) as a sum of irreducible connections
over ky. If ky is furthermore a decomposition field of (M, V), then we can effectively
decompose (M ® k1,V) as a sum of absolutely irreducible connections.

(2) Let ky be an algebraic extension of k such that any U € HOM(M, M) @ k with
Vaom(U) =0 is already in HOM(M, M) ® k1, then ki is a decomposition field
of (M, V).

In more pedestrian terms, Proposition 2.3 says the following. If Y’ = AY is the equation
associated with the connection and if we can find all solutions in k; of U’ = AU — UA,
then (1) says that we can find an equation equivalent to Y’ = AY whose matrix is in block
diagonal form where the blocks along the diagonal correspond to irreducible equations.
Furthermore, if k7 is a decomposition field, we can do this in such a way that the equations
corresponding to the blocks are absolutely irreducible. Part (2) says that if k; is an
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algebraic extension of k such that k; contains the entries of any matrix U € HOM (k™, k™)
satisfying U’ = AU — U A, then k; is a decomposition field for Y/ = AY. Therefore to
construct a decomposition field, we need only find a field containing the entries of all
algebraic solutions of U’ = AU — U A.

PRrROOF. (1) As we have already noted at the end of the last section, (M ® k1, V) re-
mains completely reducible over k. Select a ki-basis of (M ® k1,V) and let Y/ = AY
be the associated equation with respect to this basis. Let Uy, ...,U; be a basis of the
solution space of Vo (U) = U’ — (AU — U A) = 0. Note that the solution space of this
latter equation forms a matrix algebra that contains the identity. Fix an integer s. Let
{a; ; Effz be a set of indeterminates and let P; = >_,a; ;U; for i = 1,...,s. Consider
the following conditions:

(1) For all pairs i #1, 1 <i,l <s, PP, = PP, =0.
(2) For all i, P? = P;.
(3) For all i, P; # 0.

Expanding these equalities and inequalities in terms of a C-basis of k1 we see that there is
a C-constructible set 7; C C'** such that (a; ;) € 75 iff the above conditions hold. These
conditions are equivalent to the statement that the P; are disjoint projections in the
category of connections. Note that when s = 1, the identity matrix P, = I satisfies the
above conditions. Therefore 77 is not empty. Since M is finite dimensional we have that
for large s, the 7 are empty. Let m be the smallest integer such that 7,41 is empty. Then
for (a; ;) € 7T,,, the projections P; form a maximal set of disjoint nonzero projections.
Therefore, the image of each of these must be an irreducible subconnection. Again by
maximality, the sum of these images must be the entire space M. If we therefore take
a maximal linearly independent set of columns from the P;, we will have a basis of M
with respect to which the connection is block diagonal with irreducible blocks.

If k1 is furthermore a decomposition field, then there will be no further projections
P; in an algebraic extension of k;. Therefore, the images of the P; will be absolutely
irreducible.

(2) For ki as described, the above procedure will produce a decomposition into ir-
reducible subconnections. If one of these subconnections is not absolutely irreducible,
then the associated projection could be written as a sum of projections in some algebraic
extension ky. By assumption, these new projections must already be defined over ki,
contradicting the irreducibility of the subconnection.O

2.5. EXPONENTIAL EXTENSION FIELDS

Let k C E be differential fields and 0 # u € E. We say that u is exponential over k if
u'/u € k. We say that a differential field E is an exponential extension of a differential
field k if they have a common field of constants and F = k(uq,...,u;,) where each u;
is exponential over k. If the constants are algebraically closed, then one sees that F is a
Picard—Vessiot extension of & whose Galois group is a finite extension of a torus. We shall
show that, given an algebraic extension k of C(x), C algebraically closed, and elements
V1,...,Um € k, one can explicitly describe the structure of the exponential extension
E that is the Picard—Vessiot extension for the equation Y’ = diag(vy,...,v,)Y. We
recall the following weak version of the Kolchin—Ostrowski Theorem (Kolchin, 1968): let
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k C E be differential fields with the same constants and let uy,...,u, be elements of
E exponential over k. If uy,...,u, are algebraically dependent over k then there exist
integers, e1,. .., ey, not all zero, such that [Ju;* € k.

PROPOSITION 2.4. Let E = k(u1,...,un) be an exponential extension of k, a finitely
generated algebraic extension of C(x). Assume that one is given elements vi,..., vy, € k
such that ul/u; = v;. Then one can effectively find a (possibly empty) set of elements
S ={uiy,. - ui } C{ur,...,um} and an integer M such that

(1) {wiy,...,u;.} is a transcendence basis of E over k.
(2) If ki is the algebraic closure of k in E, then [ky : k] < M.

Furthermore, for each j € {1,...,m} one can effectively find an element f; € k and
integers nj,n; j,n; 7 0 such that

ul = f; [Jui (2.4)
t=1

if S is nonempty, or u;” = fj if S is empty.

ProoF. We shall proceed by induction on m. We may assume that u,...,us form a
transcendence basis of K = k(uy,...,un—1) over k. Given v € k and u € E with v/ = vu
we will first show how to decide if v is algebraic over K and if it is find integers n,n;,n # 0
and an element f € k such that

S
n;
un:f u.] .
II J
j=1

The Kolchin—Ostrowski Theorem implies that such integers will exist iff u is algebraic
over K. This is furthermore equivalent to deciding if there exist integers n,n;,n # 0 such

that
o s u s
J
n— — n;,—— =nv — n;v; 2.5
W ;:1: Jj u; ;:1: 3 Vi (2.5)

is the logarithmic derivative of an element of k. Let C be the curve associated with the
function field k£ and define the following divisors:

D= Z resp(vdx) P
PecC

D, = Z resp(v;dx)P.
pPeC
One sees that if (2.5) is the logarithmic derivative of a function f € k then nD + %" n;D;
is the divisor of a function in k.

Conversely, the set of (n,ny,...,ns) € Z**t! such that nD + > n;D; is the divisor
of an element of k forms a Z-module 7. In Bertrand (1995) and Masser (1988) tech-
niques are given to find a set of generators of 7 and therefore we can find a basis
{(ei,€i1,-.-,€is)}_; of this free module. Furthermore, for each i one can find an ele-
ment f; € k such that e;,D + ) e; ;D; is the divisor of f;, (Coates, 1970; Baldassarri and
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Dwork, 1979; Trager, 1984). Each of the differential forms

f/
w; ==+ —ev— ;v |dx
(-
is a holomorphic 1-form. We claim that (2.5) is the logarithmic derivative of an element

in k for some choice of n,n;,n # 0 iff the w; are linearly dependent over Z (this can also
be decided using the methods of Coates (1970) and Trager (1984)). If >, N;w; = 0, then

) () s ()

Note that if Zj Nje; = 0, then for each 4, Zj Nje; ; = 0 or else the uq,...,us would
be algebraically dependent. Therefore, Zj Nje; # 0, since the (e;, e;1,...,€; ) are inde-
pendent.

Now assume that

I -
7 =nv+ anvj.
j=1

.,ns) € T so there exist N; € Z such that

(n,nl, . ,ns) = ZNi(ei,ei,l, e ,ei,s).
i

Then (n,nq, ..

This implies that

Ifd(f 1, fiN ") # 0 this last expression is a differential with simple poles. Since ). N;w;
is holomorphic, we must have d(f [], Ny = > Niw; = 0.

Therefore, we can decide if u and the w; are algebraically dependent and if so find
integers n,n;,n # 0 and an element f € k such that

S
— nj
= fH“j :
t=1

If the degree of the algebraic closure of k in k(uq,...,un—1) is bounded by M, the
degree of the algebraic closure ky of k in E is bounded by M = nM;. O

PROPOSITION 2.5. Using the notation of Proposition 2.4, the map

T Nngq T Nnjg T Nnpm
n:(ty, ...t (Htl " Htl E Ht o ) (2.6)
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where N = LCM (nq,...,ny) is a surjective homomorphism of (C*)" onto the connected
component Gal(E/k)° of the Galois group of E over k. This homomorphism has a finite
kernel.

PROOF. We first note that for j € {i1,...,4,} the relation (2.4) is precisely u;” =
uj’ since the w; with j € {i1,...,4,} are algebraically independent. Therefore for i, €
{i1, ... ir}, the if" entry on the right-hand side of (2.6) is just ¢). We identify the
Galois group G of E over k with a closed subgroup of the group of diagonal matrices
diag(ay,...am) in GL(m, C). Since the u, satisfy relation (2.4), we have that an element

(a1,...,am) € Gal(E/k) satisfies

T
g _ Tt j
a;’ = [Jai.
t=1

These equations define a subgroup H of the diagonal group and using the observation

at the beginning of this proof we see that this group has dimension r. Since F has tran-

scendence degree r over k the connected component of the Galois group has dimension r.

Therefore Gal(E/k)° = H°. The map (2.6) defines a homomorphism of (C*)" into H as

well and again, by dimension considerations, we see that the image of (2.6) must be H°.
Comparing dimensions we see that the kernel has finite dimension. O

3. Invariant Theory

In the Introduction, we stated that to solve the problem of finding a presentation of
the Picard—Vessiot extension of a linear differential equation Y’/ = AY with reductive
Galois group G, it is sufficient to find a bound for the degree of generators for the ring of
polynomial invariants corresponding to the action of G on the n-fold sum of the solution
space of Y/ = AY. In this section we will show how this bound may be calculated directly
from Y’ = AY without a priori knowledge of G.

We begin by reviewing some facts from the constructive invariant theory of reductive
groups, (Kempf, 1987). Let G be a reductive group defined over an algebraically closed
field C' acting faithfully on a finite-dimensional vector space V. The group G then acts
on the coordinate ring C[V]. Its ring of invariants C[V]“ is finitely generated and we
denote by Ng i a bound on the degree of a set of generators of this ring. Such a bound
has been calculated in several cases:

(1) If G is a finite group then E. Noether showed (Noether, 1916; Sturmfels, 1993) that,
independent of V, Ng v = |G|.

(2) If G is a torus, several authors (Kempf, 1987; Sturmfels, 1991; Wehlau, 1993) have
given expressions for Ng y. We may identify G with an r-fold product (C*)". Let
x be a weight of G acting on V. Then x(t1,...,t.) = [[,_, t;** for some integers
m;. We define ||x|| = max |m;|, and let ¢ = max||x|| where the x run through all
weights of G on V. Wehlau, for example, showed that Ngy = (2¢)*"~! as well as
Ngv = (n—r—1)rlvol(C), where n is the dimension of V' and vol(C) is the volume

of the convex hull of the exponents of the weights of G on V.
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(3) If G is a connected semisimple group, in Popov (1981) he showed that

9755t (n — 1)5~7¢7 (s + 1)

2
()
where C(M) denotes the least common multiple of all positive integers less than or

equal to M, n = dim(V), s = dim(G), r = rank(G) and t is defined as above for a
maximal torus Ty, of G.

NG,V =nC

Hiss (1996) has given expressions for Ng v for any connected reductive group but for
our purposes it will be easier to deal with semisimple groups and tori separately.

To deal with reductive groups we will need to glue these results together. We will use
the following result of Kempf (1987). Let G2 << G; be a normal subgroup of the reductive
group GG1 and let V' be a Gi-module. Since G2 is normal in G; we have that G; acts on
the ring k[V]%2. Let W = k[V]%2 N k[V]i<i<ng, where k[V]1<i<ng, , denotes the sum
of homogeneous terms of degree between 1 and N¢, . Kempf shows that

NG17V = NGl/G2,W ’ NGz;V'

An arbitary reductive group G has a tower of normal subroups (¢) <T <1 G° < G where
G° is the component of the identity in G and T is the component of the identity of the
centre of G°. It is known that T' is furthermore a torus and that G°/T is semisimple.
Therefore to find N¢ y it will be sufficient to

(1) Calculate T together with its weights on V.
(2) Bound NG"/T,Wa where W = k[V]T N k[v]lﬁiSNT,V'
(3) Bound the order of G/G°.

We will deal with each of these problems separately in the next three subsections. In
what follows we will assume that k is a finitely generated algebraic extension of C(x)
where C is a computable algebraically closed field.

3.1. T

Let Y’ = AY be a completely reducible differential equation with coefficients in & and
let ko be a decomposition field for Y/ = AY. Proposition 2.3 says that we can effectively
construct such a field. Let K be the Picard—Vessiot extension of kg corresponding to
Y’ = AY and let G = Gal(K/kg) be the Galois group of K over ky. Since ko is an
algebraic extension of k£ the component of the identity of G is the same as the component
of the identity of the Galois group of Y/ = AY over k. Over kg, Y’ = AY is equivalent
to a block diagonal equation Y’ = diag(A4, ..., A,,) where each equation Y/ = A;Y is
absolutely irreducible. In particular, each Y/ = A;Y is irreducible over the fixed field of
G°. Therefore Schur’s Lemma implies that the centre of G° acts via scalar multiplication
on the solution space of each Y/ = A;Y.

PROPOSITION 3.1. Let kg be a differential field with algebraically closed field of constants
and let Y' = diag(Ay,...,An)Y be a block diagonal differential equation with A; €
HOM (k§i, k3') where the equations Y' = A;Y are absolutely irreducible. Let K be the
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Picard—Vessiot extension of ko corresponding to Y' = AY and let G = Gal(K/ky) be
its Galois group. Let E = ko(u1, ..., un) be the exponential extension of ko where u} =
tr(A)u; fori=1,...,m and assume that Gal(FE/ko) has dimension r. If

n: (t17""t7‘) = (Xl(t17~~-;tr)ﬂ---aXm(tla--'vtr))
is a homomorphism of (C*)" onto the component of the identity of Gal(E/ky), then

dy dpm

N N N

N N N N
G (b, ot) = diag(Xg e s XT e s X e X )

where N =lem(dy, ..., dpy), is a homomorphism of (C*)" onto T, the component of the
identity of the centre of G°.

PROOF. The remarks preceeding this proposition imply that T is a subgroup of
d1 d'm,
e —
H = {diag(a1,...,a1,..,Qm,...,am)|a; € C*}.

Since FE is a Picard—Vessiot extension of k contained in K, the component G° of the iden-
tity of the Galois group G leaves E invariant. This induces a surjective homomorphism
1 of G° onto Gal(E/kg)°. Explicitly, this map is given by

Y(diag(gi, ..., 9m)) = (det(g1),...,det(gm))-

Writing G° = (G°,G°) - Z(G°) where Z(G°) is the centre of G° (Humphreys, 1975,
p. 168), we see that (G°,G°) lies in the kernel of . Therefore, ) maps T onto the
component of the identity of Gal(E/k,). One sees that the kernel of ¢ in T is finite so T'
has dimension r. Note that

P(diag(a, ..., a1,y Umy.e oy am)) = (afﬂ...,a%’l)
so we have 1) o ¢ = V. Therefore, the image of ¢ is a connected group of dimension r
that is mapped by ¢ onto Gal(E/kq)°. Therefore, this image must coincide with 7.0

We are now able to show how to calculate the action of 7" on the solution space of
Y’ = AY. First calculate a decomposition field kg as in Proposition 2.3. We then calculate
the map 7 as in Proposition 2.5. Finally, Proposition 3.1 gives us the characters of the
action of T on the solution space of Y’ = AY. As noted in the introduction to this
section, this allows us to bound the degrees of generators for the invariants.

3.2. G°/T

We shall use Popov’s formula to bound Ngo /7w . In practice, once the dimension of
W is known we know that there are at most a finite number of semisimple groups having
faithful representations of that dimension. For each of these groups we can calculate
these representations and bound t as well as calculating the dimension and ranks of
these groups.

Another approach is to give a priori bounds for the elements appearing in Popov’s
formula. Let n = dim W. The dimension of the semisimple group G°/T is then at most
n? — 1 and its rank is at most n — 1. The following lemma gives a bound for ¢.
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LEMMA 3.1. Let H be a connected semisimple group with mazximal torus Tyax and W
an H-module of dimension n. We can fix an isomorphism Tpax =~ (C*)" such that for
any weight x(t1,...,t,) =[[; ti" of Tmax on W, we have that each |n;| < n.

PROOF. (CF. ONISHCHICK AND VINBERG, 1990, CHAPTER 4.6) Let h be the Lie alge-
bra of H and let h = tHEP g, be the root decomposition of h. For each positive root o we
may select e, € ga,€—q € G—q such that he = [, €—al, €a, €—q span a Lie subalgebra
g(®) isomorphic to s/(2). Since SL(2) is simply connected, there exists a homomorphism
bo : SL(2) — H such that de¢, maps the Lie algebra of SL(2) isomorphically onto g(®).
Let T, ~ C* be the maximal torus of ¢ (SL(2)). If {ha,,-..,ha,.} are a basis of t. then
Ty, X...xT,, = Tmax. We shall use the isomorphism ¢, X ... X ¢,, as our fixed isomor-
phism of (C*)" onto Tinax. If we restrict x to T, C ¢o,(SL(2)), we get the weight ¢ of
the action of the maximal torus T,, C ¢n,;(SL(2)) on W. As an SL(2)-module, W is the
direct sum of irreducible SL(2)-modules. The weights t™ of an irreducible SL(2)-module
of dimension d satisfy |m| < d. Therefore, we have that each |n;| <n. O

3.3. G/G°

We shall show how one can bound the order of G/G°. We begin with a group-theoretic
lemma.

LEMMA 3.2. Let G be a connected reductive linear algebraic group defined over an al-
gebraically closed field C. Let V' be an irreducible G-module of dimension n and H a
subgroup of SL(V') such that H normalizes G. Then |H/H NG| < n -nl.

PROOF. Let us first assume that G is semisimple. We shall show that |H - G/G| =
|H/H NG| < n-nl The action of H - G on G by conjugation induces a homomorphism
®: H-G/G — Aut(G)/Inn(G) where Aut(G) is the group of automorphisms of G and
Inn(G) is the subgroup of inner automorphisms. The kernel Ker(®) of ® consists of those
cosets h - G where, for some g € GG, hg commutes with all elements of G. Since V is
irreducible, Schur’s Lemma implies that hg is a constant matrix. Since H C SL(V') and
G = (G,G) C SL(V), we have that the coset h-G has a representative that is a constant
matrix in SL(V). Therefore | Ker(®)| < n. Since G is semisimple, Aut(G) is the product of
Inn(G) and the automorphism group of its Dynkin diagram (Humphreys, 1975, p. 166).
The automorphism group of the Dynkin diagram forms a subgroup of the symmetric
group on r objects where r is the rank of G. Therefore | Aut(G)/Inn(G)| < r! < n! and
so |H-G/G|=|H/HNG|<n-nl

Now assume that G is an arbitrary connected reductive group. In this case we can
write G = G’ - Z(G) where G’ = (G, G). Since V is irreducible, Z(G) consists of constant
matrices. Therefore V' is an irreducible G’-module. Furthermore, H normalizes G'. Since
|H/H NG| < |H/H NG|, the conclusion of the lemma follows from the result of the
previous paragraph.Od

Before continuing, we note that an equation Y/ = AY with coefficents in k has a Galois
group over k that is conjugate to a unimodular group iff there exists a nonzero element
u € k such that v’ = tr(A)u. This follows from the fact that Y’ = AY has such a group
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iff it has a fundamental solution matrix Z with det(Z) € k and that det(Z) satisfies
det(Z) = tr(A) det(2).

Let Y = AY, A € HOMy(k™, k™) be a completely reducible equation and let kg be
a decomposition field for this equation. Proposition 2.3 implies that we can find such a
field when k is algebraic over C(x). Over kg we may assume that A = diag(A, ... An)
where each A; corresponds to an absolutely irreducible equation. For ¢ = 1,...,m let
u, = tr(A;)u; and let E = ko(ug, ..., Un). Proposition 2.4 implies that one can explicitly
bound [k : ko], where k; is the algebraic closure of kg in E and so bound [k : k.

PROPOSITION 3.2. Let Y/ = AY, ko, E, and k1 as above. If G is the Galois group of
Y’ = AY over k, then

|G/G°| < [ky : k]n™ - nl.

PROOF. Let K be the Picard—Vessiot extension of Y/ = AY over ko and let G be the
Galois group of K over ky. We shall first show that

|G/G°| < [k : ko]n™ - nl.

Since K will contain a full set of solutions of each Y’ = A;Y, it will contain the
determinant of a fundamental solution matrix of each of these equations. We can therefore
assume that £ C K. Note that

(G/Go| < | Gal(B ko) Gal(E/ko)°| - | Gal(K/ E)/ Gal(K /).

This follows from the fact that the index of the component of the identity in a Galois
group equals the degree of the maximal algebraic extension of the ground to prove that

|Gal(K/E)/ Gal(K/E)°| <n™-nl.

To do this we will describe the group Gal(K/E)° and its action on the solution space of
Y’ = AY in greater detail.

Let V=Vi®---®V,, be the solution space of Y’ = AY where each V; corresponds to
the solution space of Y/ = A;Y. Let n; be the dimension of V;. Each V; is an irreducible
GO-module. The group G° can be written as (é", é") - Z where Z is the centre of G°.
Schur’s Lemma implies that on each V;, Z acts as scalar multiplication. Therefore, each
V; is an irreducible (G°, G°)-module. Note that u; is the determinant of a fundamental
solution matrix of Y’ = A;Y. Since (G°, G°) must be unimodular on each V;, we have
that (G°, G°) leaves each u; fixed and so is a subset of Gal(K/E). Therefore, each V; is an
irreducible Gal(K/F)-module. Furthermore, Gal(K/E)|y, is unimodular since Gal(K/E)
leaves each u; fixed. We may write Gal(K/E) = Gal(K/E)°- H where H is a finite group
(Wehrfritz, 1973, p. 142). Note that | Gal(K/E)/ Gal(K/E)°| = |H/H N Gal(K/E)°|.
Let G; = Gal(K/E)|y, and H; = H|y,. Note that Gal(K/E)°|y, = (Gal(K/E)|v,)°.
Lemma 3.2 implies that for each 4, |H;/H; N Gal(K/E)?| < n; - (n;)!. Therefore, |H/H N
Gal(K/E)°| <[]|H:/H; N G?| < n™nl.

To complete the proof of the proposition, let F' be the Picard—Vessiot extension of
Y’ = AY over k. We then have that F - kg is the Picard—Vessiot extension of kg for this
equation and so can be identified with K. Proposition 6.6 of Magid (1994) implies that
G = Gal(K/ky) = Gal(F-ko/ko) may be identified with Gal(F/FNkg). This implies that
G and G share a common component of the identity. Since the index of Gal(F/F N ko)
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in G is at most [ko : k] we have that |G/G°| < |G/G°|- [ko : k] < [k1 : ko]n™ - nl[ko : k] =
[k1 : kln™ - nl.O

Note that no attempt was made to optimize the bound in this proposition. Once a
decomposition of Y/ = AY is known, a better bound can be achieved.

4. Algorithms

4.1. COMPLETELY REDUCIBLE EQUATIONS

Let Y/ = AY be a differential equation with A an n X n matrix with coefficients in
k = C(x),2’ = 1,C an computable algebraically closed field of characteristic zero. In
this section we shall show how to compute the basis for a prime ideal I C k[Y11,... Y]
such that the quotient field of k[Y11,...Y,,]/I is the Picard-Vessiot extension of k cor-
responding to Y’ = AY. Compoint (1996a,b) showed that such an ideal is generated by
elements of the form Q(Y; ;) — ¢ where @ is a homogeneous invariant of the Galois group
and f is a constant. In what follows, we shall show that the string of coefficients of the
polynomial @ can be identified with a solution of an auxillary differential equation and
that the element ¢ can be determined from @ by evaluating @ at a power series solution
(at a regular point) of Y/ = AY.

In order to define and calculate the auxillary operator mentioned above, we continue
the discussion started in Section 2 concerning connections. We have defined subconnec-
tions, quotients, direct sums, tensor products and duals. Using these operations one can
construct symmetric powers of connections. More concretely, let (M, V) be a connection
of dimension N and let ej,...,en be a basis of M. Let Y/ = BY be the associated
equation with respect to this basis. The dth symmetric power of this connection is de-
fined on the space Sym®(M). If we use the basis {€i' e - - WY |iy +ig + - +in = d},
the connection Sym?(V) is defined by the equation Z’ = Sym?(B)Z where Sym?(B) is

the <N +d- 1> X <N +d— 1> matrix whose entries are defined by expanding the

d—1 d—1
equations
i1 1o IN ! __ 11—1 1 io IN . 11 to—1 1 iN 3 11 1o iNn—1 1
(el'ex ---ey) =i1e]' efey - ey +iseller Tey---en 4o +iyelley ey ey

= ile?*l(Bel)eg" ceeniN + ige?e?*l(Beg) e eé{,v + ...
+inelte e (Ben).
The dual (Symd(/\/l)*, Symd(V)*) of this connection corresponds to homogeneous poly-
nomials of degree d on M with coefficients in k. To be explicit, let us order the basis
Sijig..in = e’fe;? e e?{; of Symd(/\/l) in some way. If ® = (..., fijis...ins---) IS & solution
of Sym?(V)*(®) = 0, then we consider the associated polynomial

d! ) ,
Qo = Z ﬁfmz...iNYl“ LYY
11+... 1N

with 4; + --- + iy = d, and we have Qs (y1,...,yn) = ®(S%W), with v = y1e; +--- +
YNEN-

Let K be the Picard—Vessiot extension of k corresponding to Y’ = BY, let G be its
Galois group and V be the solution space of this equation in K with basis vy, ..., vN.
One can consider the symmetric power Sym®(V), with basis {vilv;"‘ . ..vjy}, and its
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dual (Sym®(V))* ~ Sym?(V*). One can show (Compoint, 1996a) that the two spaces
Sym(M)*® K and Sym?(V)® K are isomorphic as K-spaces. Note that if Sym®(V)*(®)
= 0, then, for v =y1v1 + -+ + ynovn,

(Qo(y1,- .- yn)) = 2(S%(v))

Therefore, the polynomial Qg will take on constant values on solutions of Y/ = BY.
Furthermore, the solutions of Sym?(V)*(Z) = 0 in Sym%(M)*, that is the solutions of
Sym%(V)*(Z) = 0 in Sym?(M*)® K with coefficients in k, correspond to the G-invariant
elements of (Sym?(V))* ® K. A consequence of this is that a G-invariant homogeneous
polynomial ¢ with constant coefficients (considered as an element of Sym®(V*)) corre-
sponds to a vector ® that is a solution of ® = (Sym?(B))*® with entries in k. There-
fore, for ¢ as above we have a polynomial Qg — #(S%) of degree d with coefficients in
k that vanishes when evaluated at (yi,...,yn). Let {y;;} be a fundamental system of
solutions of Y(" = BY, and consider the system Y’ = diag(B,..., B)Y. The vector v
whose coordinates are *(y11, 421, - - - ; Ynn) is a solution of this system. If ¢ is an element of
Sym?(V&---@V) wich is G-invariant, then we obtain the polynomial Py = Q4 —¢(S%).
This polynomial clearly is in the ideal of polynomial relations among the {y;;}. The main
result of Compoint (1996a) is the following.

PROPOSITION 4.1. Let k be a differential field with algebraically closed constants C' and
let Y = AY be a differential equation with A an n X n matriz with entries in k. Let
(yi;) be a fundamental solution matriz of this equation in a Picard—Vessiot extension
of k. Assume that the Galois group of this equation is reductive and unimodular and let
{¢1,...,¢:} be homogeneous generators of the ring of invariants C[Y; ;]¢. Then kly; ;] ~
k[Y; ;|/I where I = (Py,,...,Py,).

We can now state and prove the main result of this paper.

THEOREM 4.1. Let k be an algebraic extension of C(z), C' a computable algebraic closed
field and let {Y; ;}, {X,;} be two sets of n* variables. Let Y' = AY be a differential
equation, with A an n X n matriz with entries in k, whose Galois group is reductive.
Then one can compute in a finite number of steps a basis for a prime ideal I C k[Y; ;]
such that the quotient field K of k[Y; ;] is a Picard-Vessiot extension of k corresponding
to Y' = AY. Furthermore, one can compute a basis for an ideal J C k[X; ;| such that
the Galois group of Y' = AY is the set of zeros of J in GL(n,C).

PRrROOF. We will use Proposition 4.1 so our first task is to show that we may assume that
the Galois group is unimodular. Consider the differential equation Y’ = AY where

A= (31 —t;)(A))'
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If Z is a fundamental solution matrix of Y/ = AY, then

(3 a)

is a fundamental solution matrix of Y/ = AY. The Picard—Vessiot extensions of these
two equations are the same and so they have the same Galois groups. If g € GL(n,C) is
an element of the Galois group of Y/ = AY, then the map

7= <g (det(%))l)

is an isomorphism between the Galois group of Y’ = AY and that of Y’ = AY. Clearly
the image of this map is unimodular. If we calculate the defining ideal I of a Picard—
Vessiot extension for Y/ = AY then using Grobner bases techniques, we can find the
defining ideal of the solutions of Y/ = AY. We therefore will assume that the Galois
group of Y/ = AY is unimodular.

In Section 3, we showed how one can calculate a bound for the degrees of a set of
homogeneous generators of the invariants of a Galois group. We apply this to the equation
Y’ = BY where B = diag(A4, A4, ..., A). Assume that N is such a bound. Since k is an
algebraic extension of C(z), Propositions 3.1 and 3.2 of Singer (1981) imply that we can,
for each d < N, calculate a C-basis By for the solutions ® in k of Y/ = Sym*(B)Y (see
also van Hoeij and Weil, 1996). The entries of the ® are in k and so can be considered
functions on an algebraic curve. Let zg be a C-point of this curve at which none of
these functions have a pole. If we evaluate each of the coefficients of the polynomials
Qs(Y11,...,Y, ) at zp and let V; ; = §; ;, we get a constant ce. From the discussion
preceeding Proposition 4.1, we see that Pp = Qo — co vanishes on the solution {y; ;} of
Y’ = AY corresponding to the initial conditions y; ;(z0) = J; ;. Therefore we have found
generators of the ideal I defining the Picard-Vessiot extension k({y; ;}).

We now turn to calculating the Galois group. The Galois group of K = k(y; ;) is the
subgroup of GL(n,C) leaving the ideal I invariant. This is equivalent to leaving each
polynomial Py invariant, ¢ € By, 0 < d < N. Expanding each Py in a C-basis of k, we
see that this is equivalent to a system of polynomial equations with constant coefficients.
These give the defining equations of the Galois group.O

Note that in the process of proving this result we have obtained polynomials that
characterize the Galois group: the Galois group is precisely the set of matrices that fix
the polynomials Pg. This gives an illustration of the theorem of Chevalley.

4.2. GENERAL EQUATIONS

In this section we shall show how Theorem 4.1 can be used to calculate properties of
the Galois group of an arbitrary differential equation. The key to this is the following
Proposition.

PROPOSITION 4.2. Let k be a differential field with algebraically closed field of constants
and let L € k[D] be a differential operator. Let L = Ly L1 -+ Ly where each L; is
an irreducible operator and let L = LCLM{Ly,, ..., L1} where LCLM{...} denotes the
least common left multiple. If G is the Galois group of L(y) = 0, then G/R,, is the Galois
group of L, where R, is the unipotent radical of G.
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Proor. For simplicity we shall assume that m = 2; the general case can be proven in a
similar manner. Let K be the Picard—Vessiot extension of k corresponding to L(y) = 0
and let n be the order of L and n; be the order of L;. Since L1 maps the solution space V'
of L(y) = 0 onto the solution space of La(y) = 0 there exists a basis {y1, . .., yn } such that
{1, -+, Yn, } is a basis of the solution space of L1(y) = 0 and {L1(y;)}}—,, 1 is a basis of
the solution space of Ly(y) = 0. Therefore {y1,...,Yn,, L1(Yn,+1),-- -, L1(yn)} spans the
solution space of LOCLM{ L, Lo} (note that these elements need not be linearly indepen-
dent). Let Ky C K be the Picard—Vessiot extension generated by {y1, ..., ¥Uny, L1 (Yny+1)s
..., L1(yn)} and their derivatives, that is, the Picard—Vessiot extension corresponding to
the equation LCLM{ L1, Lo}. We shall show that the subgroup H of G leaving K| fixed
is precisely R,. First note that with respect to the basis {y1,...,y,} any element g € G

is in block diagonal form
_ (91 *
! ( 0 92)

where g; € GL(n;,C). Therefore, if g leaves the elements of K| fixed, it must be that
the form is in block diagonal form
_ Il *
g‘(o 5)

where I; is the n; x n; identity matrix. Therefore H consists of unipotent matrices.
Furthermore, H is the kernel of the map G — Gal(Ky/k) given by restriction. Since
Gal(Ky/k) is the Galois group of a completely reducible operator, it is a reductive group.
Therefore H is not properly contained in any normal unipotent subgroup and so it must
be the radical of G. O

THEOREM 4.2. Let k be an algebraic extension of C(x) and let L € k[D]. Let G be the
Galois group of L(y) = 0. Then one can

(1) calculate G/R,, where R, is the unipotent radical of G,

(2) calculate G/G°, and

(3) decide if G° is solvable and therefore decide if L(y) = 0 is solvable in terms of
Liouvillian functions.

PRrROOF. One begins by factoring L into a product LiLs--- L, of irreducible factors
(see 4.2) and then forming the operator L = LOLM{L,y,, ..., L, }. Proposition 4.2 implies
that L has Galois group isomorphic to G /R, where G is the Galois group of L and R,
is its unipotent radical. If L has order r then Theorem 4.1 implies that we can find
polynomials {f;} in 72 variables whose zero set in GL(r,C) is the Galois group G of L.
This proves (1).

The map G — G/G° induces an isomorphism of G/G° onto (G/R,,)/(G/R,,)°. There-
fore to prove (2), we shall show how to compute (G/R,,)/(G/R,)°. Compute G/R, as
in (1). Standard arguments (Gianni et al., 1988; Eisenbud et al., 1992) allow one to de-
compose the variety defined by {f; = 0} into irreducible components. The number of
these components will be |(G/R,)/G/R,)°|. Selecting a distinct set of representatives
{g;} from these components and deciding to which component each g;g; belongs allows
us to write down a multiplication table for (G/R,,)/G/R,)°. This proves (2).
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Note that G° is solvable iff G°/R,, = (G/R,,)° is solvable. Using the component of the
identity of this latter group. Since (G/R,,)° is reductive, it is solvable iff it is conjugate
to a subgroup of the diagonal group D. Using Groébner bases techniques, one can decide
if the set of h € GL(r,C) such that h(G/R,)°h~! C D is nonempty and so decide if
(G/R,)° is semisimple. This proves (3). We note that decision procedures for (3) also
appear in Singer (1981, 1991) and Singer and Ulmer (1996). O
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Appendix A

Let C be an algebraically closed field and let k be an algebraic extension of C'(z). In
this section we shall show that there are algorithms to factor operators over k or decide
if operators are completely reducible over k. Although it may be apparent to the experts
that many of the algorithms to do these tasks over C(x) can be modified to work over k
(see van Hoeij, 1996, 1997; Singer, 1996 for references to the known algorithms), this has
not been explicitly presented in print. We do not claim that the algorithms we present
here are the most efficient but rather are ones that are simple to describe.

APPENDIX A.l. FACTORING

We begin by recalling some known procedures. Let K be a differential field. We say
that we can effectively solve homogeneous linear differential equations over K if for any
operator L € K[D] we can effectively find a basis for the vector space of all y € K
such that L(y) = 0 (cf. Singer, 1991). We say that we can effectively find all expo-
nential solutions of homogeneous linear differential equations over K if fgqr any oper-
ator L € K[D] we can effectively find u1,...,u,, € K such that if L(e ) = 0 for
some u € K, then for some i, e “/e “i € K. It is clear that we can perform both
of these tasks if K = C. Propositions 2.1 and 3.1 of Singer (1991) imply that we can
then perform both of these tasks over k where k is an algebraic extension of C(z).
Lemma 2.4 of Singer (1991) implies that we can refine the second task in the following
way:

Given L € k[D], one can effectively find u; and v;,;,1 <3 <m, 1 <j<ny
in k such that if Us k and L(e ;*) = 0 then there exists an ¢ and constants c; ;
such that e * = ( ;L;l cijvij)e "t

R R
Using the methods of Proposition 2.4 we can decide if e “/e " = f;,; € k for
each pair ¢ > j. If this is the case, we can replace v;1,...,V;n, With v;1,...,0n,,
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R R
JijVj1s .- fijVjn,, delete u; and assume that the new set of u;’s satisfiese “i/e "I €k

for i # j.

To factor operators over k we proceed as follows. Let L = L;Lo where L has order
n —r and Ly has order r. Since the solutions of La(y) = 0 are also solutions of L(y) = 0,
we can write

Lo(y) =y + b1y + - + boy (A1)
Y Y1 e Yp
det Y oy oy
ST RS
1 s Yr
wl n
SUNERTTRPITS
N
where y1,...,y, are solutions of L(y) = 0.

Note that the denominator of the right-hand side of (A2) is the Wronskian of a fun-
damental set of solutions of Ly. Therefore, it is exponential over k. Furthermore, the
coefficients of Lo are quotients of determinants of r X r submatrices of

v oo Yr
/ /
e y

and this Wronskian. Since the coefficients of Lo are in k, each determinant of an r x r
submatrix of (A3) is exponential over k.

One can calculate a differential equation L"" whose solution space is spanned by all
such determinants as yi,...,y, varies over all subsets of r solutions of L(y) = 0 (cf.
Schlesinger, 1887, Sections 167 and 168). We use the algorithm alluded to in the displayed
paragraph above to calculate wj, v; ; gs described for the equation L. Since we are
assuming that for distinct ¢,7, e “i/e "I & k, we see that for each coefficient b; of Loy
there is an index ¢ and constants ¢; ;, d; ; such that

NGy
Zj:o Ci,jVi,j

ny g
ijo di jvi,;

Therefore, to decide if L has a factor of order r one selects a j € {1,...,m} for each [,
forms the expression (A4) with indeterminate ¢; ;, d; ; for each possible coefficient b; and
formally divides the resulting operator into L. Setting the remainder equal to zero gives
polynomial conditions on the ¢; j,d; ; and one then decides if there are constants satis-
fying these conditions. If no factor is found in this way then L is irreducible. Otherwise
one factors L and proceeds by induction until an irreducible factorization is found.

We note that this procedure can be modified to find an algebraic extension k; of k and
a factorization of L over k; such that each factor is absolutely irreducible. To do this
one can modify the algorithm displayed above to find a set of elements u; and p; j,1 <
i <m, 1 <j < n; algebraic over k such that if u iﬁ algebraic over k anéi Le “)=0
then there exists an i and constants ¢; ; such that e “ = (3777, ¢; jvij)e “i. One then

by = (A4)
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proceeds to factor over ki = k({u;},{v;;}) and continue this process until no further
factorization is possible.

APPENDIX A.2. TESTING COMPLETE REDUCIBILITY

In Singer (1996), a test is given to decide if an element L € C(x)[D] is completely
reducible. One can extend this to a test for elements of k[D],k an algebraic exten-
sion of C(z) in the following way. We may assume that k is a Galois extension of
C(x). Let G be its Galois group and let L° denote the operator obtained from L by
applying ¢ € G to all the coefficients of L. Let M be the least common left mul-
tiple of all the elements of {L°|c € G}. Since L divides M on the right, the Ga-
lois group of L will be a quotient of the Galois group of M. Proposition 2.2.6 im-
plies that if M is completely reducible, then L is completely reducible. Conversely,
if L is completely reducible then each L? is completely reducible and so M is com-
pletely reducible. Therefore to decide if L is completely reducible over k it suffices
to decide if M is completely reducible over k. Note that the coefficients of M are
invariant under the Galois group and so must lie in C(x). As noted at the end of
Section 2.3 M is completely reducible over k iff it is completely reducible over C(x).
Therefore we can use the results of to decide if M (and therefore L) is completely re-
ducible.

The results of Singer (1996) allow one to decide if an equation is completely reducible
without having to find a factorization. If a factorization is given, then one can proceed
in a different manner. Let Y/ = AY be a differential equation with

A 0 0 ... O
* * ... % A,

where each equation Y’ = A;Y is irreducible and let (M, V) be the associated connection.
One sees that this connection has a filtration (M, V) = (M1,V1) D (M3,V3) D --- D
(M, V) where the quotient of the ¢ and i 4+ 1 elements is a connection having equation
Y’ = A;Y. From general properties of completely reducible modules, we see that (M, V)

is isomorphic to ®j_; (M;/ M1,V A, Mm,,, ). This latter connection has equation Y’ =

AY where
A 0 0O ... O
A 0 A, 0 ... 0 (A6)
0 o ... 0 A,

Conversely, since each Y/ = A;Y is irreducible, we see that if A and A are equivalent
then Y/ = AY is completely reducible. Therefore, to decide if Y’ = AY is completely
reducible we must decide if there exists a U € GL(n, k) such that U’ = AU — UA. To do
this we find a basis Uy, ...Us of the solution space of U' = UA — AU with entries in k
and decide if there are constants ¢; such that det(>_ ¢;U;) # 0.
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