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Abstract
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1 Introduction

We work inside an o-minimal structure N= (N, <,...) and therefore de-
finable means N-definable. We assume the reader’s familiarity with basic
o-minimality (see [vdd]). We start by recalling some basic notions and re-
sults on definable groups that will be used through the paper.

Hrushovski gives in [Hr] a proof of Weil’s Theorem that an algebraic
group can be recovered from birational data. This proof is adapted by Pillay
in [p] (see Proposition 2.5 in [p]) to show that a definable group G can be
equipped with a unique definable manifold structure making the group into
a topological group, and that definable homomorphisms between definable
groups are topological homomorphisms. In fact, as remarked in [ppsl] (Fact
1.10 and Lemma 1.11), if A is an o-minimal expansion of a real closed field
then G, equipped with the above unique definable manifold structure, is a C?
group for all p € N; and definable homomorphisms between definable groups
are CP homomorphisms for all p € N. Moreover, by [ppsl] Lemma 2.17,
the definable manifold structure on a definable subgroup is the sub-manifold
structure.

By [p] Remark 2.13 (ii) definable groups satisfy the descending chain
condition (DCC) on definable subgroups. This is used to show that the
definably-connected component of the identity G° of a definable group G is
the smallest definable subgroup of G of finite index ([p] Proposition 2.12).
Also an infinite definable group G has an infinite definable abelian subgroup
([p] Corollary 2.15 (i)). Any definable subgroup H of G is closed and the
following are equivalent (see [p] Corollary 2.8 and Lemma 2.11):

(i) H has finite index in G.

(ii) dimH = dimG.

(iii) H contains an open neighbourhood of the identity element of G.
(

iv) H is open in G.

Finally, by [s] (Lemma 5.7 and Corollary 5.8) an infinite abelian definable
group G has unbounded exponent and the subgroup Tor(G) of torsion points
of G is countable. In particular, if A/ is Ny-saturated then G has an element
of infinite order.



One-dimensional definable manifolds are classified in [r] (Proposition 2)
and the following is deduced. Suppose that G is a one-dimensional definably-
connected definable group. Then by [p] Corollary 2.15 (ii) G is abelian, and
(G is either torsion-free or for each prime p the set of p-torsion points of G
has p elements. In the former case G is an ordered abelian divisible definably
simple definable group.

Note that if I is a one-dimensional definably-connected ordered definable
group, then the structure Z induced by N on I (that is, for all n > 1 the
Z-definable subsets of I"™ are the definable subsets of ™) is an o-minimal
structure with domain /. In particular, we have the following results from
[ms] (see Theorem A, Proposition 3.3 and Theorem C respectively). Suppose
that (1,0, 1,4, <) is a one-dimensional definably-connected, torsion-free, de-
finable group, where 1 is a fixed positive element. Let A(Z) be the division
ring of all Z-definable endomorphisms of (7,0, +). Then exactly one of the
following holds:

(1) Z is linearly bounded with respect to + (i.e, for every Z-definable function
f:I — 1 there is r € A(Z) such that lim, ., [f(x) —rz] € I).

(2) There is an Z-definable binary operation - such that (7,0,1,+,-, <) is a
real closed field.

Also, up to Z-definable isomorphism, there is at most one Z-definable
group (7,0, %) such that Z is linearly bounded with respect to * and at
most one Z-definable (real closed) field (7,0,1,®,®). Moreover, by [ms]
Proposition 3.2 and Lemma 1.7, the following are equivalent:

(i) Z is linearly bounded with respect to +.

(ii) For every Z-definable function f : A x I — I, where A C I™, there
are r1,...,r, € A(Z) such that for every a € A there is ¢ € {1,...,l} with

lim, . oo|f(a,z) —rz] € 1.

(iii) There is no infinite definable subset of A(Z).

Let (1,0,1,4, <) be as above and let A = A(Z). Then Z is called semi-
bounded if every Z-definable set is already definable in the reduct
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of Z where (By)rek is the collection of all bounded Z-definable sets. Accord-
ing to [e] Fact 1.6, the following are equivalent:

(i) Z is semi-bounded.

(ii) There is no Z-definable function between a bounded and an unbounded
subinterval of .

(iii) There is no Z-definable (real closed) field with domain an unbounded
subinterval of I (equivalently there is no Z-definable (real closed) field with
domain 7).

(iv) For every Z-definable function f : I — I there are r € A, zo € I and
¢ € I such that f(x) = ra + ¢ for all x > .

(v) Z satisfies the “structure theorem”.

Note that by the remarks above, if Z is semi-bounded, then up to Z-
definable isomorphism, (/,0,+) is the only Z-definable group with domain
I. In this case we call (1,0, +) the additive group of .

Let (1,0,1,+,+,<) be a real closed field definable in N. Let K(Z) be the
ordered field of all Z-definable endomorphisms of the multiplicative group
(I79,-,1). The field addition on K(Z) is pointwise multiplication and the
multiplication is composition. Note that the map from K(Z) to I which
sends « into /(1) is an embedding of ordered fields. The elements of I(Z) are
called power functions and for o € K(Z) with /(1) = r we write a(x) = z".
By [m] Theorem 3.5 exactly one of the following holds:

(1) Z is power bounded (i.e., for every Z-definable function f : I — I there
is 7 € K(Z) such that ultimately |f(x)| < a").

(2) 7 is exponential (i.e., there is an Z-definable ordered group isomorphism
e:(1,0,+,<)— (I7%1,-,<)).

Moreover, by [m| Theorem 4.1, the following are equivalent:

(i) Z is power bounded.

(ii) For every Z-definable function f: A x I — I, where A C I", there are
r1,...,7 € K(Z) such that for every a € A, if the function x — f(a,x) is



ultimately nonzero then, there is i € {1,...,l} with lim,_,,[f(a,z)/z"] €
1.

(iii) There is no infinite definable subset of K(Z).

Note the following: if GG is an Z-definably-connected, Z-definable, one-
dimensional torsion-free group, then G is Z-definably isomorphic to an Z-
definable group (1,0, *) with domain I. Also, as we saw before, there are (up
to Z-definable isomorphism) at most two Z-definably-connected, Z-definable
one-dimensional torsion-free groups (one of these groups is the additive group
(1,0,+) of Z and the other one, if it exists, is the unique Z-definable group
(1,0, %) with respect to which Z is linearly bounded). The Miller-Starchenko
conjecture says that in an o-minimal expansion Z of a field (7,0, 1, +,-, <), ev-
ery Z-definably-connected, Z-definable one-dimensional torsion-free group is
Z-definably isomorphic to either (1,0, +) or (179, 1,). If Z is power bounded,
then since (7,0, +) and (179, 1, ) are not Z-definably isomorphic, the conjec-
ture holds.

Suppose that the Miller-Starchenko conjecture does not hold for Z. Then
7 is exponential, and we call the unique Z-definable group G = (I, 0, %) which
is not Z-definably isomorphic to (1,0, +) or (I7° 1,-) the Miller-Starchenko
group of Z. Note the following (see Lemma 54): « : G — (1,0,+) is
an abstract C' isomorphism iff for all s € G, we have o/(s)3(0,s) = o/(0)
where, for all t, s € G, we set x(t, s) = txs. This says exactly that a is Pfaffian
over (I,0,1,+4,-,%,<) in the sense of [sp]. (Note that, by associativity of ,
for all s € G, we have 92(0, s) # 0).

We now describe the main results of this paper, starting with a prelimi-
nary definition.

Definition 1.1 Let Z = (I,<y,...) and J = (J,<y,...) be two o-minimal
structures definable in N. We say that Z and J are globally orthogonal if
there is no definable bijection between I and J.

The trichotomy theorem from [pst1] and the theory of non-orthogonality
from [ppsl] are used to prove the following:

Corollary 3.11 Let U be a definable group and A a definable normal subgroup

of U. Then there is a definable extension 1 — A — U 5 G — 1 with a
definable section s : G — U.



If in Corollary 3.11 we take A to be the definable radical of U, i.e. the
maximal definably-connected, definable solvable normal subgroup of U, we
get that G is either finite or definably semi-simple, i.e. it has no infinite
proper abelian definable normal subgroup. Definably semi-simple definable
groups are classified in [ppsl] Theorem 4.1 (see also [pps2] and [pps3]). We
denote by G the structure (G, -) where - is the group operation of G.

Theorem 1.2 [ppsi]. Suppose that G is a G-definably-connected, definably
semi-simple definable group. Then G = G1 X --- X Gy and for each i €
{1,...,1} there is an o-minimal expansion I; of a real closed field definable
in N such that, for all j # i, Z; is globally orthogonal to Z; and G; is ;-
definably isomorphic to a I;-semi-algebraic subgroup of GL(n;, I;) which is a
direct product of I;-semi-algebraically simple, I;-semi-algebraic subgroups of

Theorem 1.2 together with Corollary 3.11, reduces the classification of
definable groups to the classification of definable solvable groups. Corollary
3.11 allows us to develop group extension theory with abelian and non-abelian
kernel over M. We use this theory to prove the results below for definable
solvable groups. But before outlining these we need two more definitions.

Definition 1.3 [ps| Let G be a definable group. We say that G is definably
compact if for every definable continuous embedding o: (a,b) C N — G,
where —o0 < a < b < +o00, there are ¢,d € G such that lim, .+ o(z) =
c and lim, ;- o(x) = d, where the limits are taken with respect to the
topology on G.

Definition 1.4 Let Z= (I,<y,...) be an o-minimal structure definable in
N. We say that an Z-definable abelian group U has no Z-definably compact
parts if there are Z-definable subgroups 1 = Uy < U; < --- < U, = U
such that, for each j € {1,...,n}, the group U;/U;_; is a one-dimensional
7Z-definably-connected, torsion-free Z-definable group. We say that an Z-
definable solvable group U has no Z-definably compact parts it U has Z-
definable subgroups 1 = Uy < Uy < --- < U, = U such that, for each
i € {1,...,n}, the group U;/U;_; is an Z-definable abelian group with no
7Z-definably compact parts.

Finally, we say that a definable solvable group U has no definably compact
parts if U has no N -definably compact parts.
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Here we prove the following result about definably compact definable
groups. This result already appeared in [pst2] Corollary 5.4 but under the
additional assumption that A has definable Skolem functions (with a proof
using the theory of \/-definable groups). Here we give a more direct proof
with no assumptions on N.

Corollary 4.8 Let U be a definably compact, definably-connected definable
group. Then U is either abelian or U/Z(U) is a definably semi-simple defin-
able group. In particular, if U is solvable then it is abelian.

Corollary 4.8 and the next result reduce the classification of definable
solvable groups to the classification of definably compact definable abelian
groups and of Z-definable solvable groups with no Z-definably compact parts.
Here 7 is an o-minimal expansion of a real closed field definable in N.

Theorem 5.8 Suppose that U is a definably-connected definable solvable
group. Then U has a definable normal subgroup V' such that U/V is a defin-
ably compact definable solvable group andV = K xXWyx- - - xWx Vi x---x V.
Here K is the definably-connected definably compact normal subgroup of U
of mazimal dimension. For each j € {1,...,s} (resp., i € {1,...,k}), there
is a semi-bounded o-minimal expansion J; of a group (resp., an o-minimal
expansion I; of a real closed field) definable in N all of which are pairwise
globally orthogonal such that W; is a direct product of copies of the additive
group of J; and V; is definably isomorphic to an Z;-definable solvable group
with no Z;-definably compact parts.

The next result describes Z-definable solvable groups with no Z-definably
compact parts where Z= (1,0, 1,+, -, <,...) is an arbitrary o-minimal expan-
sion of a real closed field.

Theorem 5.10 Let 7= (1,0,1,+,-,<,...) be an o-minimal expansion of a
real closed field and let U be an T-definable solvable group with no Z-definably
compact parts. Then U = W x V where W is the mazimal Z-definable
subgroup of U which is a direct product of copies of the linearly bounded one-
dimensional torsion-free L-definable group. The group V is an Z-definable
group such that Z (V') has an Z-definable subgroup Z such that Z(V)/Z is a
direct product of copies of the linearly bounded one-dimensional torsion-free
T-definable group. There are I-definable subgroups 1 < Z1 < --- < Z, = Z
such that, for each | € {1,...,m}, the group Z;/Z,_ is the additive group of
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Z, and there is an Z-definable embedding of V//Z (V') into GL(n,I).

Peterzil and Steinhorn ask in [ps| if a definable abelian group U of di-
mension two and with no definably compact parts is a direct product of
one-dimensional definably-connected torsion-free definable groups. For solv-
able definable groups with no definably compact parts, Theorems 5.8 and 5.10
above reduce this problem to the case where U is an Z-definable group, Z is an
o-minimal expansion of a real closed field (I,0,1,+, -, <) definable in N and
we have an Z-definable extension 1 - A - U — G — 1 where A = (1,0,+)
and G = ([,0,%) is a one-dimensional torsion-free Z-definable group. We
prove (see Lemma 5.5) that in this case there is an Z-definable 2-cocycle
c € Z2(G, A) for U such that U is Z-definably isomorphic to A x G iff there is
an Z-definable function o : G — A such that o/(s)9%(0, s) = o/(0) — 5(0, s)
for all s € G.

Let Z be an o-minimal expansion of a real closed field (1,0, 1, +, -, <) and
suppose that we have an abelian Z-definable extension1 - A - U —- G — 1
(i.e., U is abelian) where A = (1,0, +) and G = (1,0, *) is a one-dimensional
torsion-free Z-definable group. We shall say that U is a Peterzil-Steinhorn
Z-definable group if U is not Z-definably isomorphic to A x G.

A corollary of our main result is the following

Corollary 5.11 Let Z= (I1,0,1,+,-,<,...) be an o-minimal expansion of a
real closed field with no Peterzil-Steinhorn Z-definable groups. Then every
T-definable solvable group U with no Z-definable compact parts is Z-definably
isomorphic to a definable group of the form U' x Gy -+ -Gy - Gri1 - - - Gy where
U’ is a direct product of copies of linearly bounded one-dimensional torsion-
free Z-definable groups. For i = 1,...,k, we have G; = (I,0,+) and for
i=k+1,...,1, we have G; = (I"°,1, ).

From Corollary 5.11 we get the following result.

Corollary 5.12 Let Z and U be as in Corollary 5.11. Then there is an ZL-
definable embedding from G = Gy -+ - Gy Gry1 -+ Gy into some GL(n,I). The
group U is T-definably isomorphic to a definable group in one of the reducts
(I1,0,1,+,-,®), (I,0,1,+,-,®,¢e") or (I,0,1,+,-,®,t", ... ) of T where
(1,0,®) is the Miller-Starchenko group of Z, €' is the Z-definable exponential
map (if it exists), and the t% ’s are I-definable power functions. Moreover,
if U is milpotent then U is Z-definably isomorphic to a group definable in the



reduct (1,0,1,+,-,®) of .

An application of Theorem 5.8 is the following result.

Theorem 7.2 Let U be a definable group and let {T'(x) : € X} be a
definable family of non-empty definable subsets of U. Then there is a definable
function t : X — U such that for all x,y € X we have t(z) € T(x) and if
T(x) =T(y) then t(z) = t(y).

This result shows that the many of the theorems from [pst2] can be ob-
tained without the assumption that N has definable Skolem functions. We
include here direct proofs (avoiding the use of \/-definability theory) of some
of these results, namely Corollary 4.8 above, Corollary 6.3 and Corollary 7.3.

In Section 6 we classify definable G-modules and use this to prove the
o-minimal version of the Lie-Kolchin-Mal’cev theorem (see Theorem 6.9). In
Section 8 we classify definable rings.

2 Definable quotients

Definition 2.1 Let S be a definable set and let 7' = {T'(z) : z € X}
be a definable family of non-empty definable subsets of S. We say that T
has definable choice if there is a definable function ¢ : X — S such that
t(z) € T(x) for all z € X. If, in addition, ¢ is such that for all z,y € X, if
T(z) = T(y) then t(x) = t(y), then we say that T has strong definable choice.
The function ¢ is called a (strong) definable choice for the family T. We say
that the definable set S has (strong) definable choice if every definable family
T of non-empty definable subsets of S has a (strong) definable choice.

The following are easy to prove.

Fact 2.2 (i) If f : R — S is a definable map such that for alls € S, f~1(s)
is finite and S has (strong) definable choice then R has (strong) definable
choice. (ii) If g © S — R is a surjective definable map and S has (strong)
definable choice then R has (strong) definable choice. (iii) If S = Sy x---x Sy
is definable and each S; is definable and has (strong) definable choice then S
has (strong) definable choice.

For the proof of the next lemma we need to recall some definitions from
[ppsl]. An open interval I C N is transitive if, for all z,y € I, there are
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definably homeomorphic subintervals I, I, of I containing « and y respec-
tively. An open rectangular box I; x --- x I, is transitive if all the intervals
I, are transitive.

Lemma 2.3 A definable group U has a definable neighbourhood O of 1 (the
identity) with strong definable choice.

Proof. Since it is sufficient to prove the lemma for an w;- saturated
elementary extension of N, we will assume that N is w-saturated.

By [ppsl] Lemma 1.28, there is a definable chart (O, ¢) on U at 1 such
that ¢(0’') is a transitive rectangular box, say I; x -+ x I,,. Let ¢(1) =
(a1, ...,a,). Then by [pstl] Theorem 1.1, the definable structure 7, induced
by A on some open subinterval .J; of I; containing a; is either an o-minimal
expansion of of a real closed field or an o-minimal expansion of an ordered
divisible abelian partial group. Without loss of generality we may assume
that (J;, a;, +i, —i, <;) is a definable ordered divisible abelian partial group
with zero a; and J; = (—;e;, ;). Therefore, if z € J;, then there is a unique
y € J; denoted by 7 such that y +; y = =.

Let J! = (—;%, %) and consider the definable functions /;, 7; and m; given

UPRED
by
s gl — J) ) = 2 = |25
€ —i T
ri s JL— J () :x+i|T|i
Yy—iZ

mi: J. X J— I mi(x) = x4 | 5 |:
where | |; is the natural norm in J;. Since for all z,y € J!, we have [;(z) <; z,
x <; ri(x) and if x <; y then & <; m;(z,y) <; y, the definable set J! has
strong definable choice.

By Fact 2.2 (iii), Jj x - - - x J/, has strong definable choice and so, by Fact
2.2 (ii), O = ¢~ 1(J] x - -+ x J) has strong definable choice. O

Remark 2.4 The same argument shows that if Z= (7,0, +,<,---) is a de-
finable o-minimal expansion of an ordered group then for every n € N, the
definable set I™ has strong definable choice and hence, by Fact 2.2 (i), so
does every definable subset of I"™.
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Given a definable set S and a definable equivalence relation £ on S, we
will say that S/FE is definable if there is a definable map {: S — T C S
such that for all x,y € S, xFEl(x) and zEy iff I(z) = [(y). In this case
the definable family {z/E : © € S} has a strong definable choice. If S is a
definable group, E a definable normal subgroup and the set S/F is definable
then S/E becomes in a natural way a definable group.

Theorem 2.5 Let U be a definable group and let V' be a definable normal
subgroup of U. Then the definable family {zV : x € U} has a strong definable
choice and so U/V is definable.

Proof. Suppose that U C N™ and for each ¢ € {0,...,m} let m, :
N™ — N1 be the projection onto the first q coordinates and let 77 : N —
N be the projection onto the ¢g-th coordinate.

Claim: For each k € {0,...,m} there is a definable subset Uy of U such
that (i) dim(U \ Uy) < dimU and (ii) if x € Uy, and y € U is such that 2V =
yV then y € U,. Moreover, there are definable functions ly, ...l : U, — N
such that for each x € Uy, there is z € 2V such that m(2) = (I1(2), ..., k(2))
and for all y € U if 2V = yV then (l1(z),...,lk(x)) = (1(y),. .., lk(y)).

The existence of a strong definable choice [ = (Iy,...,1,,) for the family
{zV : x € U} follows from this claim. The claim immediately implies the
existence of [ on a large definable subset U, of U (i.e., dim(U\U,,) < dimU).
But by [p] Lemma 2.4, there are uy,...,u, € U such that U = w,U,, U---U
u,U,, and so we can extend [ from U, to U inductively as follows. If x €
u1U,y,, then we put [(z) = uyl(u;'x). Having extended [ to uyU,,U- - -UupUpy,,
define [ on uy 11U, by I(z) = uk+1l(u;1x) if zV N (u Uy U---UuplUy,) =0
and I(z) = l(y) for some (for all) y € 2V N (u Uy, U - - - UuiU,,) otherwise.

Proof of Claim: We use induction on k. For k = 0, set Uy = U and let
lo : Uy — N° be the unique map.

Suppose that the claim is true for k. We will show that it is true for
k + 1. For this consider the definable family {Vi(z) : € U} of non-empty
definable subsets of U, where Vi(z) = {u € 2V : mp(u) = (lh(x),...,lk(x))}
(note that we have 2V = yV iff Vi (x) = Vi(y)).

The function

a1 Uy — N U{+o0}, agy1(x) = sup ﬁkH(Vk(a:))
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is definable. Note that, if Vi (z) = Vi(y), then api1(z) = ax1(y). Hence,
if M = {z € Uy : app1(x) € 78 (Vi(2))}, then we can define Iy on M
by lg1(x) = ags1(z). Let U, = Uy \ M and suppose that U} is non-empty.
By o-minimality, the set F' of end points of ay1(U}) in agi1(Us) is finite.
If =0, then ax1(U}) = axt1(Ux) and hence, U], = (). Therefore, F is
non-empty. Let a € F. Consider the definable sub-family X, = {Vi(z) : x €
Ur and oyy1(x) = a} of {Vi(z) : € Uy}. Let z, € Uy satisty ayi1(z,) = a
and define [ : {x € Uy, : Vi(x) = Vi(wa)} — 7 (Vi(za)) by leyi(z) = b
where b is some fixed element of 7**(V}(z,)). For each z € Uy such that
app1(z) = alet y,(z) = inf{z : b < z < a, (2,a) C 7 (Vi(x)}. If
Vi(z) = Vi(y) then v,(x) = v.(y). For x € Uy, with ag41(x) = a let K,(x) =
{z € O : ags1(zx) € (74(),a)} where O is the definable neighbourhood of 1
in U with strong definable choice (see Lemma 2.3). This is a definable family
of definable non-empty sets such that if Vi(z) = Vi(y) then K,(z) = K,(y).
On {z € Uy : agu1(z) = a} define lp11(z) = apy1(ke(z)x) where k,(z)
is a strong definable choice for K,(z). And therefore we also get l;,1 on
X ={x € Uy : agy1(x) € F} since X is the disjoint union of definable sets
X, with a € F.

If X UM is large in U, then the claim is proved for k£ + 1. Otherwise,
we have dim(Uy \ (X U M)) = dimUg. Now let J = agy1(Ux) \ F. Suppose
that J is non-empty. Then J is a finite union of open intervals. Let Y be the
definable set of all z € Uy, such that ag,1(x) € J and a1 is continuous at
2. O-minimality implies that Y is large in Uy \ (X UM) and so, Y UX UM is
large in Uy. Moreover, if z € Y and Vi (y) = Vi(z), then y € Y. In fact, let
(21,22) € J be such that apy1(x) € (21, 22) and let D be an open definable
neighbourhood of = in U such that ay1(D) C (21, 22). Then there is v € V
such that y = zv, an open definable neighbourhood of y in U is given by Dv
and ag1(Dv) = age1(D) C (21, 22). Therefore y € Y.

Let A be the definable subset of Y consisting of all z € Y such that there
is a definable open neighbourhood D of z in U with ag41(D) C {z € J :
apr1(z) < zp If Vi(x) = Vi(y) and x € A, then y = zv for some v € V,
a definable open neighbourhood of y in U is given by Dv and oy (Dv) =
ag+1(D). So y € A. Clearly, by o-minimality, ay41(A) is finite and as before
we can construct [, on A.

Let B = Y \ A and suppose that B is non-empty. Then we have a
definable family {T'(x) : © € B} of definable subsets of O, the definable
neighbourhood of 1 in U, with strong definable choice (see Lemma 2.3) given

12



by T(z) = {2z € O : ap1(22) € S(x)} where S(z) = 7" (Vi(z))N{z € J:
2z < agy1(x)}. By construction (and similar properties for Y and A), S(x)
is infinite for all x in B. Also if Vi(z) = Vi(y), then y € B, S(z) = S(y)
and T'(z) = T(y). We now show that T'(x) is infinite for all x € B. Let
2" < agy1(x) be such that (2, agy1(x)) € S(x). Then by continuity of ayq
(and the fact that x € B) there is a definable open neighbourhood D of z
such that ag1(D)N(2', ag41(x)) is infinite. Since ag1(OzND)N (2, a1 (x))
is infinite (because, otherwise we would have z € A), T'(z) is infinite as well.

Since O has strong definable choice, we have a strong definable choice ¢
for the definable family {7'(z) : * € B} and from this we get [, for the
definable family {Vi(z) : € B} by setting ly+1(x) = ag41(t(x)z). Note that
if Vi(z) = Vi(y) then Vi(t(z)z) = Vi(t(y)y). Let Uprr = X UY U M. Then
Uk is large in U and the claim is proved for k + 1. O

3 Definable extensions

3.1 Definable GG-modules

Definition 3.1 Let G be a definable group. A definable G-module (A, ")
is a G-module such that A is a definable abelian group and the action map
v: G x A— Ais definable. We will often write v(z)(a) for v(z,a). Note
that in this way we get a homomorphism v : G — Aut zr(A) from G into
the group of all definable automorphisms of A.

As usual A is triwvial if v(z)(a) = a for all x € G and @ € A. And A
is faithful if v : G — Autpr(A) is injective. A definable G-submodule of
A is a definable subgroup B of A such that B is invariant under ~y (that
is, v(z)(B) € B for all z € G). We then have natural induced definable
G-modules (B,vp) and (A/B,va/5). We say that A is definably irreducible
if it has no proper definable G-submodules. The G-submodule A% = {a €
A:forall z € G, y(z)(a) = a} is always definable.

The next lemma follows from Theorem 2.5 but we include here a direct
prove based on descending chain condition (DCC).
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Lemma 3.2 Let (A,7) be a definable G-module. Then AJAS is a definable
group, Kery is a normal definable subgroup of G, the quotient G = G /Kery
is definable and we have a natural induced faithful definable G-module (7, A).

Also, if U is a definable group and A is a normal subgroup of U then
Cuy(A) is a normal definable subgroup of U and U/Cy(A) is definable. In
particular, U/Z(U) is definable.

Proof. Foreach g € G we have a definable endomorphism a(g) : A — A
given by a(g)(a) = v(g)(a) — a. By definition A% = Nyeq Kera(g) and so
by DCC on definable subgroups there are gi,...,g, € G such that AY =
N;_; Kera(g;). But then the definable map

a = (a(g1)(a), ., algn)(@)) - A — a(gr)(A) x - - x a(gn)(A)

shows that A/A% is definable.
Let a € A and consider the definable map f(a) : G — A given by

B(a)(g) = v(g9)(a) —a. The group {g € G : B(a)(g) = 0} is a definable
subgroup of G and Kery = (,c4{9 € G : (a)(g) = 0}. So by DCC on
definable subgroups there are a1, ..., a, € A such that Kery = (_,{g € G :
B(a;)(g) = 0}. The definable map

9= (Bla)(g), .-, Blan)(9)) : G — B(ar)(G) x -+ x f(an)(G)

shows that G/Kery is definable.

If U is a definable group and A is a normal subgroup then Cy(A) =
Nuca Cu(a) and by DCC on definable subgroups there are ai,...,a, € A
such that Cy(A) = (N, Cu(a;) and so Cy(A) is definable (and normal). If
for each a € A we define ad(a) : U — U by ad(a)(u) = aua™'u~" then the
definable map

u— (ad(ay)(u),- -, ad(ay)(uw)) : U — ad(ar)(U) x --- x ad(a,)(U)

shows that U/Cy(A) is definable. O

3.2 Group cohomology

In this subsection we assume that (A, ~) is a definable G-module.
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Definition 3.3 For each n € N let Cj\/(G, A, ~y) denote the abelian group of
all definable functions from G™ into A with pointwise addition. An element

of CK/(G, A, ) is called a definable n-cochain (over N).

Definition 3.4 The co-boundary map ¢ : CJ"\/(G,A,W) — Cﬁl(G,A,fy),
is defined by

o(c)(gr, - 7gn+1) =7(g1)(c(g2: - - - s Gnt1))+
+ 2 (=1 e(grs s gi s Girts s gnr) + (1) (g, gn)-
It is clear that §(c) is also definable.
Lemma 3.5 006 = 0.

Proof. This is a simple calculation. a

Definition 3.6 We therefore have a complex C'/*V—(G, A, 7). Let B?V—(G, A7)
denote the image of § : C'J"V_—l(G, Ay) — C'/"V—(G, A,v) and let Zj\/—(G, A7)
denote the kernel of 9 : C'J"V—(G, Ay) — C’;L\J/fl(G, A, 7). The n-cohomology
group over N HK/(G, A,7) is the abelian group Z}‘\[(G, A,fy)/B_’fv(G, A, 7).
The elements of B;LV—(G, A,~) are the definable n-coboundaries and the ele-
ments of Z;{/—(G, A,7) are the definable n-cocycles.

Remark 3.7 Let (A,~) be a definable G-module. Suppose that A = A; x
A, and that A; and Ay are invariant under the action of G on A. Then
H/”V—(G, A, ) is isomorphic with H/"\/—(G, A1, Y4,) X H/"\/—(G, Az, V4,)-

3.3 Definable extensions

Definition 3.8 Let U be a definable group. (U, 1, j) is a definable extension
of G by A if we have an exact sequence

1—>Ai>Ui>G—>1

in the category of definable groups with definable homomorphisms. If (U, i, j)
is a definable extension of G by A and U is abelian, we say that (U,1,j) is a
definable abelian extension of G by A. A definable section is a definable map
s: G — U such that j(s(g)) =g for all g € G.
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Deﬁmtlon 3.9 Two definable extensions 1 — A - U % G — 1 and
1= A5 5N G 5 1 are definably equivalent if there is a definable
homomorphism ¢ : U — U’ such that

is a commutative diagram.

Note: Below we will sometimes assume that A QU and write (U, j) for

(U,1,7).

Theorem 3.10 Let 1 + A - U 5 G — 1 bea definable extension. Then
there is a definable section s : G — U.

Proof. Let [ : U — [(U) C U be a strong definable choice given by
Theorem 2.5 for the definable family {xA : € U}. Since the definable
family {j7'(g) : ¢ € G} is the same as the definable family {zA : z € U}
we can define s : G — U by s(g) = [(x) for some (equivalently, for all)

r €5 (g). O

Corollary 3.11 IfV is a normal definable subgroup of a definable group U,

then there s a definable extension 1 — V—=U N U/V — 1 with a definable
section s : U/V — U.

Proof. This follows from Theorem 3.10 since, by Theorem 2.5, there is a
strong definable choice | : U — U/V for the definable family {zV : x € U}.
O

Remark 3.12 Suppose that we have a definable extension 1 - A — U 1N
G — 1 and B < G is definable. Then C'=[71(B) < U and A < C. Moreover,

suppose that we have a definable extension 1 — B — G 2 H — 1. Then we
‘o 1
have definable extensions 1 — C' — U ]—i H—-landl > A—=CSB—1.
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Remark 3.13 Suppose that we have a definable extension 1 - A — U AN
G — 1land A <V < U is a definable normal subgroup. Then we have

!
definable extensions 1 — A — V 5 H — 1, 1—>V—>U£>U/V—>1and
1 - H—G25%U/V — 1such that pol = k.

The lemmas we prove below will be very useful later on. These results
are about the invariance of notions such as definably compact, definably-
connected and with no definably compact parts under definable extensions.

Lemma 3.14 Let 1 > A= U 5 G =1 be a definable extension. Then U
is definably compact if and only if A and G are definably compact.

Proof. Suppose that U is definably compact. Then since A is a closed
definable subgroup of U it must be that A is definably compact. We now
show that G is also definably compact. Let s : G — U be a definable
section and let « : (a,b) € N — G be a definable continuous map where
—o0 < a<b< +oo. Let B: (a,b) — U be the definable map given by
B(x) = s(a(x)). Since U is definably compact, the limit lim, .+ S(x) (resp.,
lim, ;- 5(z)) exists in U. Since j is continuous and a = j o 3, the limit
lim, .+ a(z) (resp., lim, ;- a(z)) exists in G and G is definably compact.

Suppose now that A and G are definably compact. Let s : G — U be a
definable section and let « : (a,b) € N — U be a definable continuous map
where —oo < a < b < +o0. Let : (a,b) — G be the definable map given
by f(x) = j(a(z)) and let v : (a,b) — U be the definable map given by
v(z) = s(B(x)). Then there is a definable map § : (a,b) C N — A such that,
for all © € (a,b), we have a(z) = §(z)vy(x). Since A is definably compact,
the limit lim, .+ d(z) (resp., lim,_ ;- 6(x)) exists in A. Therefore, to show
that the limit lim, ..+ a(x) (resp., lim, ;- a(z)) exists in U, i.e, to show
that U is definably compact, it remains to show that the limit lim, .+ v(x)
(resp., lim, - y(x)) exists in U.

Since G is definably compact, the limit g = lim, .+ 8(x) (resp., g =
lim, ;- B(z)) exists in G. By o-minimality, s : G — U is continuous on
a large definable subset of G' and so there is h € G such that s : G —
U is continuous at hg. Let 4/ : (a,b) € N — U be the definable map
given by 7/(z) = s(hf(x)). Then by the continuity of s at hg, the limit
lim, .+ 7/ (x) (resp., lim, ;- 7/(x)) exists in U. Note that, for all z € (a, b),
we have 7/(z)(y(z))~' € 77'(h) and j7'(h) is definably compact (because A
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is definably compact and j~!(h) is definably homeomorphic to A). Therefore,
the limit lim, .+ o(z) (resp., lim, ;- o(z)) where for all € (a,b) we set
o(z) = (Y (x)(y(z))™) 7!, exists in U. But v(x) = o(x)(7/(z))~! and so the
limit lim, .+ y(z) (resp., lim, ;- v(x)) exists in U. O

Lemma 3.15 Let 1 — A — U & G — 1 be a definable extension. If
U is definably-connected then G is definably-connected. Moreover, when
A s definably-connected, then U is definably-connected if and only if G 1is
definably-connected.

Proof. Since j is a continuous and surjective definable map, if U is
definably-connected so is GG. Therefore, it remains to show that if A and G
are definably-connected, U is also definably-connected. So suppose that A
and G are definably-connected but the definably-connected component U°
of U is a proper definable normal subgroup of U. Since dimU = dimA +
dimG, j(UY) is a definably-connected definable normal subgroup of G with
the same dimension as G. Therefore, because G is definably-connected, we
have j(U") = G. On the other hand, since A is definably-connected, for each
g € G, the fibre j7(g) is also definably-connected and hence j~!(g) C U°.
But this implies that U C U°. O

Definition 3.16 Let Z be a definable o-minimal expansion of an ordered
group (1,0,+,<). We say that an Z-definable abelian group U is globally
over I if there are Z-definable subgroups 1 = Uy < U; < --- < U, = U such
that, for each j € {1,...,n}, the group U,;/U,_; is Z-definably isomorphic
to an Z-definable group with domain I and identity 0. We say that an Z-
definable solvable group U is globally over I if there are Z-definable subgroups
1=Uy<9U; <--- 29U, = U such that, for each j € {1,...,n}, the group
U,;/U;_1 is an Z-definable abelian group globally over 1.

Note that if an Z-definable solvable group U is globally over I, then U
has no Z-definably compact parts.

Lemma 3.17 Let T be a definable o-minimal expansion of an ordered group
(1,0,+,<) and let 1 - A - U — G — 1 be an I-definable extension of
T-definable solvable groups with dimA, dimG > 1. Then U 1is globally over I
iff both A and G are globally over I.
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Proof. Suppose that A and G are Z-definable groups globally over I.
Let 1 = Ay <Ay <9 A=A (resp.,, 1l =Gy 9G; < -+ 294Gy =G)
show that A (resp., G) is globally over I. Fori =1,...,r set U; = A; and
fori=r+1,...,r+ s set U; to be the Z-definable subgroup of U such that
UiJUi-1 = Gi—y. Then 1 = Uy < U; < --+ 9 U,y = U shows that U is an
Z-definable group globally over I.

Suppose that U is an Z-definable group globally over I and let 1 = U, <
U, <--- < U, = U witness this fact. We now show that the result holds for
A. Let A; = ANU; foreachi =1,...,nsothat wehave 1l = Ag < A; 9--- <
A, = A. Since ANU;_1 = (ANU;) NU;_; we have Z-definable isomorphisms
Ai/Ai—l = AﬁUi/AﬂUi_l ~ (AﬂUi)Ui_l/Ui_l. Leta: U; — Ui/Ui—l be the
natural Z-definable homomorphism; then (AN U;)U;—1/U;-1 = a(ANU;) <
a(U;) = U;/U;_1, and hence A;/A; ;1 is Z-definably isomorphic to a normal
Z-definable subgroup of U;/U;_;. Suppose that U is abelian. Then, either
A; = A;q or AjJA;_1 >~ U;/U;_q; thus the result holds for A. In general, the
result holds for A since U, /U, _; is abelian and of the same form as U.

We now prove the result for G. Let G; = U;A/A for each i = 1,...,n
so that we have 1 = Gy 9 G; 9 --- 9 G, = G. Since U;A = U;(U;_1 A), we
have Z-definable isomorphisms G;/G; 1 ~ U;A/U; 1A ~U;/U; N U;_1A. On
the other hand, we have an Z-definable extension 1 — U; NU;_1A/U;_1 —
U;/Ui—1 — U;JU;NU;_1A — 1. Therefore, we have an Z-definable extension
1—-UNU;_1A/U;—y — U;/U;—1 — G;/G;—1 — 1. Suppose that U is abelian.
Then, either G; = G;_1 or G;/G;_1 ~ U;/U;_y1; thus the result holds for G.
In general, the result holds for G' because of this Z-definable extension and
since U, /U, is abelian and of the same form as U. O

The same purely algebraic argument used in the proof of Lemma 3.17
shows the following result.

Lemma 3.18 Let Z be a definable o-minimal structure and let 1 — A —
U — G — 1 be an Z-definable extension of Z-definable solvable groups with
dimA, dimG > 1. Then U is an Z-definable group with no Z-definably com-
pact parts iff A and G are Z-definable groups with no Z-definably compact
parts.
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3.4 Definable G-kernels

Notation: Let A be a definable group. Autr(A) denotes the group of all
definable automorphisms of A, Inn(A) the group of all inner automorphisms
of A and Outpr(A) = Autpr(A)/Inn(A). Let ¢ : Autpr(A) — Outpr(A)
denote the natural homomorphism. If A <U and u € U then we denote by
< u > the automorphism of A given by < u > (a) = uau~! for all a € A.

Definition 3.19 Let G be a definable group. A definable G-kernel (A, ) is
a definable group A with a homomorphism ¢ : G — Out zr(A) such that
there is a homomorphism o : G — Aut zr(A) such that: (i) 6 = «(a); (ii)
the map o : G x A — A, a(x,a) = a(x)(a) is definable and (iii) there is
a definable function h, : G x G —> A such that, for all z,y € G, we have
ho(z,1) = ho(l,y) = 1 and

Ve, y € G, a(r)a(y) =< ho(z,y) > alzy). (1)

Note that 6 induces a definable action 6y : G x Z(A) — Z(A) making the
centre Z(A) of A a definable G-module. We say that a as above is a definable
representative of the definable G-kernel (A, ) and we write o € 6.

Definition 3.20 Let G be a definable group and B an abelian definable
group. Two definable G-kernels (A;,6;) with i = 1,2 with centre B, that
is Z(Ay) = Z(Ay) = B, are definably equivalent if there is a definable iso-
morphism o : Ay —> A, and there are o; € 6; for i = 1,2, such that for
all b € B, o(b) = b and for each x € G, there is i, € Inn(Ay) such that
oay(x)o! = izas(x). This relation is an equivalence relation and the set of
all the classes is denoted by Kzr(G, B).

Remark 3.21 Let (U, j) be a definable extension of G by A. Then there
is a canonical homomorphism 6y : G — Out zr(A) such that (A4,0y) is a
definable G-kernel: for each z € G take Oy (z) = {< u >: v € j7'(x)} with
definable representative given by

aps: G — Auty(A4), aps(z)(a) =< s(z) > (a)

and ha, (z,y) = s(x)s(y)s(zy)~' where s : G — U is a definable sec-
tion. Using the fact that for all x,y, 2 € G, by associativity, the product
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a(z)a(y)a(z) may be calculated in two different ways, a simple calculation
shows that

av,s (%) (hay (¥, 2)) hay (2, Y2) = hay (€, Y)hay (1Y, 2)- (2)

If 8 : G — U is another definable section, then there is a definable
function ks ¢ : G — A given by §'(x) = ks ¢ (z)s(z) for all z € G, and we
have ay g (2) =< ks s (z) > ays(x) for all z € G.

Definition 3.22 A definable G-kernel (A, 0) is definably extendible if there is
a definable extension (U, j) of G by A such that (A, 0y) is definably equivalent
to (A,0). We say in this case that (U, 7) is definably compatible with the
G-kernel. We denote by Extr(G, A, 0) the set of all equivalence classes of
definable extensions of G by A definably compatible with the G-kernel (A, 0).
Let EK\r(G, B) be the subset of Kr(G, B) of all classes (A, ) such that
Ext ar(G, A, 0) is non-empty. Note that EK zr(G, B) is a well defined subset
of Kpr(G, B).

3.5 Existence of definable extensions

With the set up we have established the proofs of results of this subsection are
as in the classical case. For details see the proofs of the corresponding results
in [eml1] and [em2] respectively. We will include here only the constructions
that will be useful later.

Proposition 3.23 Let (A,0) € EKp (G, B), (U,j) € Extpr(G, A,0) and
s : G — U a definable section. Then there is (Vy,is,js) € Extzr(G, A, 0)
with domain A X G and multiplication given by

Va,b € AVz,y € G, (a,2)(b,y) = (alav,s(2)(0)]hay, (2, ), 2y) (3)
which is canonically definably isomorphic with U.

Proof. From equation (2) we see that Vj is a definable group with identity
element (1,1). The inverse of (a, x) is (av,s(2) " [hay, (@, 27 )a] ™ 27 "). The
definable homomorphism is : A — Vj is given by is(a) = (a,1) and j, :
Vs — G by js((a,z)) = x. Themap t; : G — V; defined by t4(x) = (1, ) is
a definable section and for all x € G we have < t,(z) >= ay(x). Therefore,

21



(Varis, Js) € Extar(G, A, 0). Also, the map as(z) + (a,7) : U — V is a

definable isomorphism. a

Note that, if s : G — U is another definable section and (Vi iy, jy) €
Ext zr(G, A, 0) the corresponding definable extension given by Proposition
3.23, then there is a definable function k,y : G — A given by §'(x) =
ks (x)s(x) such that

Va,y € G, hay,, (2,y) = ksw (2) 0w (2) (Bs.o (Y) oy, (2, ks (zy) ™ (4)
and the map (a, ) — (aks o (x)™, x) : Vi — Vi is a definable isomorphism.

Proposition 3.24 With the assumptions of Proposition 3.23, U s definably
isomorphic with A x, G for some homomorphism v : G — Aut zr(A) such
that the induced map v : G x A — A is definable iff there is a definable
function g : G — A such that

Va,y € G, hay, (2,y) = aus(x)(g(y))g(x)g(zy) . (5)

Proof. If g : G — A is a definable map satisfying equation (5), then
the definable map = +— (g(z)™',z) : G — V, is a definable injective homo-
morphism. O

The following remark, which we will not use in this paper, is proved as
its classical analogue (see [em2] Theorem 11.1).

Remark 3.25 Let (A,0) € EK\r(G, B) and (U, j) € Extr(G, A, 0). Then
there is a canonical bijection from Ext zr(G, A, 8) into Hj\[(G, B, 6y) sending
(U, j) into the identity of H/2\/—(G, B, ty).

Remark 3.26 Let (A,0) € EK\r(G, B) and (U, j) € Extr(G, A,0). Sup-
pose that A = A; x Ay, B = By x By and Aut s (A) = AutN(Al) X
Autpr(Az). Then 6 = (61, 0:) : G — Out pr(A;) x Out pr(Az) and, for each
i = 1,2, we have (A;,0;) € Kxr(G, By). A '

Let 6y be as in Remark 3.21 and for ¢ = 1,2 let 6, be such that 6, (x) =
Ou(x)a, for all z € G. Then (A,0) = (A,0y) in Kpr(G, B) and (A;,0;) =
(A, 0y) in Kpr(G, B;). Since Ay < U, we have definable extensions

1—>A—>U1>G—>1
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1—>A2—>U2£>G—>1
1—>A1—>U5U2—>1

such that jp oly = j and lyj4, = 1a,. If s: G — U is a definable section,
then sy =lyos: G — Us and ty = so jp : Uy —> U are definable sections.
Clearly (A,02) = (A2, 0u,) in Kpr(G, By), also (Uy, ja) € Extpr(G, Ay, 02)
and (Ap,02) € EK)\r(G, By). Similarly, we have (A;,60,) = (A41,0p,) in
Kr(G, By), also (Uy,j1) € Extpr(G, Ar,01) and (A, 01) € EKp\ (G, By).
We have definable sections sy =ljo0s: G — Uy and t; =soj, : Uy — U.

Using the notation of Remark 3.21, it is easy to see that aps(x) =
(o, s, (2), ay, s, (). Secondly it follows that we have oy, (z) = ays(j2(x))
= QU s (j2()). Thirdly we have haU,s (z,y) = (ha’Ul,sl (. y), hOéUQ,sQ (z,y)) and
s (29) = By o, (i), 120):

Therefore, by Proposition 3.24, U is definably isomorphic with A; x,, U,
for some p : Uy —» AutN(Al) such that the map p: Uy x Ay — A; given
by p(u,a) = p(u)(a) is definable iff there if a definable map g : G — A;

such that for all z,y € G, hg,,, (z,y) = a5, (2)(9(y))g(z)g(xy) L.

Proposition 3.27 Suppose that (U,j) € Ext\r(G, A,7). Then there is a
definable 2-cocycle ¢ € ij\/—(G, A,7) associated with (U, j) which is unique in

HJZ\/(G,A,W). Therefore, (in A) we have
v.ga h7 ke G7 7(9)(C(h7 k:)) - C(ghv k) + C(gv hk) - C(gv h) =0. (6)

Moreover, there is (V,i,1) € Extar(G, A,v) with domain A x G and multi-
plication given by

Va,b € A, Vg,h € G, (a,g)(b,h) = (a+7(g)(b) + (g, h), gh) (7)
which is canonically definably isomorphic to (U, 7).

Proof. Let s : G — U be a definable section and define ¢(g,h) =
s(g)s(h)s(gh)~! for all g,h € G. Then, from equation (6) V is a group
with identity (—c(1,1),1). The definable homomorphism i : A — V' is
given by i(a) = (a —¢(1,1),1) and [ : V. — G by l(a,g9) = g. The map
as(g) — (a,g) : U — V is a definable isomorphism.

If s : G — U is another definable section and ¢ € Zf\/—(G,A,'y) is
the corresponding definable 2-cocycle and (V',4',I') € Ext \r(G, A,7) is the
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corresponding definable extension, then there is a definable function b : G —
A given by s'(g) = b(g)s(g) such that

Vg, h € G, d(g.h) = c(g, h) = (g)(b(h)) — b(gh) + b(g), (8)
i.e., ¢ and ¢ determine the same element in H/Q\/—(G,A,y) and the map
(a,g) — (a—b(g),q9) : V. — V' is a definable isomorphism. O

Proposition 3.28 With the assumptions of Proposition 3.27, U s definably
isomorphic with A x, G iff there is a definable function a : G — A such
that

vg,h € G, (g, h) = v(g)(a(h)) — a(gh) + a(g). 9)
Proof. If a : A — G exists and satisfies equation (9), then g —
(—a(g),g) : G — V is a definable injective homomorphism. O

The following remark, which we will not use in this paper, is proved as
its classical analogue (see [eml] (3.2)).

Remark 3.29 Let (A, 7) be a definable G-module. Then there is a bijection
from Ext zr(G, A, 7) onto Hj\/(G, A, ) sending the class of A x, G into the

identity of H/2\/—(G, A, y).

Remark 3.30 As in [em2] Section 4 and 5, the set K 5r(G, B) can be made
into an abelian group such that EKr(G, B) is a subgroup of Kr(G, B).
The map of Remark 3.29 is an isomorphism between HJQ\/—(G, B, 6y) and
Extar(G, B,t) (see [em1] (3.2)). Moreover, as in [em2] Theorem 11.1, the
map of Remark 3.25 from H_?\[(G, B, ) into Ext zr(G, A, 0) for a fixed (U, j)
in Ext zr(G, B, 0) is the composition of the isomorphism from HJQ\/—(G, B, 0y)
into Ext zr(G, B,6h) and the map from Ext zr(G, B, 0) into Ext zr(G, A, 0)
which sends (V1) into its left translation by (U, j).
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4 Definably compact definable groups

In this section we prove that a definably compact definable solvable group is
abelian-by-finite. This will follow after we show that a definably-connected,
definably compact, definable G-module where G is infinite and definably-
connected is trivial. Before we proceed, we need the following easy lemma.

Lemma 4.1 Let U be an infinite definable group and let V be a definable
subgroup such that dimV < dimU. Then there is a definable continuous
embedding o : (a,b) — U such that lim; .+ o(t) =1 and o(a,b) CU\ V.

Proof. Let (O, ¢) be a definable chart of 1 (the identity of U). Then
¢(0) is a definable open subset of N™ where n = dimU. By Lemma 2.3
and Fact 2.2, we may assume, without loss of generality, that O has strong
definable choice. Let e = ¢(1) and let B C ¢(O) be a closed box containing
e. Then by Fact 2.2, B has strong definable choice.

Let D = ¢(VNO)NB. Then since dimV < dimU,, it follows that dimD <
n and dim(B\ D) = n. Let C be a cell decomposition of B compatible with D
and B\ D. Then there are C,C" € C such that dimC = dimB, ¢’ C D C B
and the closure €7 of C’ is in the closure C of C' in B. Note that since V is
closed in U, we have that D is closed in B and there are inclusions C' C D
and C C B\ D.

We now show by induction on dimB that there is a definable continuous
embedding « : (a,b) — C such that lim,__,+ a(t) € C". If dimB = 1, then
the result is clear. So suppose that dimB > 1 and the result holds for lower
dimensions. Let 7 : N® — N"! be the projection onto the first n — 1-
coordinates. Then 7(B) is a closed box of dimension dimB — 1 with strong
definable choice by Fact 2.2. The projection 7(C) is a cell decomposition
of 7(B), n(C),n(C") are cells of 7(C) such that dim7(C) = dimn(B) and
7(C") is in the closure 7(C') of 7(C) in 7(B). By the induction hypothesis,
there is a definable continuous embedding 5 : (ay,b) — 7(C') such that
lim, .+ B(z) € 7(C"). Let {T(2) : € (a1, b1)} be the definable family of
non-empty definable subsets of C' given by T'(z) = {c € C' : w(c) = p(x)}.
Let ay : (a1,b1) — C be a strong definable choice for {T'(z) : x € (a1,b1)}.
By o-minimality, there is b € (a1, b1) such that o = o)) Where a = a; is a
definable continuous embedding. This « satisfies the claim for B.

To finish the proof of the lemma, take o : (a,b) — U given by o(t) =
(¢~1oa)(t)v™! where ¢(v) = lim;__,,+ a(t) € D. O
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Lemma 4.2 Let (A,~) be a non-trivial definable G-module, where A and G
are infinite definably-connected definable groups. Then there are an infinite
minimal definable subgroup B of AJAY, a definable G-submodule H of A
and a definable family I' : G x B — H of definable homomorphisms from
B into H such that T'(1,b) = 0=TY(g,0) for allb € B and g € G. Moreover,
for suitable T', Kergl' = {g € G : for all b € B, I'(9,b) = 0} is a proper
definable subgroup of G and for all g € G and ¢ € B, there is d € B such
that T'(—,¢) : G — H is continuous at g and I : G x B — H is continuous
at (g,c+d).

Proof. Since A% # A and A is definably-connected, there is an infinite
minimal definable subgroup B of A/A%. By Remark 3.12, there is a definable
subgroup C' of A containing A% and such that C/A% = B. Let H be the
smallest definable G-submodule of A containing C'. Since C' is a definable
extension of B by AY, there is a definable section s : B — C. Let c¢(b,b') =
s(b) + s(b') — s(b+ ') be the corresponding definable 2-cocycle.

Let ' : G x B — H be the definable map given by I'(g,b) = v(g)(s(b)) —
s(b) for all b € B and g € G. Then clearly I'(1,0) = 0=1Y(g,0) for all b € B
and g € G. We now show, for each g € G, that I'(9) =I'(9,—) : B — H is
a homomorphism. Let b, € B. Then

I(g)(b+b) —L(g)(b) —T(g)(¥) =
=7(9)(s(b+V)) —v(9)(s(b)) — ¥(g)(s(t))) — s(b+ V) + s(b) + s(V)
= —c(b, V) + c(b, )

(V(9)(s(b + ) = v(g)(s(¥)) — ¥(g)(s(b)) = —c(b,¥) since c(b,¥') € A%).
Adding to this last equation, the equation for the 2-cocycle, we get I'(¢)(b+
b)) —T(g)(t') —T'(g)(b) = 0. So I'(g) is a definable homomorphism.

Clearly, KergI is a definable subgroup of G. We show that it is proper.
Suppose not. Then v(g)(s(b)) = s(b) for all ¢ € G and for all b € B. Let
c € C. Then ¢ = a+s(b) for some a € AY and b € B. Therefore, v(g)(c) = c
and C C A% which contradicts the fact that C /AG = B is infinite.

Clearly, for every b € B, we have that I'(—,b) : Gx B — H is continuous
and if s : B — (' is continuous at b then for all g € G, we have that I is
continuous at (g,b) . Since by o-minimality, s : B — C' is continuous on
a large definable subset of B, by [p] Lemma 2.4, for all ¢ € G and for all
¢ € B, there is d € B such that I'(—,¢) : G — H is continuous at g and T’
is continuous at (g, c+ d). O
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Remark 4.3 Let A, B < C be definable abelian groups. Then (A+B)/(AN
B) is definably isomorphic to A/ANB&® B/ANB viathe map h: A+B —
A/ANB & B/AN B, given by h(c) = (a+ AN B) @ (b+ AN B) for some
a € Aand b € B such that ¢ = a +b. This is a well defined definable
homomorphism with kernel ANB. Moreover, dim(A/ANB)+dim(B/ANB) =
dim(A/AN B @& B/AN B)= dim((A+ B)/(AN B)) < dim(A + B), and
dimA = dim(A/AN B) +dim(A N B).

Lemma 4.4 Let A be a definable abelian group. Then there is no infinite
definable family of definable subgroups of A of dimension zero.

Proof. Let {B(z) : x € X} be a definable family of definable subgroups
of A of dimension zero. For each z € X, we see that B(z) is a finite subgroup
of A of order, say n(x). By o-minimality, there is an m such that n(x) < m for
all z € X. Let n = m! and let [n] : A — A be the definable homomorphism
which sends a into na. Then Ker[n] is a definable subgroup of A of bounded
exponent and U{B(z) : x € X} C Ker[n|. By [s] Corollary 5.8, F = Ker|n|
is finite. O

Lemma 4.5 Let I' : G x B — H be as in Lemma 4.2. Then there is a
definable group B’ of the form B/E where E is a definable subgroup of B
of dimension zero and a definable family ® : G x B — B’ of definable
endomorphisms of B’ such that Kerg® is a proper definable subgroup of G
and for each g € G \ Kerg®, the map ®(g) is a definable automorphism
of B'. Moreover, for all g € G and ¢ € B’, there is a d € B’ such that
®(—,c) : G — B’ is continuous at g and ® : G x B' — B’ is continuous
at (g,c+d).

Proof. Note that B is definably-connected. Since B has no infinite
proper definable subgroups, for each g € G, it follows that I'(g)(B) is either
0 or infinite (with the same dimension as B), definably-connected and with
no infinite proper definable additive subgroups. So for all g,h € G, either
I'(9)(B) NT'(h)(B) has dimension zero or I'(g)(B) = I'(h)(B). By 4.3, there
is a minimal n > 1 such that for each i € {1,...,n} there is a g; € G
such that: (i) D(g)(B) # 0; (i) D(G)(B) € D{g)(B) + - -+ [(g,) (B) and
(iii) F = (N, ['(g;)(B) has dimension zero. The group D = I'(G)(B)/F is
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definable and we have a natural induced definable family A : G x B — D of
definable homomorphisms from B into D. It is easy to see that KergA # G.
Now for each i € {1,...,n}let D; =I'(¢;)(B)/F. Then by 4.3, D = @}, D,
and we have natural induced definable families A; : G x B — D, of definable
homomorphisms from B into D;, and there is iy € {1,...,n} such that
KergA;, # G.

For each g € G \ KergA,;,, KergA;,(g) is a definable subgroup of B of
dimension zero. So by Lemma 4.4, there is a definable subgroup E of B
of dimension zero such that U{KergA;,(g) : ¢ € G\ KergA;,} C E. Let
B' = B/E. It is easy to see that A;, induces a natural definable family
®' : G x B — D,, of definable homomorphisms of B’ into D;, such that
Kerg®" # G and for each g € G\ Kerg®', ®'(g) is a definable injective
homomorphism of B’ into D;,. Let ¢ € G \ Kerg®'. Then ®'(g)(B’) is
a definable subgroup of D;, of the same dimension as D;,. Since D;, is
definably-connected, ®'(g)(B’) = D;,. Therefore, " induces a natural defin-
able family ® : G x B" — B’ of definable endomorphisms of B’ such that
Kerg® # G and for each g € G\ Kerg®, it follows that ®(g) is a definable
automorphism of B’.

Since for all ¢ € G and ¢ € B, there is a d € B such that I'(—,c¢) :
G — H is continuous at g and I' : G x B — H is continuous at (g, c+ d),
by construction the same holds for A and A;,. This also holds for ®’ since
it holds for A;, and the definable subset of B’ on which a definable section
t : B — B is continuous is a large definable subset. Finally the result holds
for ® since it holds for @’. O

Theorem 4.6 Let (A,v) be a definably-connected, non-trivial definable G-
module, where G is an infinite definably-connected definable group. Let B’
and ® : GXx B" — B’ be as in Lemma 4.5. Then B’ is not definably compact.
In particular, A is not definably compact.

Proof. Let B',B and ® : G x B — B’ be as in Lemma 4.5. And
suppose that B’ is definably compact. Since Kerg® # G and G is definably-
connected, we have dim(Kerg®) < dimG and by Lemma 4.1 there is a defin-
able continuous embedding o : (a,b) — G such that lim; .+ o(t) = 1 and
o(a,b) € G\ Kerg®. Let g € B’ \ {0}. Then for every t € (a,b), the map
O(o(t),—) : B — B'is a definable automorphism of B" and therefore, there
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exists a unique x € B’ such that ®(o(t),z) = x¢. This gives us a definable
function 7 : (a,b) — 7(a,b) C B’. Since B’ is definably compact, there is
an element ¢ € B’ such that lim, .+ 7(t) = c.

By Lemma 4.5, there is d € B’ such that ® is continuous at (1, ¢ + d)
and the definable function ®(—,d) : G — B’ is continuous. Then we have
O(o(t),7(t) +d) = ®(o(t), 7(t)) + ®(o(t),d) = xo + P(0(t),d) and, taking
the limit as t — a™, we get 0 = ®(1,c+ d) = x¢ + P(1,d) = o which is a
contradiction.

Suppose that A is definably compact. By Lemma 3.14, A%, A/A% B and
B’ are definably compact. O

The next corollary was also proved (using the theory of \/-definable
groups) in [pst2] Corollary 5.4 but under the assumption that N has defin-
able Skolem functions. Recall from [s] that a definable group G is monogenic
if there is g € GG such that the smallest definable subgroup of G containing ¢
(which exists by DCC) is G.

Fact 4.7 ([s] Lemma 5.16) Let A < U be definable groups. If A C Z(U) and

U/A is monogenic then U is abelian.

Corollary 4.8 Let U be a definably compact, definably-connected definable
group. Then U is either abelian or U/Z(U) is a definably semi-simple defin-
able group. In particular, if U is solvable then it is abelian.

Proof. We may assume without loss of generality that A is Ry-saturated.
Suppose that U/Z(U) is infinite and not definably semi-simple. Then there
is an infinite, abelian, normal, definably-connected, definable subgroup Z
of U/Z(U). By Remark 3.12 there is a definable normal subgroup V' of U
containing Z(U) (and so Z(U) C Z(V)) such that Z = V/Z(U). Therefore
V' is solvable and dimV > 0. By Lemma 3.14, V is definably compact. If
dimV < dimU, then by induction V? is abelian. In this case let X = V9. If
dimV = dimU, then V = U and U/Z(U) is infinite and abelian. Therefore by
[s] Corollary 5.8, there is an infinite, definably-connected definably compact
monogenic definable subgroup Y of U/Z(U). By Remark 3.12 there is a
definable normal subgroup W of U containing Z(U) (and so Z(U) C Z(W))
such that Y = W/Z(U). By Fact 4.7, W is abelian and dimW > 0. In this
case, let X = W°.
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Now X is a definable U-module by conjugation and by Theorem 4.6, we
have X = XV < Z(U) which is a contradiction. O

We finish this section with some applications of the results above to Z-
definable solvable groups globally over I where Z is a definable o-minimal
expansion of an ordered group.

Corollary 4.9 Let A be an Z-definable abelian group globally over I. Sup-
pose that (A,7) is a non-trivial definable G-module where G is an infinite
definably-connected definable group. Then there is a definable o-minimal ex-
pansion of a real closed field J which is a definable expansion of T and there
are J-definable subgroups B and C' of A such that B < C and C/B is J -
definably isomorphic to the additive group of J .

Proof. Let & : Gx B’ — B’ be as in Lemma 4.5. Then by Lemma 3.17,
B’ is a one dimensional torsion-free ordered Z’-definable group with domain I
and identity 0 and Kerg® # G, where Z' is the definable o-minimal expansion
of T obtained by adding a predicate for B = A% B’ and C (which is the
definable subgroup of A such that C/B = B’).

By Lemma 4.1 there is a continuous definable embedding o : (a,b) C
N — G such that lim;, ,,+o(t) =1 and o((a,b)) C G \ Kerg®. For each
t € (a,b), the map ®(o(t),—) : B® — B’ is a definable automorphism of
B'. Let zp € B'\ {0}. Since B’ is monogenic, ®(o(t),—) is determined by
®(o(t),20). On the other hand, since ®(—,zy) : G — B’ is continuous,
®(o((a,b)), z0) = (0,e) C B'. Therefore, there is an infinite definable family
U : (0,e) x B" — B’ of definable automorphisms of B’ given by ¥(z,b) =
®(y,b) for some (equivalently for all) y € o((a,b)) C G such that z =
O (y, z9). If J is the definable o-minimal expansion of Z’ obtained by adding
a predicate for ¥, then by [ms] Lemma 1.7, J is not linearly bounded with
respect to the group operation of B’ and so there is an J-definable real closed
field whose additive group is B'. a

Corollary 4.10 Let U be an Z-definable solvable group globally over I which
is not abelian . Then there is a definable o-minimal expansion of a real
closed field J which is a definable expansion of T and there are J-definable
subgroups B and C' of U such that B < C' and C'/B is J -definably isomorphic
to the additive group of J .
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Proof. We may assume without loss of generality that A is Ny-saturated.
Since U/Z(U) is infinite and solvable, there is an infinite, abelian, normal,
definably-connected, definable subgroup Z of U/Z(U). By Remark 3.12 there
is a definable normal subgroup V of U containing Z(U) (and so Z(U) C
Z(V)) such that Z = V/Z(U). Therefore V is solvable and dimV > 0.
By Lemma 3.17, V' is an Z-definable solvable group globally over I. If V is
abelian, put X = V. Suppose that dimV' < dimU and V is not abelian. Then
by induction, the result holds. If dimV = dimU and V' is not abelian, then
V =U and U/Z(U) is infinite and abelian. By [s] Corollary 5.8, there is an
infinite, definably-connected, monogenic definable subgroup Y of U/Z(U).
By Remark 3.12 there is a definable normal subgroup W of V' containing
Z(U) (and so Z(U) € Z(W)) such that Y = W/Z(U). By Fact 4.7, W is
abelian and dimW > 0. In this case put X = W. In both cases, X is a
non-trivial definable U-module under conjugation since XV < Z(U). Now
the result follows from Corollary 4.9. O

5 Definable solvable groups

5.1 Preliminary lemmas

In this subsection, Z will be a maximal definable o-minimal expansion of an
ordered group (I, 0,4+, <). Recall that if G is a one-dimensional, torsion-free,
definably-connected, definable group, then G is an abelian, divisible, ordered
definable group with no non-trivial proper definable subgroups. In this case,
if A is a definable group and f : G — A a definable continuous map, by
lim, o f(z) € A, we mean that this limit exists and is an element of A.
Moreover, we will say that G is globally orthogonal to Z if the definable o-
minimal structure induced by N on the ordered definable group G is globally
orthogonal to Z.

Lemma 5.1 Let A be a definably compact definable group. Suppose that
G is a one-dimensional, torsion-free, definably-connected, definable group,
(A,0) € EK\(G,B) and (U,j) € Extar(G,A,0). Then U is definably
isomorphic to A x G.
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Proof. Let s: G — U and let ays and hy,,, be as in Proposition 3.23.
Since A is definably compact, for all z € G, the limit lim, ;o hoy (7, 9)
exists in A.

For each x € G, let go, (z) = limy_, o hay (z,y) € A. By equa-
tion (2) we have Ay, (2,4) — 0s(2)Frag (0 2o (2 52) (s, (2, 2))
Taking the limit as 2 — 400 (note that, since GG is an ordered group
yz — 400 as z — +o00) we obtain for all z,y € G, hoy (7,y) =
ov,5(%)(Gaw, () 9o, (@) (Gay . (zy))~" which is equation (5). By Proposition
3.24, this implies that U is definably isomorphic to A x, G for some homo-
morphism v : G — Aut zr(A) such that the induced map v: G x A — A
is definable.

By Theorem 4.6, (A,~) is a trivial definable G-module, and so U is de-
finably isomorphic to A x G. O

Lemma 5.2 Let A = (1,0,+) and G = (I,0,®) be Z-definably-connected
one-dimensional torsion-free I-definable groups. Suppose that (A,~) is an
Z-definable G-module and T is linearly bounded with respect to +. If (U, j) €
Extar(G, A,7), then U is definably isomorphic to A x G.

Proof. By Corollary 4.9, (A,7) is a trivial definable G-module.

Let c € Z%(G, A, 7) be as in Proposition 3.27. Since Z is linearly bounded
with respect to +, by [ms] Proposition 3.2, there are ry,...,r; € A(Z) such
that for each z,y € G we have c¢(z,y) = r,y + o(z,y) where r, € {ry,..., 1}
and o : G x G — A is a definable function such that, for each x € G, the
definable function o, : G — A, define by 0,(y) = o(z,y) is bounded (in
particular, lim, . o(z,y) € A).

Let g, h,k € G, and suppose h is large enough so that ry, = rgen = 7.
Then by equation (6) we have

C<h7 k) - C(QEB h’7 k) +C(g7h€B k) - C(gvh) =
=0.

Therefore for all g € G, we see that ry, = 0, since the above equality implies
that 7, is bounded (take & — +00). And so, for all g € G, we find that
lim, o c(g,h) € A.
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For each g € G let b(g) = limg_,,c(g,k) € A. For all g,h, k € G we
have ¢(h, k) — c(g ® h, k) + c(g,h & k) — (g, h) = 0 by equation (6). Taking
the limit as & — —+o0 (note that, since G is an ordered group hk — +00
as k — +o00) we obtain ¢(g,h) = b(h) — b(g ® h) + b(g). Therefore, by
Proposition 3.28, U is definably isomorphic to A x G. a

Lemma 5.3 Let G be a one-dimensional, definably-connected, torsion-free
definable group and let A be an I-definable solvable group globally over I.
Suppose that G and T are globally orthogonal, (A,0) € EKz/(G,B) and
(U,j) € Extar(G, A, 0). Then U is definably isomorphic to A x G.

Proof. Let s : G — U and let ay, and hay, be as in Proposition
3.23. Let x € G. If limy_, o hoy, (7,y) does not exist in A, then by the
monotonicity theorem, for some ¢ € {1,...,n}, the definable map b : G —
I given by b(y) = 7%(hey,,(7,y)) where ¢ : I" — [ is the projection onto
the g-coordinate, determines a definable bijection between an unbounded
subinterval K in G and the unbounded subinterval 6?(K) of I. But since we
have definable group structures on / and on G, this definable bijection can be
extended to a definable bijection between [ and G, which is a contradiction.
Therefore, for all z € G, limy,_  ha,, (7,y) € A.

For each x € G, let go, (z) = limy_, o hay (z,y) € A. By equa-
tion (2) we have Aay,. (7,4) — 0s(2)Frag (0 2 g (2 52) (s, (23, 2)) -
Taking the limit as 2 — 400 (note that, since GG is an ordered group
yz — 400 as z — +o00) we obtain for all z,y € G, hoy (7,y) =
,5(%)(Jap., (Y)) 9o, (%) (Gay. (zy)) " which is equation (5). By Proposition
3.24, this implies that U is definably isomorphic to A x, G for some homo-
morphism v : G — Aut zr(A) such that the induced map v: G x A — A
is definable.

To finish, we need to show that v(g)(a) = a for all @ € A and g € G.
Suppose that this is not the case.

Suppose that A is abelian. Then (A, ) is a definable G-module. Let B’
and ® : G x B' — B’ be as in Lemma 4.5. Then B’ is a one dimensional
torsion-free ordered Z-definable group with domain I and Kerg® = 1. Let
xog € B"\ {0}. For each t € G, ®(t,—) : B® — B’ is a definable automor-
phism of B’. Therefore there is a definable map 7 : G — B’ such that
O(t,7(t)) = zo for all t € G. Since Z and G are globally orthogonal, there is
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¢ € B’ such that limy_, ., 7(t) = ¢. By Lemma 4.5, there is d € B’ such that
® is continuous at (1, ¢+ d) and the definable function ®(—,d) : G — B’ is
continuous. Then we have ®(¢,7(t) + d) = ®(¢,7(t)) + ©(t,d)= zo + D(¢,d)
and, taking the limit as t — —o0, we get 0 = ®(1, c+d) = 2o+ P(1,d) = xg
which is a contradiction.

Suppose on the other hand that A is not abelian. Then by Corollary
4.10, 7 is a definable o-minimal expansion of a real closed field. By [ppsl]
Corollary 2.22 and Fact 2.25 we have, after fixing a basis for the tangent
space of each A, a definable homomorphism « : G — GL(m, I) defined by
a(g) = do(v(g)) and with kernel {g € G : v(g)(a) = a for alla € A} = 1.
So G is in definable bijection with a one-dimensional, definably-connected
definable subset a(G) of I"™”. But since T expands a real closed field, there
is an Z-definable bijection between «(G) and I. And so there is a definable
bijection between GG and I which is again a contradiction. 4

Let U be a definable abelian group of dimension two and with no definably
compact parts. Lemmas 5.2 and 5.3 above show that either U is definably
isomorphic to a direct product of two one-dimensional torsion-free definable
groups, or U is a definable group in a definable o-minimal expansion Z of
a real closed field (7,0, 1,+,-, <) and there is an Z-definable extension 1 —
A—U— G —1where A= (1,0,+) and G = (1,0,®) is a one-dimensional
torsion-free Z-definable group.

Before we consider the latter case, we prove the following lemma which is
related to the Miller-Starchenko problem we mentioned in the introduction.

Lemma 5.4 Let Z= (I,0,1,+,+,<,...) be a definable o-minimal expansion
of a real closed field and let G = (1,0,®) be an Z-definable one-dimensional
torsion-free ordered group. Then G is I-definably isomorphic to (1,0,+) if
and only if there is an I-definable C function o : G — I such that a(0) =
0, &/(0) # 0 and o/()%2(0,t) = a/(0) for allt € G, where ®(x,t) =zt for
all x € G.

Proof. For z,t € G, let \y(x) = x @ t. Then for all s,t € G, we have
Du(5) = 92(s,t) where (s, t) = s Dt

Suppose that a : G — (1,0, +) is an Z-definable isomorphism. Then
a is C with «(0) = 0, and for all z,t € G we have a(\(x)) = alz B t) =

a(z) + «a(t). Taking the derivative with respect to z in this equation, we
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get of (\(2)) 2t (z) = o/ (z). Putting z = 0 we get o/(t)%t ( ) = d’(0). By
associativity of @, for all ¢, s € G, we have d);@t( ) = 2 (s5)%=(0). Therefore,
4(0) 0 and so o/(0 )7&0
Let @ : G — I be an Z-definable C' function such that «(0) = 0,
o/(0) # 0 and for all t € G, o/(t)2£(0) = o/(0). Replace in this equation ¢
by s @ t, then we get o/ (M\(s ))d/\sﬂ” (0) = &/(0). Using the equation obtained

above from the associativity of @, we get a/(A(s))2%(s)L=(0) = o/(0). But

o/ (s)%=(0) = o/(0) and therefore, after dividing both sides of this equation
R (0), we get o/ (Ae(s))%L(s) = o/(s). This implies that for each ¢ € G,

the definable function 8 : G — [ given by f(z) = a(A(z)) — a(z) — a(t) is
such that %(s) =0 for all s € G, i.e. a is an Z-definable isomorphism. O

Lemma 5.5 Suppose that T is an expansion of a real closed field and that
we have an IL-definable abelian extension 1 — A — U — G — 1 where
A= (1,0,+,<) and G = (1,0,®, <) is a one-dimensional torsion-free I-
definable group. Let m € N. Then there is a 2-cocycle ¢ € Z%(G,A) corre-
sponding to this T-definable extension and there is € > 0 such that c 1s C™ ev-
erywhere except possibly on {Se} x GUG x {&¢e}. Moreover, U is Z-definably
isomorphic to A x G iff there is an Z-definable function o : G=°¢ — A such
that
Vs € GO, o/(s)92(0, s) = o’(0) — 9¢(0, 5).

Proof. Let t : G — U be an Z-definable section. Then by o-minimality
there are gy > € > 0 such that ¢ is C™ on (gy © €, +00). Let s : G — U be
the Z-definable section given by: for all g € G, if g > ©e then s(g) = t(g @
90)t(go) " and if g < Se then s(g) = s(©g)~!. Then s(0) =0 and s is C™ on
G\ {&¢€}. Let c(g,h) = s(g)s(h)s(g & h)~! be the corresponding Z-definable
2-cocycle. Then ¢ is C™ everywhere except possibly on {©e} x GUG x {©¢}.

By Proposition 3.27, U is Z-definably isomorphic to an Z-definable group
V' with domain A x G and group operation given by (a,z)(b,y) = (a +
b+ c(z,y),zy). By Proposition 3.28, V' (and therefore U) is Z-definably
isomorphic with A x G if and only if there is an Z-definable function « :
G — A with «(0) = 0 such that the definable function g : G — U,
B(s) = (—a(s), s) is a definable homomorphism. Or equivalently, if and only
if there is an Z-definable function o : G7°¢ — A with «(0) = 0 such that
the definable function g : G*°¢ — U, f(s) = (—«a(s),s) is a definable
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partial homomorphism (because such an Z-definable partial homomorphism
B : G7%¢ — U can easily be extended to an Z-definable homomorphism
v : G — U and so V' is Z-definably isomorphic to A x G). Equivalently, if
and only if there is an Z-definable function « : G=°¢ — A such that

Vi € G5, a(M (@) = ale) +alt) — c(z,1),  (a)
or equivalently

Vi, x € G7%, o/ (M(2)) Bt (2) = o/ (z) — Z(z,t).  (b)

Putting = 0 and ¢ = s in equation (b) we get

Vs € G7O¢, o/ (s)2=(0) = o/(0) — 2(0, s). (¢)

To prove the converse replace s by s @ ¢ in equation (c). Then we
get a’()\t(s))%(O) = o/(0) — 2(0,s @ t). By associativity of ®, we get

d>‘S t t s t s — c

Laot () = Le(5)Ds((). Therefore, o’ (Ae(s)) L (s) L (0) = o/ (0)—2£(0, sbt).
On the other hand, if in equation (6) we put g = x, h = s, k =t and take
the derivative with respect to z and put z = 0, we get —2¢(s,¢)L=(0) +

T

%0, s®t) — 25(0,s) = 0. Using this we get a/(\e(s))%%(s)%=(0) = o/ (0) —

%(O, s) — 2(s, 1) %2 (0). But o/(s)%2(0) = o/(0) — 2£(0, s) by equation (c).

Thus o (A(s)) %2 (s) 2 (0) = o/(s)cilif(O) —9¢(5,4)2=(0). And, after dividing

x dx x Ox dx
both sides of this equation by % (0), we get equation (b). O

5.2 The main theorems

Remark 5.6 Suppose that A is a definably-connected definable solvable
group of the foorm A = K x A} x --- x A, where K is definably com-
pact and definably-connected and where, for each ¢ = 1,... r, there is
a definable o-minimal expansion Z; of an ordered group pairwise globally
orthogonal such that A; is an Z;-definable group globally over I;. Then
Autzr(A) = Aut p\r(K) x Autpr(Ay) x -+ x Aut pr(4,).

In fact, let a : A — A be a definable automorphism of A. Then, since K
is the maximal definably compact, definably-connected definable subgroup
of A, by Lemmas 3.14 and 3.15, a(K) is a definably compact, definably-
connected definable subgroup of A, and so a(K) C K. Fori = 1,...,k,
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the subgroup A; is the maximal Z;-definable subgroup of A globally over
I;. By Lemma 3.17, a(A;) is an Z;-definable subgroup of A globally over I;.
Therefore, a(4;) C A;.

The following important result is proved by Peterzil and Steinhorn.

Theorem 5.7 ([ps] Theorem 1.2) Let G be a definable group which is not
definably compact. Then G has a one-dimensional torsion-free ordered defin-
able subgroup.

We are ready to prove one of our main results describing definable solvable
groups.

Theorem 5.8 Suppose that U is a definably-connected definable solvable
group. Then U has a definable normal subgroup V' such that U/V is a defin-
ably compact definable solvable group andV = K xXWyx- - - xWyx Vi x---x V.
Here K is the definably-connected, definably compact normal subgroup of U
of mazimal dimension. For each j € {1,... s} (resp., i € {1,...,k}), there
is a semi-bounded o-minimal expansion J; of a group (resp., an o-minimal
expansion I; of a real closed field) definable in N all of which are pairwise
globally orthogonal such that W; is a direct product of copies of the additive
group of J; and V; is definably isomorphic to an Z;-definable solvable group
with no Z;-definably compact parts.

Proof. We prove this by induction on the dimension of U. The result is
clearly true for dimension zero. So let U be as above and suppose that the
result is true for solvable definable groups of lower dimensions.

We first show the existence of K. If U has no non-trivial definably com-
pact definably-connected definable normal subgroups, then we put K = 1.
Otherwise, let K’ be a definably compact definably-connected definable nor-
mal subgroup of U of positive dimension and let U; = U/K’. Then since
dimU; < dimU, it follows that U; has a definably-connected definably com-
pact normal, definable subgroup K; of maximal dimension. Now apply Re-
mark 3.12 and let K be the definable normal subgroup of U which is a
definable extension of K; by K’. By Lemmas 3.14 and 3.15, K is a definably
compact definably-connected definable normal subgroup of U. We show that
K is the unique such definable subgroup of maximal dimension. Let H be
a definably compact, definably-connected, definable normal subgroup of U.
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Since K H/K is definably isomorphic to H/K N H, by Lemmas 3.14 and 3.15,
KH and KH/K are definably compact definably-connected definable groups
with K'H normal in U and K H/K normal in U;. Therefore, KH/K C K;
and KH C K.

Set U' = U/K. Then U’ is definably-connected (by Lemma 3.15) and has
no non-trivial definably compact, definably-connected, definable normal sub-
groups. In particular, U’ is not definably compact. Therefore, by Theorem
5.7 (i.e., [ps] Theorem 1.2), U’ has a definably-connected, one-dimensional,
torsion-free definable subgroup H. In particular, H has no definably compact
parts. For each u € U’, uHu ™" is also a one dimensional definable solvable
group with no definably compact parts. Moreover, HuHu™!/H is definably
isomorphic to H/H NuHu™! and, by Lemma 3.18, H N uHu™! is also a
definable solvable group with no definably compact parts. By Lemma 3.18
again, HuHu ™! is a definable solvable group with no definably compact parts
dim(HuHu™') = dimH + dim(H/H NuHu')> dimH. Therefore, there is
a definable solvable subgroup W of U’ with no definably compact parts and
of maximal dimension. By exactly the same argument as above, we see that
W is a normal subgroup of U’ and U’/W is definably compact. Now apply
Remark 3.12 and let V' be the definable normal subgroup of U which is a
definable extension of W by K. Then U/V = U’/W is definably compact.
Since W is a definable solvable group with no definably compact parts, there
is a normal definable subgroup W’ of W such that G = W/W’ is a one di-
mensional definable solvable group with no definably compact parts. Apply
Remark 3.12 and let V'’ be the definable normal subgroup of V' which is a
definable extension of W’ by K. Then dimV’ < dimV, and by the induction
hypothesis, the result holds for V' ie., V! = K xW{x---xW!xV/x---x V[,
where K is the definably-connected, definably compact normal subgroup of
V" of maximal dimension. Foreach j € {1,...,s} (resp., ¢ € {1,...,k}) there
is a semi-bounded o-minimal expansion J'; of a group (resp., an o-minimal
expansion Z/, of a real closed field) definable in A all of which are pairwise
globally orthogonal such that W7 is a direct product of copies of the additive
group of J and V' is definably isomorphic to an Zi-definable solvable group
with no Z!-definably compact parts.

To finish the proof of the theorem, use Remark 5.6, Remark 3.26, and
Lemmas 5.1, 5.2 and 5.3. O
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Remark 5.9 Let U be a definably-connected definable abelian group and let
V.K,Wi,..., W, Vi,..., Vi be the subgroups of U given by Theorem 5.8. If
Ae{V,K,Wy,...,Wg, Vi,...,Vi}, then A is invariant under every definable
endomorphism of U.

In fact, let @ : U — U be a definable endomorphism of U and let
B=W;x...xWyxV;x...xV,. Then B is the maximal definable subgroup
of U with no definably compact parts. By Lemma 3.18, a(B) is a definable
subgroup of U with no definably compact parts, and so a(B) C B. Similarly,
a(K) C K and consequently o(V) C V. For ¢ = 1,...,k, the subgroup V;
is the maximal Z;-definable subgroup of U globally over ;. By Lemma 3.17,
a(V;) is an Z;-definable subgroup of U globally over I;. Therefore, a(V;) C V;
and similarly, a(W;) C W, forall j =1,...,s.

The same argument, shows that if U is solvable, then A is invariant under
every definable automorphism of U.

Theorem 5.10 Let Z= (1,0,1,4+,-,<,...) be an o-minimal expansion of
a real closed field and let U be an IZ-definable solvable group with no Z-
definably compact parts. Then U = W x V', where W is the mazximal definable
subgroup of U which is a direct product of copies of the linearly bounded one-
dimensional torsion-free L-definable group. The group V is an Z-definable
group whose centre Z(V') has an Z-definable subgroup Z such that Z(V')/Z
1s a direct product of copies of the linearly bounded one-dimensional torsion-
free Z-definable group and such that there are Z-definable subgroups 1 < Z; <
o < Ly = Z where for eachl € {1,...,m}, the group Z;/Z,_1 is the additive
group of Z, and V/Z(V') Z-definably embeds into GL(n,I).

Proof. We prove the result by induction on the dimension of U. The
result is clearly true for dimension one. So let U be as above and suppose
that the result is true for Z-definable solvable groups with no Z-definably
compact parts of lower dimensions than that of U.

Since U is an Z-definable solvable group with no Z-definably compact
parts, there is a normal Z-definable subgroup U’ of U such that G = U/U’
is a one dimensional Z-definable solvable group with no Z-definably compact
parts. Since dimU’ < dimU, by the induction hypothesis, the result holds
for U’. In particular, U' = W’ x V' where W’ is the maximal Z-definable
subgroup of U" which is a direct product of copies of the linearly bounded
one-dimensional torsion-free Z-definable group and V"’ is an Z-definable solv-
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able group with no Z-definably compact parts and with no Z-definable sub-
groups Z-definably isomorphic to a direct product of copies of the linearly
bounded one-dimensional torsion-free Z-definable group. Note that under
these conditions, W’ and V' are Z-definable subgroups of U’ invariant under
all Z-definable automorphisms of U’. By Remark 3.26 and Lemma 5.3, U’ is
Z-definably isomorphic to W’ x V" where V" is an Z-definable extension of G
by V'. If G is Z-definably isomorphic to the linearly bounded one-dimensional
torsion-free Z-definable group and V" is Z-definably isomorphic to G x V", let
W =W'x G and V = V’; otherwise, let W = W' and V = V”. Clearly, W
has the properties mentioned in the theorem and V' is an Z-definable solvable
group with no Z-definably compact parts and with no Z-definable subgroups
Z-definably isomorphic to a direct product of copies of the linearly bounded
one-dimensional torsion-free Z-definable group.

The fact that Z(V) is as described is proved in the same way. The
fact that V/Z(V') Z-definably embeds into some GL(n, I) is proved in [opp]
Corollary 3.3. a

Corollary 5.11 below is an adaption of an argument due to Iwasawa (see
the proof of [i] Lemma 3.4).

Corollary 5.11 Let Z= (1,0,1,4+,-,<,...) be an o-minimal expansion of a
real closed field with no Peterzil-Steinhorn Z-definable groups. Then every
T-definable solvable group U with no Z-definable compact parts is Z-definably
isomorphic to a definable group of the form U' x Gy -+ -Gy - Gri1 - - - Gy where
U’ is a direct product of copies of linearly bounded one-dimensional torsion-
free Z-definable groups. For i = 1,...,k, we have G; = (I,0,+) and for
i=k+1,....1, we have G; = (I7°1,-).

Proof. By Theorem 5.10, we may assume that U = U’ x G where
U’ is the maximal Z-definable normal subgroup of U which is a product
of copies of the linearly bounded one-dimensional torsion-free Z-definable
group and G is as described there. Furthemore, since there are no Peterzil-
Steinhorn Z-definable groups, every Z-definable abelian group with no Z-
definably compact parts is a direct product of one-dimensional torsion-free
Z-definable groups. Therefore by an argument similar to that used in the
proof of Theorem 5.8 (substitute “definably compact, definably-connected de-
finable group” by “linearly bounded one-dimensional torsion-free Z-definable
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group”), we can assume that Z(G) is a direct product of copies of additive
group of Z and there are Z-definable subgroups 1 = Hy < H; < --- < H,, 11 =
G such that for each i € {1,...,n}, H; is the smallest definable normal
subgroup of H;.; such that H;1/H; is abelian, H;/H;_ 1 is a direct product
of copies of additive group of Z and H,1/H, is a direct product of copies
(possibly zero copies) of the linearly bounded one-dimensional torsion-free
Z-definable group.

Let G = G/Z(G). Since G I-definably embeds into some G'L(k,I), by
[pps3] Theorem 4.1 and the remark above, G = G, - - - Gy - G RRE - G7 where
for each i € {1,...,k}, G; = (1,0,4) and for each i € {k +1,...,l}, G; =
(17°,1,+). Let N be the Z-definable extension of G;---Gf - Gg,, -G,
by Z(U) (and therefore G/N is a one dimensional torsion-free Z-definably-
connected Z-definable group). By induction it is enough to show that G
contains an Z-definable subgroup H (Z-definably isomorphic with G/N) such
that G = NH and HN N = 1.

We prove this by induction on I. Note that if [ = 0 or [ = 1, then
G is abelian (in the second case by Fact 4.7) and so the claim holds by
assumption. Assume that the claim is true all Z-definable groups with no
Z-definably compact parts and with lower .

Suppose that NV contains a proper Z-definable normal subgroup N; of G.
By induction applied to G/N; there is an Z-definable subgroup G such that
G = NGp, GiNN = N; and G;/N; = G/N. Again the induction assumption
for G; and N; gives us an Z-definable subgroup H such that G; = N1 H and
H N N; = 1. This H satisfies the claim.

We can therefore assume that N has no proper Z-definable subgroup
which is normal in G. If N is in the centre of GG then by Fact 4.7, GG is abelian
and by assumption the claim is proved. If /V is not in the centre of G then,
using the decomposition series 1 = Ky < Ky < -+ 9 K,,,;1 = N of N like
the one we obtained for G above, we see that N must be a direct product
of k copies of the additive group of Z. Therefore N is an Z-definable G-
module under conjugation and we have a natural Z-definable homomorphism
A: G — GL(k,I). And so there is an Z-definable embedding G/N —
GL(k,I). We show that that there is ¢ € G such that det(A(g) — Id) # 0
and so [N, g] = N. Since N is not in the centre of G, there is g € G which
does not commute with some element in N. Let N’ be the eigenspace for the
value 1 of the matrix A(g). Since A(G) is abelian, N’ is invariant under all
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the A(h). But this means that the Z-definable subgroup N’ of N is normal in
G and therefore by the assumption we must have either N' = N or N’ = 1.
The first case does not hold since g does not commute with some element of
N. Therefore N' =1, det(A(g) —Id) # 0 and [N, g] = N.

Now take an arbitrary element y € G and put z = gyg~'y~!. Since G/N
is abelian, we have z € N. Take u € N such that z = gug~'u~! and put
v = u"ly. It follows that gv = vg and so G = NC¢(g). If z € C5(g)NN, then
grg~'z™' =1 and det(A(g) —Id) # 0 implies that x = 1, i.e. Cg(g)NN = 1.
O

Corollary 5.12 Let Z and U be as in Corollary 5.11. Then G = Gy - -G -
G- -- Gy, there is an I-definable embedding L-definably of G into some
GL(n,I) and U is Z-definably isomorphic to a group definable in one of the
reducts (1,0,1,4,-,®), (1,0,1,+,-,®,€') or (I,0,1,+,-, @, ... ") of T
where (I,0,) is the Miller-Starchenko group of Z, €' is the Z-definable ex-
ponential map (if it exists), and the t%’s are I-definable power functions.
Moreover, if U is nilpotent then U is Z-definably isomorphic to a group de-
finable in the reduct (1,0,1,+,-,®) of L.

Proof. Since G = G, - - G- Ggyq - - - Gy, an induction on [ shows that G
Z-definably embeds into some G'L(n, I) and G is Z-definably isomorphic to a
group definable in one of the following reducts (7,0,1,+,-), (1,0,1,+,-, €'
or (1,0,1,+4,-,t%, ... t") of Z where € is the Z-definable exponential map (if
it exists), and the t%’s are Z-definable power functions. If U is nilpotent then
G is nilpotent and by [pps3] Proposition 3.10, G is Z-definably isomorphic
to a group definable in the reduct (7,0,1,+,-) of Z. O

Remark 5.13 [pps3] There are solvable linear groups U and V' definable
in o-minimal expansions of (R,0,1,+,-, <) by exp and t" respectively, such
that U (resp., V') is not isomorphic, even abstractly, to a definable group in
o-minimal expansions of (R,0,1,+,-, <) by some t° (resp., to a real semi-
algebraic group). For example, take A = (R?,0,+), G = (R,0,+) and
H = (R°%1,:). Let U = Ax, G and V = A xg H, where a(t)(a,b) =
(exp(t)a + texp(t)b, exp(t)b) and B(t)(a,b) = (ta,t"d).
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We end this subsection with the following result from [ps] which shows
that definable abelian groups are not necessarily the direct product of a
definable abelian group with no definably compact parts and a definably
compact definable abelian group.

Fact 5.14 [ps| Let R= (R,0,1,4, <). Then for m,n € N and L an integral
lattice in R™ there are R-definable abelian groups T'(m, n, L) and T'(n, L) with
dimensions m+n and n respectively, such that we have an R-definable exten-
sion 1 — (R™,0,+) — T(m,n,L) — T(n,L) — 1. Moreover, if L is generic
then (R™,0,+) does not have an R-definable complement in T'(m,n, L) and
T'(n, L) does not have R-definable infinite proper subgroups.

The same result holds in (R,0,1, +, -, <).

6 The Lie-Kolchin-Mal’cev theorem

6.1 More on definable G-modules

In this subsection we will describe definable G-modules, generalising a result
from [mmt| describing faithful, definably irreducible definable G-modules.

Notation: Let (A,v) be a definable G-module. For i = 1,...,m,
let (A;,7:) be a definable G;-module. We write (G, A,7v) = (G1, A1, 71) X
o X (G Ay ym) I G =Gy X - X Gy A= Ay X -+ X A, and for all
g =1(q1,---,9m) € G, and all a = (ay,...,a,) € A we have y(g)(a) =
(71(g1)(@1), - - -, Ym(gm)(am)). Recall also that G denotes G/Kery and we
have a natural definable G-module (A,7). Also, A = A/A% and we have a

natural definable G-module (A, v5).

Theorem 6.1 Let (U,v) be a definable non-trivial G-module where U and
G are infinite definably-connected definable groups. Let V., K, W1, ..., W, and
Vi,..., Vi be the definable subgroups of U given in Theorem 5.8. Then k >
1, and for A € {V.K,Wy,... . W, Vi,...,Vi}, we have that (A,va) is a
definable G-submodule of (U,~) which is trivial for A € {K,Wy,...,Wi}.
Moreover, (U/V,vuv) is a trivial definable G-module.

Proof. Let A e {V,K,Wy,...,W,,Vi,...,Vi}. By Remark 5.9, (A, v4)
is a definable G-submodule of (U,~). For A € {K,Wy,...,W,}, Corollary
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4.9 and Theorem 4.6 shows that (A,~4) is a trivial definable G-module. Also
(U/V,yuv) is a trivial definable G-module by Theorem 4.6.

Let B',B and & : G x B" — B’ be as in Lemma 4.5. Suppose that
k = 0. Then by the paragraph above, V is contained in U%. But by Lemma
3.14, U/U%, B and B’ are definably compact, contradicting Theorem 4.6. O

Corollary 6.2 Let U be a definable solvable group which is not abelian-by-
finite. Then are definable subgroups B and C of U such that C/B ‘s the
additive group of a definable real closed field.

Proof. Suppose that U is definably-connected and let V, K, Wy, ... W,
Vi,..., Vi be the subgroups of U given by Theorem 5.8. If V; is not abelian
for some ¢, then the result follows from Corollary 4.10. So suppose that V; is
abelian for each . Then V is a definable U-module under conjugation. If for
some 7, V; is a non-trivial definable U-submodule of V', then the result follows
from Corollary 4.9. So suppose that V; is a trivial definable U-submodule of
V for all i. We can assume without loss of generality that AN is Ny-saturated.
Then by Theorem 6.1, V C Z(U) and U/Z(U) is a definably-connected defin-
able subgroup of U/V and so it is abelian and definably compact by Lemma
3.14. Since U/Z(U) is infinite and abelian, there is an infinite monogenic
definable subgroup Z of U/Z(U). By Remark 3.12, let W be the definable
normal subgroup of U such that W/Z(U) = Z. By Fact 4.7, W is abelian and
W is a non-trivial definable U-module under conjugation, since WY = Z(U).
But W/WVY = Z is definably compact contradicting Theorem 4.6. O

Peterzil and Starchenko have shown ([pst2] Corollary 5.1), assuming that
N has definable Skolem functions, that if U= (U,-) is a definable group
which is not abelian-by-finite, then a real closed field is interpretable in U.
Here we get the following.

Corollary 6.3 Let U be a definable group which is not abelian-by-finite.
Then a real closed field is definable in (N, <,U,-).

Proof. Suppose that U is definably-connected. Let R(U) be the maximal
definably-connected definable normal solvable subgroup of U. If R(U) is
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abelian then it is a definable U-module under conjugation and if it is non-
trivial we can apply Theorem 6.1. Otherwise we have Z(U) = R(U) and
U/Z(U) is an infinite definably semi-simple definable group and the result
follows from [ppsl] Theorem 4.1. If R(U) is not abelian then the result
follows from Corollary 6.2. O

Theorem 6.4 Let (U,7), G and B =V} x --- x Vi, be as in Theorem 6.1.
Then (G, B,75) = (G1, Vi,71) %+ - - X (G, Vi, V&) where for eachi € {1,...,k},
G, 1s a definably-connected definable group definably isomorphic to an I;-
definable subgroup of some GL(m;, I;). Moreover (V;,~;) is a faithful definable
Gi-module and V; = (I77% 14, -)% x (I, 04, 44)™.

Proof. Let m; = dimV;. By [ppsl] Corollary 2.22 and Fact 2.25 we have,
after fixing a basis for the tangent space of each V;, a definable homomor-
phism G — GL(my, 1) x --- x GL(my, I;) given by g — (do(vv,(9)),-- -,
do( v, (9)) and with kernel Kery. This shows that G = G x - -- x G}, where
each G, is definably isomorphic with an Z;-definable subgroup of G L(m;, I;).
Since G is definably-connected, by Lemma 3.15, G is definably-connected and
so each G; is definably-connected. If we show that for j # i, G; C Kery)y,,
then, to prove the first part of the theorem, we can take v; =7,. Let j # 4.
If G; = 1 then the claim holds trivially. So suppose that G; is infinite and
(3; is not contained in Kerﬁwj . Then V} is a non-trivial definable G;-module.
Let ® : G; x B — B’ be as in Lemma 4.5. Then B’ is a one dimensional
torsion-free ordered Z ;-definable group which, we can assume without loss of
generality, has domain /;. If we apply Lemma 4.1 with U = G;, V = Kerg, ®
and N'= Z; and use the fact that Z; is an o-minimal expansion of a real closed
field, then there is a continuous Z;-definable embedding o : I, — G; such
that lim; ,_o(t) = 1 and o(f;) C G; \ Kerg,®. Let zyp € B\ {0}. For
each t € I;, the map ®(o(t),—) : B® — B’ is a definable automorphism of
B’. Therefore there is a definable map 7 : I; — B’ such that for all ¢ € I;,
we have ®(o(t),7(t)) = xo. Since Z; and Z; are globally orthogonal and are
definable o-minimal expansions of real closed fields, there is ¢ € B’ such that
limy_, . 7(t) = c. By Lemma 4.5, there is d € B’ such that ® is continuous
at (1,c + d) and the definable function ®(—,d) : G — B’ is continuous.
Then we have ®(o(t), 7(t) + d) = ®(o(t), 7(t)) + P(o(t),d)= o + P(o(t),d)
and, taking the limit as t — —o0, we get 0 = ®(1, c+d) = 2o+ P(1,d) = xg
which is a contradiction.
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Consider GG; as an Z;-definable group and consider the Z;-definable group
Vi %, G whose center is V; x (Kery; N Z(Gy)) = Vi x {1}. By [opp]
Corollary 3.3, we have that V; x G;/(V,% x {1}) is Z;-definably isomorphic
with an Z;-definable subgroup of some GL(I;, I;) and so by [pps3] Lemma
3.9, V; = (17, 1;, )" x (I;, 0, +3)™. O

Theorem 6.5 Let I=T1;, H = G; and (A,v) = (Vi,vv;) be as in Theorem
6.4. Then A = Ay x Ay X -+ x Ay, where (Ag,74,) @5 the mazimal trivial
Z-definable H-submodule of (A,7), and for each j € {1,...,m}, we have
that (Aj,7)4,) is a definably irreducible T-definable H-submodule of (A,~). If
H; = H/Ker(va,), then (A;,%a;) is a I-semi-algebraic faithful and definably
irreducible H;-module and H;/Z(H;) is a direct product of I-semi-algebraic
I-semi-algebraically simple groups which are not abelian.

Proof. Since by Theorem 6.4, A is a direct product of copies of the
additive group and the multiplicative group of I, we have A = Ay x A; X
-+ X Ay, where (Ag,7)4,) is the maximal trivial Z-definable H-submodule of
(A,7), and for each j € {1,...,m}, we have that (A4;,4,) is a definably
irreducible Z-definable H-submodule of (A, 7).

Let H; = H/Ker(y)a,). Then (A;,7;) is a faithful and definably ir-
reducible Hj;-module and by [mmt] Proposition 1.3, (A;,7%4;) is a [-semi-
algebraic faithful and definably irreducible Hj;-module and H,/Z(H;) is a
direct product of [-semi-algebraic [-semi-algebraically simple groups which
are not abelian. O

Corollary 6.6 Suppose that (U,v) is a faithful and definably irreducible de-
finable G-module where U and G are infinite definably-connected definable
groups. Then there is a definable o-minimal expansion I of a real closed
field (1,0,1,+,-) such that U is definably isomorphic to (I1,0,+)", the defin-
able group G is definably isomorphic to an Z-definable subgroup of GL(n,I)
and (U,7) is a I-semi-algebraic faithful and definably irreducible G-module.
Moreover, G/Z(Q) is a direct product of I-semi-algebraic I-semi-algebraically
simple groups which are not abelian.

Proof. Since (U,7) is a faithful and definably irreducible definable G-
module, it is non-trivial, U = U, G = G and by Theorem 6.1, we have
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U=V =V,. Let Z=Z,. Then by Theorem 6.4, G is definably isomorphic
to an Z-definable subgroup of GL(n,I) where n = dimU and U is definably
isomorphic to (17%1,-)" x (I,0,+)%. We now show that U is definably iso-
morphic to (I,0,+)". If (I791,-) is definably isomorphic to (I,0,+) then
we may assume that r = 0 and s = n. Otherwise, (I7°,1,-)" is a definable
G-submodule of U and so either r = 0 or r = n. If r = 0, then s = n and
we are done. So assume that U is definably isomorphic to (1791, -)™. Since
7 is an o-minimal expansion of a real closed field, (I7°,1,-) is Z-definably
isomorphic to an ordered Z-definable group (7,0, x, <) with respect to which
7 is linearly bounded. This is because (/7% 1,-) is not Z-definably isomor-
phic to (7,0,+). But then, (7,0,%)" is a faithful and definably irreducible
definable G-module contradicting Corollary 4.9.

The rest of the result follows from Theorem 6.5. a

6.2 The Lie-Kolchin-Mal’cev theorem

Let G be a definable group and X a subset of G. By DCC on definable
subgroups, the intersection d(X) of all definable subgroups of G containing
X is a definable subgroup of G which we call it the definable subgroup of G
generated by X.

Lemma 6.7 Let G be a definable group. Then the following holds: (1) The
operator d is a closure operator i.e., for all subsets X,Y of G we have X C
d(X), if Y C X then d(Y) < d(X) and d(d(X)) = d(X). (2) If the elements
of X C G commute with each other, then d(X) is abelian. (3) If a subgroup
A < G normalises the subset X C G, then d(A) normalises d(X). (4) If
X,Y <G then [d(X),d(Y)] < d([X,Y]).

In particular, by (4), a subgroup H < G is solvable (resp., nilpotent) of
class n iff d(H) is also solvable (resp., nilpotent) of class n.

Proof. (1) is trivial. For (2) and (3) see the proof of [bn] Lemma 5.35.
As for (4), the proof in [bn] for the finite Morley rank analogue (see [bn]
Corollary 5.38 and Lemma 5.37) works in our case using the following result
(which is a consequence of DCC): if G is a definable group with H < G,
H < A< Gand HCY C G satisfy A/H = Cgyu(Y/H), then A is
definable. a
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Lemma 6.8 Let G be a definable group. (1) If G is definably-connected
then every finite normal subgroup is contained in Z(G). If Z(G) is finite
then G/Z(Q) is centreless. (2) If G is infinite and nilpotent then Z(G) is
infinite. (3) If G is infinite solvable but not nilpotent then G has an infinite
proper mazimal normal definable subgroup H such that G/H is abelian.

Proof. (1) is the o-minimal analogue of [n] Corollary 1 and [bn| Lemma
6.1. The proof is the same. (2) is the o-minimal analogue of [bn] Lemma 6.2;
again the proof is the same. (3) is proved by an argument contained in the
proof of [pps2] Theorem 2.12. O

We are now ready to prove the o-minimal version of the Lie-Kolchin-
Mal’cev theorem. The proof is a modification of that in [n] for the case of
finite Morley rank. Before we proceed, recall that, if U is a group, then
UWY = [U,U] and U® = [UD UW].

Theorem 6.9 If U is a definably-connected definable solvable group, then
UW is a \/-definable nilpotent normal subgroup and d(UWY) is a definable
nilpotent normal subgroup.

Proof. Let U be a definably-connected, definable solvable group of min-
imal dimension which is a counter-example to the theorem. So neither U()
nor d(UW) is nilpotent.

Claim (1): We can assume that Z(U) = Z(UW) = 1.

Proof of Claim (1): The fact that we may assume Z(U) = 1 follows from
U/zU)W = uvWzW)/Z(U) ~ UY/uO nzU) > UW/Z(UW). This
is because UV N Z(U) < Z(UW). If Z(U) has positive dimension, then
(U/zU)W, vW/z(UW) and UV are nilpotent. So Z(U) has dimension
zero and we can substitute U by U/Z(U) which is centreless by Lemma 6.8.

By Lemma 3.2 U/Cy(UW) is definable. We have: (U/Cy(UM))) =
vy (U)/Co(UW) ~ UW /UM ﬂCu(U ) =UW/zZUW). 1f C w)
ihas positive dimension, then (U/Cp(U™M))M is nilpotent and so UM is also
nilpotent. Therefore, CU(U (1)) has dimension zero and by Lemma 6.8 we

have Z(UW) C Cy(UW) C Z(U).
Claim (2): UM and d(UW) are torsion-free.
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Proof of Claim (2): Clearly, U is not definably compact, for otherwise
by Corollary 4.8, it would be abelian. So by Theorem 5.8, U has a maximal
definable normal subgroup W with no definably compact parts. By Remark
3.13, U/W is a definable extension of U/V by K, where K is the maximal
definably-connected definably compact normal definable subgroup of U and
V = K xW. Since W and U are definably-connected, by Lemma 3.15, U/W
is also definably-connected. Therefore, by Lemmas 3.14 and 3.15, U/W is
a definably compact definably-connected definable solvable group and so by
Corollary 4.8 it is abelian. Therefore we have U") < d(UW) < W. We now
show that W is torsion-free. In fact, by Theorem 5.8 W =Wy x - -+ x W, X
Vi x -+ x Vi. Each W; is clearly torsion-free since it is a direct product of
one-dimensional definably-connected torsion-free definable groups. So it is
enough to show that each V; is torsion-free. But V; is an Z;-definable solvable
group with no Z;-definably compact parts. We prove the result by induction
on dimV;. If dimV; = 1, then the result is clear again. If dimV; > 1, then we
have an Z;-definable normal proper subgroup H of V; such that V;/H and H
are Z;-definable solvable groups with no Z;-definably compact parts. Since
dimH,dimV;/H < dimV}, both H and V;/H are torsion-free by the induction
hypothesis. Suppose that = € V; has finite order. Then its image in V;/H
has finite order, so it is the identity and therefore, x € H and again x is the
identity. So V; is torsion-free.

Claim (3): There is an infinite definable abelian normal subgroup A of
U which is a definably irreducible, faithful definable U/Cy(A)-module under
conjugation.

Proof of Claim (3): Since U is not nilpotent, by Lemma 6.8, U has an infi-
nite proper maximal normal definable subgroup X such that U/X is abelian.
Therefore, d(U) is an infinite definable normal proper subgroup of U and
so U® C d(UMYV C d(d(UM)D) is nilpotent and infinite. Otherwise U
would be finite and since, by claim (2), U® is torsion-free, U® = 1 and U
would be abelian. Now by Lemma 6.8, Z(d(d(U")(1))) is infinite. Now let A
be an infinite definable normal subgroup of U contained in Z(d(d(U®)M))
and minimal for these properties. Note that we have U® < Cy(A) and
U/Cy(A) is infinite because otherwise we would have A < Z(U) = 1. By
minimality of A, we see that A is a definably irreducible, faithful definable
U/Cy(A)-module under conjugation.
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By Corollary 6.6, U/ CU(A) is abehan (since it is solvable) and therefore
we have 1 = (U/C(U(A))Y = UNCy(A)/Cy(A) =~ UY /Cpay(A). Hence,
UM = Oy (A) ie., A< Z(UW) =1 contradicting claim (3). O

We finish this subsection with the following result on definable nilpotent
groups. Recall that a group G is the central product of two subgroups H
and K if G = HK with H and K normal and H N K < Z(G). We denote
this by G = H x K. We say that a group H is divisible if for every n € N
and every x € H there is y € H such that y" = x.

Theorem 6.10 Let B be a definable nilpotent group. Then B = B° x F for
some finite subgroup F and the definably-connected component B° of B is
divisible.

Proof. We will first prove the result for the case A = B® C Z(B). So
suppose that this holds. It is clear that A is divisible: for every m € N,
the kernel Ker[m] of the multiplication by m homomorphism [m]: A — A,
is a definable subgroup of A with bounded exponent, and therefore by [s]
Corollary 5.8, it is finite and so dim(mA) = dimA and mA = A because A
is definably-connected.

By Corollary 3.11, there is a definable extension 1 - A — B % G — 1
with a definable section s : G — B. Let ¢ be the corresponding definable
2-cocycle and let v : G x A — A given by v(g)(a) =< s(g) > (a) be
the corresponding definable G-module structure on A. By Proposition 3.27,
we can assume without loss of generality that B is a definable group with
domain A x G and group operation given by equation (7) i.e., for all a,b € A
and for all z,y € G, (a,z)(b,y) = (a + v(x)(b) + c(z,y),zy). Let n = |G|.
Since Ker[n] is a definable normal subgroup of A and B, by Remark 3.13 we
have a definable extension 1 — nA — nB - G — 1 such that [ o n] =j
and nc is a corresponding definable 2-cocycle. For each g € G, let b(g) =
Y recclg, k) € A. Then we have 0 = v(g)(c(h, k)) — c(gh, k) + c(g, hk) —
c(g,h) by equation (6). Taking the sum over elements of G, (note that
> ke €(9, hk) = 3 4 clg, k) we obtain ne(g, k) = v(g)(b(h)) —b(gh)+b(g).
Since A is divisible, there is a definable map a : G — A such that for all
g € G, we have b(g) = na(g). Then nc(g, h) = v(g)(na(h)) —na(gh) +na(g).
It follows from this that nc is the coboundary of na and so, by Proposition
3.28, we have nB = nA x G. So (G is a definable subgroup of nB. Let F} =
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[n]7!(G). Then by Remark 3.12, F} is a normal finite definable subgroup of
nB and we have nB = (nA) * F}. Let F = [n]~}(F}). Then by Remark 3.12,
F is a normal finite definable subgroup of B and B = A x F.

Let B be a counterexample to the theorem of minimal dimension.Then
B is infinite and by the above, B° is not contained in Z(B). Moreover,
Z(B)" is infinite (otherwise Z(B) is finite, contradicting Lemma 6.8 (2)).
Also B/Z(B)® is infinite (otherwise dimZ(B) = dimZ(B)? = dimB and
B = Z(B)" C Z(B)) with dim(B/Z(B)°) < dimB. Therefore B/Z(B)? =
(B/Z(B)")? « F. Let H and K be definable normal subgroups of B such
that H/Z(B)? = (B/Z(B)°)°? and K/Z(B)? = F. We have K # B, dimK <
dimB and so K = K% F;. Now we have B = (K°H ) * F} and by Exercise 14
on page 6 in [bn], K°H is divisible and therefore, also definably-connected,
i.e., KH = B°. O

7 Existence of strong definable choice

7.1 Existence of strong definable choice

Here we finally prove that definable groups have strong definable choice. By
a definable topological space A C (N U {—o00,+00})™, we mean a definable
set A C (N U{—00,+00})™ with a uniformly definable topology i.e., there
is a definable family {O(a,x) : @ € A, € X} of definable subsets of A
such that every a € A, {O(a,x) : € X} is a uniformly definable system
of definable open neighbourhoods of a. For example, a definable group is a
Hausdorft definable topological space.

Lemma 7.1 Let A C (NU{—o00,+00})™ be a Hausdorff definable topological
space. Let {T'(z) : x € X} be a definable family of non-empty definable
subsets of A such that for each x € X and for every definable map « :
(c,d) € N — T(x), where —oo < ¢ < d < +o0, the limit lim; 4 a(t)
exists and is an element of T(x). Then there is a strong definable choice

t: X — A for the definable family {T'(z) : x € X}.

Proof. For each i = 0,...,m — 1 let 7° : (N U {—o00,+0c0})™ —
(N U {—o00, +00})™ " be the projection onto the first m — i coordinates. If
ae€rn(A)andi=1,....m—1,let Fi(a) = {b € N : (a,b) € 771(A)},
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Si(x) = 7(T(z)) and B; = {(x,a) : * € X, a € S;(r)}. Note that, if
T(x) = T(y) then S;(z) = S;(y).

For x € X, let So(x) = T(z), By = {(z,y) : x € X, a € Sp(z)} and let
ko : By — A be given by ky(z,a) = a. The function kg : By — A is a
definable function such that for all (z,a) € By, ko(z,a) € T'(z). Also for
each © € X, the map ko(x,—) : So(z) — T'(z) is a definable injective map
and, if T'(z) = T'(y), then ko(x, —) = ko(y, —).

Suppose that for i = 0,...,] < m — 1 we have constructed a definable
function k; : B; — A with the required properties. We will construct a
definable function k1 : By — A with the same properties. Let (z,a) €
Byy1. Then a € Si4(x) and so {a} x Fi41(a) C Si(x). Define k1 : Biyy —
A by kiyi(z,a) = supk(z, {a} x Fiy1(a)) where the supremum in 7'(z) is
taken with respect to the definable ordering induced by k;(x, —), which is an
injective definable map from S;(z) into T'(z), from the natural ordering of
{a} x Fy1(a). By the hypothesis on T'(x), the function k;,; is well defined
and for all (z,a) € Bjiq, kiya(x,a) € T(x). By the hypothesis on k;, for
every z,y € X, we have k;1(z, —) : Sjy1(z) — T'(z) is a definable injective
map and, if T'(x) = T(y), then k1 (x, —) = ki11(y, —).

Note that for every z € X, S;,—1(x) € NU{—o00,+00}. Definet: X —
A by t(z) = sup{km_1(z,a) : a € S,,_1(x)} where the supremum in T'(z) is
taken with respect to the definable ordering induced by k,_i(x, —). This is
an injective definable map from S,,_1(z) into T'(z), from the natural ordering
of S;,—1(x). By the hypothesis on T'(z), t is well defined and for all z € X,
t(z) € T(x). By the hypothesis on k,, 1, for every z,y € X, if T'(z) = T(y),
then t(z) = t(y). O

Theorem 7.2 Let U be a definable group and let {T'(z) : x € X} be a
definable family of non-empty definable subsets of U. Then there is a definable
function t : X — U such that for all x,y € X we have t(z) € T(x) and if
T(x) =T(y) then t(z) = t(y).

Proof. Let R(U) be the maximal definable solvable normal subgroup of

U. Then by Corollary 3.11, we have a definable extension 1 — R(U)—U N
U/R(U) — 1 with a definable section s : U/R(U) — U. By Proposition
3.23, U is definably isomorphic with a definable group with domain R(U) x
U/R(U). By Fact 2.2 (iii), if we show that R(U) and U/R(U) have strong
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definable choice, it will follow that U has strong definable choice. But since
U/R(U) is definably semi-simple, it follows using [ppsl] Theorem 4.1 (i.e,
Theorem 1.2 here), Remark 2.4 and Fact 2.2 (iii) that U/R(U) has strong
definable choice. Therefore, we may assume that U is a definable solvable
group.

By Theorem 5.8 and Corollary 3.11 we have a definable extension 1 —
VU & U/V — 1 with a definable section s : U/V — U. By Proposition
3.23, U is definably isomorphic with a definable group with domain V' xU/V'.
Moreover, V. = K x Wy x---xWyxV;x---xV, and K and U/V are definably
compact definable abelian groups. So by Fact 2.2 (iii), it is enough to show
the theorem for definable groups of the form Wy x --- x Wy x V) x - x V}
and for definably compact definable abelian groups. But, by Remark 2.4 and
Fact 2.2 (iii), definable groups of the form Wi x --- x Wy x Vj x - - - x V}, have
strong definable choice, so we may assume that U is a definably compact
definable abelian group.

Let {T'(z) : # € X} be a definable family of non-empty definable subsets
of U. Then, the family {7'(x) : x € X}, where T'(z) is the closure of T'(x)
in U, is a definable family of non-empty definably compact definable subsets
of U. By Lemma 7.1, there is a strong definable choice [ : X — U for the
definable family {7'(z) : x € X}. Let O be the definable neighbourhood of
1 in U which has strong definable choice given by Lemma 2.3. And consider
the definable family S = {S(x) : + € X} of non-empty definable subsets of
O where S(z) ={z € O : l(z)z € l(x)ONT(x)}. Note that if T'(x) = T(y)
then S(z) = S(y). Let s be a strong definable choice for S. Then clearly,
t : X — U given by t(z) = l(z) - s(z) is a strong definable choice for
{T(z):x€ X}. O

Corollary 7.3 below was also proved in [pst2] Theorem 1.1 and Corollary
5.2, but under the assumption that N has definable Skolem functions and
using the theory of \/-definable groups.

Corollary 7.3 Let A and B be definable abelian groups. Then the following
hold.

(1) If there is an infinite definable family of definable homomorphisms from
Ainto B, then there is a definable real closed field whose additive group
is definably isomorphic to a definable subgroup of B and a quotient of
definable subgroups of A.
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(2) If A is infinite, defined over a € N* and there is a definable subgroup
of A which is not defined over acl(a) (that is, there is an infinite defin-
able family of definable subgroups of A), then there is a definable real
closed field whose additive group is definably isomorphic to a quotient
of definable subgroups of A.

Proof. (1) Let v : S x A — B be an infinite definable family of
definable homomorphisms from A into B. Then by [pst2] Lemma 2.17, there
is {ay,...,a,} C A such that for s € S, v(s) is determined by its values
on this finite set. Therefore, we can identify S with a definable subset of
A x - x A (n times) and so, by Theorem 7.2 and Fact 2.2 (i), S has strong
definable choice. Now the rest of the proof is obtained by adapting the proof
of (1) in [pst2].

(2) The argument in the proof of [pst2] Corollary 5.2 together with The-
orem 7.2 reduces the proof of (2) to case (1). O

7.2 More on definable extensions

In this subsection we apply Theorem 7.2 to the theory of definable group
extensions.

Definition 7.4 Let (A, 6) be a definable G-kernel. We say that o, 5 € 6
are definably related if there is a definable function k£ : G — A such that
B(z) =< k(x) > a(z) for all x € G. In this case we have hg(z,y) =
k(z)a(z)(k(y))halz, y)k(zy)~! for all z,y € G.

Remark 7.5 By Theorem 7.2, any two «a, 3 € 6 are definably related. In
fact, since «(B(x)) = t(a(x)) for all x € G, for each x € G we have a non-
empty definable subset T'(xz) = {b € A : foralla € A, B(z)(a) = (< b >
a(x))(a)} of A and {T(x) : + € G} is a definable family; by Theorem 7.2,
there is a strong definable choice k : G — A and we have B(z) =< k(z) >
a(x) for all z € G.

Using Remark 7.5, the proof of the next result is just like the proof of
lem2] Theorem 10.1.
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Remark 7.6 There is a canonical map from K r(G, B) into Hj’\/—(G, B, 6,
sending (A, 0) into c(a) and (A,0) € EK\r(G, B) if and only if ca9) =
By Remark 3.30, this map is a homomorphism with kernel EK zr(G, B).

),
1.

8 Definable rings

In this section we apply our results on definable abelian groups to describe
definable rings. We start by recalling some facts about definable rings.

Let U be a definable ring. Then by [opp] Lemma 4.1, U can be equipped
with a unique definable manifold structure making the ring into a topological
ring and, by [ppsl] Lemma 1.11, definable homomorphisms between definable
rings are topological homomorphisms. In fact, by [opp] Lemma 4.1, if A/
is an o-minimal expansion of a real closed field then U equipped with the
above unique definable manifold structure is a C? ring for all p € N and by
[ppsl] Lemma 1.11, definable homomorphisms between definable rings are
C? homomorphisms for all p € N.

It follows from the DCC for definable groups, that U satisfies the descend-
ing chain condition (DCC) on definable left (resp., right and bi-) ideals. Let
U° be the definable-connected component of zero in the additive group of U.
Then UY is the smallest definable ideal of U of finite index. We say that U is
definably-connected if U° = U. Finally we mention the following result, see
[ps] Theorem 4.1, which we generalise below.

Theorem 8.1 [ps/ If U is an infinite definable associative ring without zero
divisors, then U 1is a division ring and there is a one-dimensional definable
subring I of U which is a real closed field such that U is either I, 1(/—1),

or the ring of quaternions over I.

Theorem 8.2 Let U be a definably-connected definable ring (not necessarily
associative). Let V. K, Wy, ..., Wg, Vi, ..., Vi be the additive subgroups of U
given by Theorem 5.8. Then A € {V, K, Wy,... , W, Vi,..., Vi} is a definable
ideal of U, A € {K,Wy,..., W} and U/V are definable rings with zero
multiplication and each V; (with i = 1,... k) is an Z;-definable ring whose
additive group has no I;-definably compact parts where Z; is the definable
o-minimal expansion of a real closed field given by Theorem 5.8.
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Proof. By Remark 5.9, A € {V, K, Wy, ..., W, Vi,...,Vi} is a definable
ideal of U.

By Corollary 7.3 (1), if A € {K, W4, ..., W,,U/V}, then A is a definable
ring with zero multiplication since, multiplication on A is continuous, in-
duces a definable family of definable endomorphisms of A and A is definably-
connected (by Lemma 3.15 in the case U/V'). Finally, by construction of Z;,
V; is a Z;-definable ring. O

Theorem 8.3 Let Z be a definable o-minimal expansion of a real closed field
I'=(I,0,1,+,-) and let U be an I-definable ring (not necessarily associative)
whose additive group has no Z-definably compact parts. Let W and V be
the additive definable subgroups of U given by Theorem 5.10 and such that
U=WxV. Then W andV are Z-definable ideals of U, the ideal W has zero
multiplication. The ideal V is an Z-definable ring such that V. = V/anny 'V is
a finitely generated I-algebra (and therefore I-definable). If V is associative,
then it 1s Z-definably isomorphic to a finitely generated I-subalgebra of some
M,(I) and has a nilpotent finitely generated ideal Z such that V/Z is I-
definably isomorphic to @}, My;(D;) where for each j = 1,...m, Dj is
either I, I(\/—1), or the ring of quaternions over I.

Proof. Since W is the maximal Z-definable additive subgroup of U which
is a product of copies of the one-dimensional, torsion-free, linearly bounded
7Z-definable group, and since V' is the maximal Z-definable additive subgroup
of U which has no Z-definable additive subgroup Z-definably isomorphic to
a product of copies of the one-dimensional, torsion-free, linearly bounded Z-
definable group, it follows that the additive Z-definable subgroups W and V
of U are invariant under every Z-definable endomorphism of U. Therefore,
the additive Z-definable subgroups W and V of U are Z-definable ideals of
U.

By Corollary 7.3 (1), W has zero multiplication since multiplication on
W is a continuous map inducing an Z-definable family of Z-definable en-
domorphisms of W and W is Z-definably-connected. The fact that V is
7Z-definably isomorphic with a finitely generate [-algebra which, if it is as-
sociative, is Z-definably isomorphic to a finitely generated I-subalgebra of
some M, (I) follows from (the proof of) [opp] Lemma 4.3. By [ab] there is a
nilpotent finitely generated ideal Z of V such that V/Z is Z-definably semi-
simple and therefore V' /Z is Z-definably isomorphic to DL, My, (D;) where
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for each j =1,...m, Dj is either I, I(1/—1), or the ring of quaternions over
I. For details see [ab] Chapter 5, Section 13, Corollary 20, Theorem 23 and
Theorem 16. O

Definition 8.4 Recall that a Lie ring is an additive group L with a bilinear
product (called bracket) [z, y] such that for all z,y,z € L (i) [z,2] = 0 and
(i) [[z,y], 2] + [y, 2], =] + [[z, x],y] = O (Jacobi identity). L is abelian if for
all z,y € L, [z,y] = 0.

Since a definable Lie ring is a definable ring, Theorem 8.2 applies to
definable Lie rings. Theorem 8.5 below is the Lie ring analogue of Theorem
8.3 and is proved in the same way using the Lie ring analogue of Lemma
4.3 in [opp] i.e., let Z be a definable o-minimal expansion of a real closed
field I = (1,0,1,+,-) and let U be an Z-definably-connected Z-definable Lie
ring of dimension n. Then the Z-definable map D : U — M, (I) given by
D(u) = do(A,) where for u € U and = € U, \,(z) = [u, z], is an Z-definable
Lie ring homomorphism with kernel annyU = {u € U : [u,z] = 0 for all z €
U}.

Theorem 8.5 LetZ be a definable o-minimal expansion of a real closed field
I =(1,0,1,4,-) and let U be an Z-definable Lie ring whose additive group
has no Z-definably compact parts. Let W and V' be the additive definable
subgroups of U given by Theorem 5.10 and such that U =W x V. Then W
and V' are Z-definable Lie ideals of U, the ideal W is an abelian Z-definable
Lie ring, V is an I-definable Lie ring such that V = V/anny'V is T-definably
isomorphic to a finitely generated Lie subalgebra of some M, (I).

Acknowledgements. Part of the work presented here is contained in
the authors DPhil Thesis which was financially supported by JNICT grant
PRAXIS XXI/BD/5915/95. I would like to thank my thesis adviser Professor
Alex Wilkie and Kobi Peterzil for their constant support. I would also like
to thank Professor Edmund Robinson for improving the presentation of this

paper.

o7



References

[ab]

[bn]

[vdd]

[em2]

(mpr]

J.Alperin and R.Bell Groups and representation Springer Ver-
lag 1986.

A. Borovik and A. Nesin Groups of finite Morley rank Oxford
Science Publications 1994.

L. van den Dries Tame Topology and o-minimal structures
Cambridge University Press 1998.

M.Edmundo Structure theorems for o-minimal expansions of
groups Annals of Pure and Applied Logic 102 (2000) 159-181.

S.Eilenberg and S.MacLane Cohomology theory in abstract
groups I Annals of Mathematics 48 (1947) 51-78.

S.Eilenberg and S.MacLane Cohomology theory in abstract
groups II Annals of Mathematics 48 (1947) 326-341.

G.Hoschchild Group extensions of Lie groups Annals of Math-
ematics 54 (1951) 96-109.

G.Hoschchild Group extensions of Lie groups II Annals of
Mathematics 54 (1951) 537-551.

E. Hrushovski Contributions to stable model theory Ph.D. dis-
sertation, University of California, Berkeley 1986.

Alwasawa On some types of topological groups Annals of
Mathematics 50 (1949) 507-558.

J.Loveys and Y.Peterzil Linear o-minimal structures Israel
Journal of Mathematics 81 (1993) 1-30.

A Nesin Solvable groups of finite Morley rank Journal of Alge-
bra 121 (1989) 26-39.

A Nesin, A.Pillay and V.Razenj Groups of dimension two and
three over o-minimal structures Annals of Pure and Applied
Logic 53 (1991) 279-296.

58



[opp)]

[pst1]

[pst2)]

[pps2]

[pps3]

D. Macpherson, A. Mosley and K. Tent Permutation groups
in o-minimal structures Preprint 1999.

C.Miller A growth dichotomy for o-minimal expansions of or-
dered fields Preprint 1996.

C.Miller and S.Starchenko A growth dichotomy for o-
minimal expansions of ordered groups in Logic Colloquium 93,
W.Hodges et al., (eds.), Oxford University Press 1994.

M.Otero, Y.Peterzil and A.Pillay On groups and rings defin-
able in o-minimal expansions of real closed fields Bull. London
Math. Soc. 28 (1996) 7-14.

Y.Peterzil and S.Starchenko A trichotomy theorem for o-
minimal structures Proc. London Math. Soc. 77 (1998) 481-
523.

Y.Peterzil and S.Starchenko Definable homomorphisms of
abelian groups in o-minimal structures Annals of Pure and
Applied Logic 101 (1) (1999) 1-27.

Y .Peterzil and C.Steinhorn Definable compacteness and defin-
able subgroups of o-minimal groups J. of London Math. Soc.
59 (2) (1999) 769-786.

Y .Peterzil, A.Pillay and S.Starchenko Definably simple groups
in o-minimal structures Trans. of the AMS 352 (10) (2000)
4397-4419.

Y .Peterzil, A.Pillay and S.Starchencko Simple algebraic groups
over real closed fields Trans. of the AMS 352 (10) (2000) 4421-
4450.

Y .Peterzil, A.Pillay and S.Starchencko Linear groups definable
i o-minimal structures Preprint 1999.

A.Pillay On groups and fields definable in o-minimal structures
Journal of Pure and Applied Algebra 53 (1988) 239-255.

99



V.Razenj One-dimensional groups over an o-minimal structure
Journal of Pure and Applied Algebra 53 (1991) 269-277.

P. Speissegger The Pfaffian closure of an o-minimal structure
J. Reine Angew. Math. 508 (1998) 198-211.

A.Strzebonski Fuler characteristic in semialgebraic and other
o-minimal groups Journal of Pure and Applied Algebra 96
(1994) 173-201.

60



