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ABSTRACT. We study idempotent measures and the structure of the convolu-
tion semigroups of measures over definable groups.

We isolate the property of generic transitivity and demonstrate that it is
sufficient to develop stable group theory localizing on a generically transitive
type. We establish generic transitivity of generically stable idempotent types
in important new cases, including abelian groups in arbitrary theories and ar-
bitrary groups in rosy theories, and characterize them as generics of connected
type-definable subgroups.

Using tools from Keisler’s randomization theory, we generalize some of these
results from types to generically stable Keisler measures, and classify idem-
potent generically stable measures in abelian groups as (unique) translation-
invariant measures on type-definable fsg subgroups. This provides a partial
definable counterpart to the classical work of Rudin, Cohen and Pym for lo-
cally compact topological groups.

Finally, we provide an explicit construction of a minimal left ideal in the
convolution semigroup of measures for an arbitrary countable NIP group, from
a minimal left ideal in the corresponding semigroup on types and a canonical
measure constructed on its ideal subgroup. In order to achieve it, we in par-
ticular prove the revised Ellis group conjecture of Newelski for countable NTP
groups.
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1. INTRODUCTION

We study idempotent measures and the structure of the convolution semigroups
on measures in definable groups, as well as some related questions about topological
dynamics of definable actions (continuing [CG22; CG23], and entirely resolving
some of the questions raised there).

We first recall the classical setting. If G is a locally compact group and M(G)
is the space of regular Borel probability measures on G, one extends group multi-
plication on G to convolution x on M(G): if u,v € M(G) and B is a Borel subset
of G, then

(45 v)(B) = /G /G 15 - y)dp(e)du(y).

A measure p is idempotent if u*x u = p. A classical line of work established
a correspondence between compact subgroups of G and idempotent measures in
M(G), in progressively broader contexts [KI40; Wen54; Coh60; Rud59; Gli59]
culminating in the following:

Fact 1.1. [Pym62, Theorem A.4.1] Let G be a locally compact group and u €
M(G). Then the following are equivalent:
(1) p is idempotent.
(2) The support supp(i) of pu is a compact subgroup of G and plsupp(, s the
normalized Haar measure on supp(u).

We are interested in a counterpart of this phenomenon in the definable cate-
gory. In the same way as e.g. algebraic or Lie groups are important in algebraic or
differential geometry, the understanding of groups definable in a given first-order
structure (or in certain classes of first-order structures) is important for model the-
ory and its applications. The class of stable groups is at the core of model theory,
and the corresponding theory was developed in the 1970s-1980s borrowing many
ideas from the study of algebraic groups over algebraically closed fields (with corre-
sponding notions of connected components, stabilizers, generics, etc., see [Poi01]).
More recently, many of the ideas of stable group theory were extended to the class
of NIP groups, which contains both stable groups and groups definable in o-minimal
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structures or over the p-adics. This led to multiple applications, e.g. a resolution of
Pillay’s conjecture for compact o-minimal groups [HPP08] or Hrushovski’s work on
approximate subgroups [Hrul2], and brought to light the importance of the study
of invariant measures on definable subsets of the group (see e.g. [Chel8] for a short
survey), as well as the methods of topological dynamics (introduced into the pic-
ture starting with Newelski [New09]). In particular, deep connections with tame
dynamical systems as studied by Glasner, Megrelishvili and others (see e.g. [Gla07;
Glal8]) have emerged, and play an important role in the current paper.

More precisely, we now let G be a group definable in some structure M (i.e. both
the underlying set and multiplication are definable by formulas with parameters in
M), it comes equipped with a collection of definable subsets of cartesian powers
of G closed under Boolean combinations, projection and Cartesian products (but
does not carry topology or any additional structure a priori). We let I/ be a “non-
standard” elementary extension of M, and we let G(U) denote the group obtained
by evaluating in U the formulas used to define G in M (which in the case of
an algebraic group corresponds to working in the universal domain, in the sense
of Weil). So e.g. if we start with M = (R, +, x) the field of reals, and G(M) its
additive group, then G(U) is the additive group of a large real closed field extending
R which now contains infinitesimals — i.e., it satisfies a saturation condition: every
small finitely consistent family of definable sets has non-empty intersection. It is
classical in topological dynamics to consider the action of a discrete group G on the
compact space SG of ultrafilters on G, or more precisely ultrafilters on the Boolean
algebra of all subsets of G. In the definable setting, given a definable group G(M),
we let Sg(M) denote the space of ultrafilters on the Boolean algebra of definable
subsets of G(M), hence the space Sg(M) (called the space of types of G(M)) is a
“tame” analogue of the Stone-Cech compactification of the discrete group G. Then
G(M) acts on Sg(M) by homeomorphisms, and the same construction applies
to G(U) giving the space Sg(U) of ultrafilters on the definable subsets of G(U).
Similarly, we let M (M) denote the space of finitely additive probability measures
on the Boolean algebra of definable subsets of G(M) (and Mq(U) for G(U)), it
is affinely homeomorphic to the space of all regular o-additive Borel probability
measures on Sg (M) (respectively on Sg(U)), with weak*-topology. The set G(M)
embeds into Sg(U) as realized types, and we let Sg,a(U) denote its closure (model
theoretically, this corresponds to the set of global types in S (U) that are finitely
satisfiable in G(M)). Similarly, we let Mg ar(U) denote the closed convex hull
of G(M) in Mg (U) (this is the set of global Keisler measures on G(U) finitely
satisfiable in G(M), equivalently the set of measures supported on Sg a(U) —
see [CG22, Proposition 2.11]). Similarly to the classical case, in many situations
(including the ones discussed in the introduction) we have a well-defined convolution
operation % on Mq ar(U) (see Definition 3.32 and the discussion around it).

In this context, generalizing a classical fact about idempotent types in stable
groups [New91], we have the following definable counterpart of Fact 1.1 for stable
groups:

Fact 1.2. [CG22, Theorem 5.8] Let G be a (type-)definable group in a stable struc-
ture M and p € Ma v (U) a measure. Then p is idempotent if and only if p is the
unique left-invariant (and the unique right-invariant) measure on a type-definable
subgroup of G(U) (namely, the left-/right-stabilizer of u).
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This suggests a remarkable analogy between the topological and definable settings,
even though Fact 1.2 is proved using rather different methods.

In the first part of the paper (Sections 2 and 3), we study generalizations of Fact
1.2 beyond the limited context of stable groups (we note that this correspondence
fails in general NIP groups without an appropriate tameness assumption on the
idempotent measure [CG23, Example 4.5]). An important class of groups arising in
the work on Pillay’s conjectures is that of groups with finitely satisfiable generics,
or fsg groups in short [HPPO08]. It contains stable groups, as well as (definably)
compact groups in o-minimal structures, and provides a natural counterpart to the
role that compact groups play in Fact 1.2. By a well-known characterization in the
NIP context (see e.g. [Sim15, Proposition 8.33]), these are precisely the groups that
admit a (unique) translation-invariant measure p on their definable subsets which is
moreover generically stable: a sufficiently long random sample of elements from the
group uniformly approximates the measure of all sets in a definable family of subsets
with high probability (i.e. p is a frequency interpretation measure, or fim measure,
satisfying a uniform version of the weak law of large numbers — this notion is
motivated by Vapnik-Chervonenkis theory, and serves as a correct generalization
of generic stability for measures outside of NIP, by analogy with generically stable
types in the sense of [PT11]); see Section 3.3). An analog of Fact 1.2 would thus
amount to demonstrating that such subgroups are the only source of idempotent
generically stable measures (see Problem 3.41).

First, in Section 2 we focus on the case of idempotent types in Sg ar (U) (i-e. {0,1}-
measures, equivalently ultrafilters on the Boolean algebra of definable subsets of
G). After reviewing some preliminaries on generically stable types (Sections 2.1
and 2.4), we revise the case of groups in stable structures (Section 2.7), and then
resolve the question in several important cases:

Theorem 1.3. Assume p € Sg(U) is generically stable and idempotent, and one
of the following holds:

(1) p is stable and M is arbitrary (Proposition 2.31, see Section 2.8);

(2) G is abelian and M is arbitrary (Proposition 2.20, see Section 2.5);

(8) G is arbitrary and M is inp-minimal (Proposition 2.25, see Section 2.06);

(4) G is arbitrary and M is rosy (so e.g. if M has a simple theory; Proposition
2.37, see Sections 2.10 and 2.9).

Then p is the unique left- /right-invariant type on a type-definable subgroup of G(U)
(namely, the left-/right-stabilizer of p).

The proof proceeds by establishing the crucial property of generic transitivity
(see Section 2.4) for idempotent generically stable types in these cases, namely that
if (a1,a2) F p ® p, then (a; - az,a1) = p ® p (using local weight arguments in
cases (2) and (3), and the appropriate version of the theory of stratified ranks in
the other cases). The question whether every generically stable idempotent type
is generically transitive remains open, even for NIP groups (see Problem 2.15 and
discussion in Section 2.4).

We further investigate generic transitivity, and demonstrate that it is a sufficient
condition for developing some crucial results of stable group theory localizing on a
generically transitive type (some other elements of stable group theory for gener-
ically stable types were considered in [Wan25]). In particular, in Section 2.11 we
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establish a chain condition for groups type-definable using parameters from a Mor-
ley sequence of a generically stable type p, implying that there is a smallest group
of this form — and it is equal to the stabilizer of p when p is generically transitive
(see Corollary 2.42 and Proposition 2.44 for the precise statement).

In Section 3, we generalize some of these results from types (i.e. {0, 1}-measures)
to general measures, in arbitrary structures. Our main result is a definable coun-
terpart of Fact 1.1 for arbitrary abelian group:

Theorem 1.4. (Theorem 3.45) Let G be an abelian group and p € Ma(U) a
generically stable measure. Then u is idempotent if and only if u is the unique left-
invariant (and the unique right-invariant) measure on a type-definable subgroup of
G(U) (namely, its stabilizer).

Groups as in Theorem 1.4, i.e. supporting an invariant generically stable measure,
are called fim groups (see Section 3.6), and in the NIP case correspond precisely
to fsg groups (but this is potentially a stronger condition in general). Our proof
of Theorem 1.4 relies on several ingredients of independent interest. First, we
develop some theory of fim groups, generalizing from fsg groups in NIP structures
(Section 3.6). Then, in Section 3.4, we provide a characterization of generically
stable measures of independent interest extending [CGH25], demonstrating that
the usual property — any Morley sequence determines the measure of arbitrary
formulas by averaging along it — holds even when the parameters of these formulas
are allowed to be “random”. More precisely:

Theorem 1.5 (Theorem 3.13). Let p € M, (U) be fim, v € M,(U) arbitrary,
o(z,y,2) a formula, b € U?, and let x = (;)icw. Suppose that X\ € My, (U) is
arbitrary such that A|x = p“) and A, = v. Then

ZILIEO )‘((p(xlv Y, b)) =pu® V((P(xa Y, b))

Moreover for every € > 0 there exists n = n(u, p,e) € N so that for any v, \,b as
above, we have Ap(z;,y,0)) ~° u @ v(p(z,y,b)) for all but n many i € w.

This is new even in the NIP case, and relies on the use of Keisler randomization
theory. Namely, we use the correspondence between measures in G(Uf) and types in
its randomization, viewed as a structure in continuous logic, that was introduced
in [BY09] (and studied further in [CGH25]). It allows us to imitate in Section
3.8 the bounded local weight argument from Section 2.5 in a purely measure theo-
retic context, using an adapted version of generic transitivity (see Section 3.7) and
arguments with pushforwards.

Problem 2.15 on whether every generically stable idempotent type is generically
transitive generalizes to measures (see Problem 3.41). In Section 3.9, we distinguish
a weaker property of a measure than being generically transitive, which we call
support transitivity. It leads to a weaker conjecture saying that every generically
stable idempotent measure is support transitive (see Problem 3.48). While this
conjecture is open, it trivially holds for idempotent types, and so one can expect
that if the techniques used for types in Sections 2.7-2.10 could be adapted to
measures, they would rather not prove the main conjecture that every generically
stable idempotent measure is generically transitive, but reduce it to the above
weakening. The idea is to pass to the randomization of the structure in question,
and if this randomization happens to have a well-behaved stratified rank, then apply
a continuous logic version of the arguments from Sections 2.7-2.10. In Section 3.10,
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we illustrate how it works for stable theories (recall that stability is preserved under
randomization).

In Section 4, instead of considering an individual (idempotent) measure, we study
the structure of the (left-continuous compact Hausdorff) semigroup (Me, i (U), %)
of measures on a definable NIP group under convolution, through the lens of El-
lis theory. It was demonstrated in [CG23, Theorem 5.1] that the ideal (or Ellis)
subgroup of any minimal left ideal is always trivial, and that when G is definably
amenable (i.e. admits a left-invariant finitely additive probability measure on its de-
finable subsets), then any minimal left ideal itself is trivial, but has infinitely many
extreme points when G is not definably amenable. In the general, non-definably
amenable case, a description of a minimal left ideal in (Mg, a(U), *) was obtained
under some additional strong assumptions (see [CG23, Theorem 6.11] and discus-
sion at the end of Section 4.2). Here we obtain a description of a minimal left ideal
of (Ma m(U),*) for an arbitrary countable NIP group:

Theorem 1.6 (Corollary 5.18). Assume that G is group definable in a countable
NIP structure M, and let M be a minimal left ideal in (Sg, v (U),*) and uw € M an
idempotent. Then the ideal group uM carries a canonical invariant Keisler measure
tum (see Proposition 4.15 for the definition), and (M) * pypr is a minimal left
ideal of (Ma r(U),*), where M(M) denotes the space of all measures supported
on M, and pup is an idempotent in IM(M) * piypnm.

Theorem 1.6 is deduced using a combination of two results of independent interest
that we now discuss.

An important general fact from topological dynamics is that the ideal group uM
of the Ellis semigroup of any flow is always a compact T} (not necessarily Haus-
dorff) semi-topological group (i.e. multiplication is separately continuous) with re-
spect to a canonical topology, the so called T-topology (which is weaker than the
induced topology from the Ellis semigroup). This topology was defined by Ellis
and has played an essential role in the most important structural results in ab-
stract topological dynamics, starting from the Furstenberg structure theorem for
minimal distal flows (e.g. see [Aus88]) and ending with a recent theorem of Glasner
on the structure of tame, metrizable, minimal flows [Glal8]. In model theory, the
T-topology on the ideal groups played a key role in applications to the quotients
of definable groups by their model-theoretic connected components ([KP17]) and
to Lascar strong types and quotients by arbitrary bounded invariant equivalence
relations [KPR18; KR20]. It also partly motivated the work of Hrushovski on defin-
ability patterns structures with spectacular applications to additive combinatorics
[Hrul9; Hru20]. In [KP23], the 7-topology was used to give a shorter and simpler
proof of the main result of [Hru20]. As the key result of Section 4 we demonstrate
the following;:

Theorem 1.7. (Lemma 4.14) Assume that G is group definable in an arbitrary
NIP structure M, and that the T-topology on the ideal group uM of the G(M)-flow
Sa,m(U) is Hausdorff. Then for any clopen subset C' of Sq(U), the subset C NuM
of uM is constructible, and so Borel, in the T-topology.

It follows that when the 7-topology on uM is Hausdorff, the ideal group uM is a
compact topological group (Corollary 4.9), so we have the unique (normalized) Haar
measure h, g on Borel subsets, and by Theorem 1.7 it induces the aforementioned
Keisler measure p, v € M (U) via purm(@(2)) := hum([p(z)] NuM) (Proposition
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4.15). This reduces the question to understanding when the 7-topology is Haus-
dorff — which is precisely the revised version of Newelski’s conjecture (see [KP23,
Conjecture 5.3]).

The FEllis group conjecture of Newelski [New09] is an important prediction in the
study of NIP groups connecting a canonical model-theoretic quotient of a definable
group G(M) and a dynamical invariant of its natural action on Sg a(U). Let G
be a group definable in a structure M, and let uM be the ideal (Ellis) group of the
G(M)-flow (G(M), Sc.a(U)). We let G9 be the smallest type-definable over M
subgroup of G(U) of bounded index. The Ellis group conjecture of Newelski says
that the group epimorphism 6 : uM — G(U)/G9} given by 0(p) := a/GY}, for a
type p € uM and a a realization of p, is an isomorphism under suitable tameness
assumptions on the ambient theory. This conjecture was established for definably
amenable groups definable in o-minimal structures in [CPS14], and for definably
amenable groups in arbitrary NIP structures in [CS18]. On the other hand, it was
refuted for SLy(R) in [GPP15]. Newelski’s epimorphism 6 was refined in [KP17] to
a sequence of epimorphisms

uM — uM/H(uM) = GU) /G — GU) /G,

where G9% is the smallest bounded index subgroup of G(U) invariant under the
action of Aut(U/M), and H(uM) is the subgroup of uM given by the intersection
of the 7-closures of all T-neighborhoods of u. With this refinement, Newelski’s
conjecture fails when G9° # G99, in which case also uM/H(uM) — G(U)/GSP

—_—~—

is not an isomorphism. The first such example, the universal cover SLy(R) of
SLy(R), was found in [CP12], and further examples were given in [GK15]. On the
other hand, no examples of NIP groups with non-trivial H(uM) (equivalently, with
uM not Hausdorff in the 7-topology) were known. This motivated the following
weakening of Newelski’s conjecture:

Conjecture 1.8. [KP23, Conjecture 5.3] If M is NIP, then the T-topology on uM
is Hausdorff.

It clearly holds whenever uM is finite. It is also known to hold for definably
amenable groups in NIP theories, as the full Newelski’s conjecture holds in this

context. Besides those two general situations, it was confirmed only for SLy(R) (we
refer to [KP23, Section 5] for a proof and a more detailed discussion).

In Section 5 we establish the revised Newelski’s conjecture for countable NIP
groups:

Theorem 1.9 (Theorem 5.17). The revised Newelski’s conjecture holds when G is
a definable group in a countable NIP structure.

This relies on the fundamental theorem of Glasner describing the structure of min-
imal tame metrizable flows [Glal8] and a presentation of the G(M)-flow Sq, a(U)
as the inverse limit of all Sg A (M) (the Stone space of the G(M)-algebra generated
by the finite set A), where A ranges over all finite collections of externally definable
subsets of G(M).

2. IDEMPOTENT GENERICALLY STABLE TYPES

Throughout this section, we let T be a complete theory, M =T, and U = M a
monster model.



8 ARTEM CHERNIKOV, KYLE GANNON, AND KRZYSZTOF KRUPINSKI

2.1. Generically stable types. We will need some basic facts about generically
stable types. As usual, given a global type p € S, (U) (automorphism-)invariant
over a small set A C U and U’ = U a bigger monster model with respect to U,
we let plyr be the unique extension of p to a type in S, (U’) which is invariant
over A. Given another A-invariant type ¢ € S, (U), we define the A-invariant type
P®q € Spy(U) via p® ¢ := tp(ab/U) for some/any a,b in U’ such that b = ¢ and
a = plup. Given an arbitrary linear order (I, <), a sequence a = (a; : ¢ € I) in U
is a Morley sequence in p over A if a; |= plaa., for all ¢ € I. Then the sequence
a is indiscernible over A, and for any other Morley sequence a’ = (a} : 4 € I) in p

over A we have tp(a/A) = tp(a’/A). We can then define a global A-invariant type
pD((x; i€ 1)) € Sz(U) as

U {tp(a/B) : AC B CU small,a = (a; : i € I) a Morley sequence in p over B}.

Equivalently, p!) = tp(a/U) for a = (a; : i € I) a Morley sequence in ply over U.
For any k € w (viewed as an ordinal) we have p(*) (x1,...,23) = p(zx) ®...@p(x1).

We do not assume NIP unless explicitly stated, and use the standard definition
from [PT11]: a global type p € S, (U) is generically stable if it is A-invariant for
some small A C U, and for any ordinal « (or just for « = w + w), (a; : ¢ € a) a
Morley sequence in p over A and formula ¢(z) € L(U), the set {i € o := p(a;)} is
either finite or co-finite.

In the following fact, items (1)—(4) can be found in [Casll, Section 9], (5) in
[GOU13, Theorem 2.4], (6) is an immediate consequence of stationarity in (2), and
(7) is [PT11, Proposition 2.1]. We let | denote forking independence. We will
freely use some of the basic properties of forking in arbitrary theories, e.g. extension
and left transitivity, see [CK12, Section 2] for a reference.

Fact 2.1. Let p € S, (U) be a generically stable type, invariant over a small subset
A CU. Then the following hold.

(1) Every realization of p'“)|4 is a totally indiscernible sequence over A.

(2) The type p is the unique global non-forking extension of p|a.

(8) For any a |= pla and b in U such that tp(b/A) does not fork over A, we
have a | b <= b | ,a (this holds for any b when A is an extension
base, e.g. when A <U).

(4) In particular, if a,b = p|a, thena\LAb — (a,b) Ep?|4 <= (ba) =
p(2)|A_

(5) If A is an extension base, (a;)i<w = p“|a and o(x,a0) (where p(x,y) €
L(A)) forks/divides over A, then {p(x,a;) : i < w} is inconsistent.

(6) Let a |= pla and let b,c be arbitrary small tuples in U. If a | ,b and
al ,c thena |, be;

(7) p is definable over A.

Remark 2.2. By Fact 2.1(1), for a global generically stable type p invariant over
A, we will also be using (without mentioning) an equivalent definition of a Morley
sequence with the reversed order. That is, given a linear order (I, <), we might say
that (a; : ¢ € I*) is a Morley sequence in p over A if a; |= p|aq_, for all i € I, where
I* is I with the reversed ordering. So e.g. we will refer to (ag,ar—1,...,a1) with
a; = plaa,..a;, as a Morley sequence in p over A, and write (ay,...,a1) E p*).
We will frequently use this without further mention.
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Fact 2.3. [DK12, Proposition 1.2] Let p € S,(U) be a generically stable type,
invariant over a small set of parameters A C U. Suppose that U < U', a is an
element of U' such that a = p, and b € dcl(a, A). Then tp(b/U) is generically
stable over A.

2.2. Setting. Let G = G(z) be an @-type-definable group (in the sort of U corre-
sponding to the tuple of variables z) and G := G(U). By - we mean an (-definable
function (from (U7)? to U”™) whose restriction to G is the group operation on G.
Similarly, by ~! we mean an (-definable function (from U® to U®) whose restric-
tion to G is the inverse in G. By compactness, we can fix a formula po(z) € L
implied by the partial type G(z) such that: - is defined and associative on o (U);
a-e=a=c-aand a-a ! =al-a=ceforall a € poUU); if by # by then
a-by # a-ba,by-a# by-aforall a,by,by € po(U) (but wo(Uf) is not necessarily
closed under -). As usual, for A C U, Si(A) denotes the set of types p € S(A)
concentrated on G, i.e. such that p(z) - G(x).

Given p,q € Sg(U) global M-invariant types (M < U), we define p * ¢ € Sg(U)
via px ¢ = tp(a - b/U) for (a,b) = p ® q. Together with this operation, the set of
all global M-invariant types in S (U) forms a left-continuous semigroup. We say
that an invariant type p € Sg(U) is idempotent if p x p = p.

2.3. Generically stable groups.

Definition 2.4. [PT11, Definition 2.1] A type-definable group G(z) is generically
stable if there is a generically stable p € Sq(U) which is left G(U)-invariant (we
might use “G(U)-invariant” and “G-invariant” interchangeably when talking about
global types).

Fact 2.5. [PT11, Lemma 2.1] Suppose that G is a generically stable type-definable
group in an arbitrary theory, witnessed by a generically stable type p € Sa(U).
Then we have:
(1) pis the unique left G(U)-invariant and also the unique right G(U)-invariant
type;
(2) p=p~t (where p~t :=tp(g~t/U) for some/any g |= p in a bigger monster
model U = U ).

By Fact 2.5 and its symmetric version, we get:

Corollary 2.6. A type-definable group G(x) is generically stable if and only if there
is a generically stable p € Sq(U) which is right G(U)-invariant.

2.4. Idempotent generically stable types and generic transitivity: main
conjecture. Let p € S (U) be a generically stable type over M. The following is
standard:

Proposition 2.7. The left stabilizer Stab(p) of p is an intersection of relatively
M -definable subgroups of G; in particular, it is M -type-definable.

Proof. By compactness, we can find a formula ¢;(z) € £ implied by G(z) such
that ¢1(G) - G C ¢o(G).

Since p is generically stable over M, it is definable over M (by Fact 2.1(7)).
For any formula ¢(z,y) € £ which implies () (and y is an arbitrary tuple of
variables) let

dpp :={(h,a) € po(U) xUY : o(h-x,a) € p}.
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By the definability of p over M, d,¢ is definable over M. Then

Staby(p) :={g € G : g - dpp = dpp},
where g - (h,a) := (h-g~',a), is an M-relatively definable subgroup of G (the fact
that it is a subgroup of G follows from the observation that it is the stabilizer of
the set dpe under the left action of G on ¢o(U) - G x UY given by g - (h,a) :=
(h - g~', a), which uses the choice of @g(x)). By the choice of o;(x), we get
that Stab(p) = ﬂ(p(m,y)gﬁ,ap(x,y)l—tpl(z) Stab,(p) is an intersection of relatively M-

definable subgroups of G. O

Example 2.8. Let G’ be an arbitrary type-definable subgroup of G which is
generically stable, witnessed by a generically stable left or right G’-invariant type
p € Sgr(U). Then p is obviously idempotent.

Our central question in the case of types is whether this is the only source of
generically stable idempotent types:

Definition 2.9. For the rest of the section, we let H; := Staby(p) and H, :=
Stab,(p) be the left and the right stabilizer of p, respectively.

Problem 2.10. Assume that p is generically stable and idempotent, and let H =
H; or H = H,. Is it true that p € Sy(U) and the group H is generically stable
(Definition 2.4)7

We will note now that the second part follows from the first, and that the left
and the right versions of the problem are equivalent.

Remark 2.11. Assume p is generically stable and p € Sy (U), where H = H; or
H = H,. Then:
(1) H is a generically stable group, witnessed by p (hence p is both the unique
left-invariant and the unique right-invariant type of H, by Fact 2.5);
(2) H is the smallest among all type-definable subgroups H’ of G with p €
S (U);
(3) H is both the left and the right stabilizer of p in G.

Proof. We will do the case of H = H;. The proof for H = H, is symmetric.

(1) As then p is a left H-invariant generically stable type in Sg(U).

(2) H is type-definable by Proposition 2.7. For any type-definable H' < G(U)
with p(z) + H'(x), the group H” := H N H' is type-definable with p(z) - H"(z)
and H” < H. If the index is > 2, we have some g € H with H" Ng- H" = ), and
p(x) F H'(z),(g-p) () F (g- H") (x), so p # ¢g-p — a contradiction. So H” = H,
and H C H'.

(3) H, is type-definable by a symmetric argument as in Proposition 2.7. By
(1), p is right H-invariant, so we have H C H,., and so p € Sy, (). By the right
version of (2) (which is obtained by a symmetric argument as in (2)), we conclude
that H = H,.. O

By Remark 2.11, we see that p € Sy, (i) if and only if p € Sy, (U), so the left
and the right versions of Problem 2.10 are indeed equivalent.

Let p € Sg(U) be a generically stable type, and let U’ > U be a monster model
with respect to U and p’ := p|ys (the unique extension of p to a type in Sg(U’)
which is invariant over M). Then still p’ is definable over M and Hy(U") = Stabe(p’),
H,(U") = Stab,(p’). Pick an arbitrary a € p(U’).



DEFINABLE CONVOLUTION AND IDEMPOTENT KEISLER MEASURES III 11

Remark 2.12. The following conditions are equivalent for a generically stable type
p:
1) p € Su, U);
2) a € Staby(p');
) for any (equivalently, some) (ag,a;) = p®, (ag - a1, a0) = p@;
) p € Su,U);
5) a € Stab.(p);
(6) for any (equivalently, some) (ag,a;1) = p, (a; - ag,ao) | p?.

Proof. (1) = (2). This is because a € p(U') C Hy(U') = Staby(p’), where the
inclusion follows by (1).

(2) = (3). Pick b |= p’. Then (a,b) = p® and a-b |= p’ by (2). So (a-b,a) = p?.

(3) = (1). Suppose (1) fails. Then a ¢ H,(U") = Staby(p’). So for any b |= p’
we have that a - b does not realize p’. Using Fact 2.1, this implies that a - b does not
realize plyq, because otherwise, since a - b J—’L{a U’ (which follows from b J/Z/{a u’
and left transitivity of forking), tp(a - b/U’) is the unique non-forking extension of
plua which is exactly p/, a contradiction. Thus, (a-b,a) does not realize p(?) which
contradicts (3).

(4) = (5) = (6) = (4) are obtained by symmetric arguments to the above ones.

(1) & (4) follows from Remark 2.11. O

(
(
(3
(4
(

Definition 2.13. We will say that a generically stable type p € S¢(U) is generically
transitive if it satisfies any of the equivalent conditions in Remark 2.12.

Remark 2.14. We have chosen this terminology to highlight the connection of con-
dition (3) in Remark 2.12(3) and the generic transitivity assumption in Hrushovski’s
group chunk theorem (see e.g. [Bayl8, Section 5.1]).

In view of Remark 2.12; our main Problem 2.10 is equivalent to the following:

Problem 2.15. Assume that p is generically stable and idempotent. Is it then
generically transitive? We note that the converse is trivially true.

In the following sections, we will provide a positive solution under some addi-
tional assumptions on the group. We will also see that elements of stable group
theory can be developed in an arbitrary theory localizing on a generically transitive
type p, if said type p is generically transitive.

Let p € Sg(U) be a generically stable type over M. By Proposition 2.7, we know
that Staby,(p) is an intersection of relatively M-definable subgroups of G.

Question 2.16. Assuming that p is generically stable and idempotent, is Staby(p)
an intersection of M-definable groups?

An earlier draft of this article provided a positive answer to the question above
for generically transitive types. It was pointed out to us by Anand Pillay that a
more general statement was already proved by Hrushovski and Rideau-Kikuchi in
[HRK19].

Proposition 2.17. If G is type-definable and p € Sc(U) is generically stable,
idempotent and generically transitive, then the answer to Question 2.16 is positive.

Proof. This follows directly from [HRK19, Proposition 3.4]. O

We conclude this section with a couple of additional observations.
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Lemma 2.18. Ifp € Sq(U) is generically stable over M and idempotent, then the
type p~! := tp(a=/U) for some/any a |= p is also generically stable over M and
idempotent.

Proof. Assume the hypothesis. Then p~! is generically stable over M by Fact
2.3. It follows that p=! * p~! is definable over M (see e.g. [CG22, Proposition
3.15]). Since p~! is the unique extension of p~1|y; definable over M, it suffices to
show that (p~! * p~1)|ar = p~ Y. Let by = p~tar and by = p~Yarm,. Clearly
byt = plar and byt = plas, and so (by ', b71) = p™) . Since p is idempotent,
we conclude that b;* - by' = plpr and in particular (by - by) | p~!lpy. Hence
P xp Dl =p""m O

Remark 2.19. If p is generically transitive, then p = p~!.

Indeed, by Remarks 2.12 and 2.11 it follows that if p is generically transitive, then
p € Sy, (U) witnesses that Hy is generically stable, hence p = p~! by Fact 2.5.

2.5. Abelian groups. In this section we give a positive answer to Problem 2.10
in the case of abelian groups (in arbitrary theories):

Proposition 2.20. Assume that G is an abelian group and p € Sg(U) is a gener-
ically stable idempotent type. Then p is generically transitive.

Proof. Let M < U be any small model such that p is M-invariant. Let (a1,a0) =
p@|3r be given, and assume towards contradiction that (a; - ag, ag) ¥ p'®|as, then
ai-ag [ ,, a0 by Fact 2.1(4). Let o(xz,y) € L(M) be such that |= (a1 - ag,ao) and

©(x, ag) forks over M. We extend (a1, ag) to a Morley sequence (a;)i<o = p™“) |-

For each k < w, let by :=ax_1-arx_o-...-ag. Then we have:
(1) (ag_1,...,a1) = p* V|4 s, hence by idempotence of p we have a1 -...-
a1 = plagass and 5o (ag_1-...-a1,a0) = pP|ar, and by, = (ag_1-...-a1)-ao,

so (bg,ao) =m (a1 - ap, ap), in particular = @(bg, ap);
(2) for any permutation o of {0,1,...,k — 1}, we have (ay(0), .., s(k—1)) F
p®|ar (by Fact 2.1(1));
(3) in particular, for every ¢ < k we have
(ak_l,ak_g, e ,ao) =M (ak_l, ey A1, A5—15 - - - ,ao,ai);
(4) and by = ag—1 ... @it1 - Gj—1 ... ag - a; (as G is abelian);
(5) hence (bg,a0) =nr (bx, a;) for every i < k.
Thus, by (1) and (5), for every k < w we have b, = {p(x,a;) : i < k}, and by
compactness the set {p(z,a;) : i < w} is consistent. But this contradicts the choice

of ¢ by Fact 2.1(5). Hence (a; - ag,ao) = p® |y, and since M was an arbitrary
small model (over which p is invariant), we conclude the proof. (]

Remark 2.21. It was pointed out to us by Martin Hils that this argument is
related to [HRK19, Lemma 5.1], which is used there to find idempotent types in
abelian groups of finite p-weight.

Remark 2.22. In the case of an arbitrary group, the proof of Proposition 2.20
gives the following:

e If p € Sg(U) is invariant and idempotent, then for any (asg, a1, ag) = p®
we have (ag - ay - ag,a1) = p?.
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Indeed, this time we assume towards a contradiction that as - a1 -ag f ,, a1. We
extend (ag,a1,a0) to a Morley sequence (a; : i € w) in p over M. Let k € w
be arbitrary, and let by := ag - ... ag. Then we get (bg,a;) = (a2 - a1 - ag,a1)
for all 2 < ¢ < k — 1, which gives a contradiction as in the proof of Proposition
2.20. To see this, note that since p is idempotent, af := a;—1 - ... ag = p|u,
a; = p\M%, and ah :==ag ... a1 p|M%ai. Hence (a}, a;, ah) = p®| s, and so
(br,a;) =p (a2 - ay - ag,a1).

Remark 2.23. Note that in Remark 2.22 we only assumed that the idempotent
type p is invariant. However, the assumption of generic stability is necessary in
Proposition 2.20. Indeed, let M := (R, +, <), G(M) := (R, +), and let po+ € Sa(U)
be the unique global definable (over R) type extending {# < a : a € U,a >
0}U{z >a:a€lU,a<0}. Then py+ is idempotent (see [CG23, Example 4.5(1)]).
But if (a1,a0) | po+ ® po+ we have 0 < a; < ag < U, hence a1 + ag > ag, so
(a1 + ao, ao) [~ po+ ® po+.

2.6. Inp-minimal groups. A similar argument with (local) weight applies to ar-
bitrary inp-minimal groups. Recall that a type-definable group G is inp-minimal
if bdn(G(z)) < 1 (we refer to [Adl07] and [Cheld, Section 2] for the definition and
basic properties of burden). In particular, every dp-minimal group is inp-minimal.
Note that there exist dp-minimal groups which are not virtually abelian [Sim03].
Answering [CPS14, Problem 5.9], it was recently proved in [Sto23] and [Wag24]
that all dp-minimal groups are virtually nilpotent.
We will use the following fact:

Fact 2.24. [GOU13, Theorem 2.9] Let p(x) € S(M) be generically stable over a
small set A and (a; 1 i < k) = p")| 4 for some cardinal k. Let b € UY be such that
b L ,ai foralli < k. Then bdn(tp(b/A)) > k.

Proposition 2.25. Assume that G is an arbitrary type-definable group which is inp-
minimal. If p € Sg(U) is idempotent and generically stable, then p is generically
transitive.

Proof. Assume that G is inp-minimal and p € S (i) is a generically stable idem-
potent type. Let U’ > U be a monster model with respect to U and p’ := p|y
(the unique extension of p to a type in S¢(U’) which is invariant over M). Then
p’ € Sg(U’) is idempotent and generically stable over Y.

Let (a1,a0) = p® = (p)P|y. Let b := a1 - a9 € GU'), by assumption
bdn (tp(b/U)) < bdn(G(z)) < 1. As a1 |, ao, by Fact 2.24 we must have at
least one of the following (by idempotence and Fact 2.1(4)):

(1) b1, ao, hence (a1 - ag, ao) = p);
(2) orb |, a1, hence (a1 - ag,a1) = p),
In both cases we obtain that p is generically transitive (see Remark 2.12). g

Remark 2.26. Fact 2.24 also holds when p a generically simple type in an NTPq
theory and A is an extension base (this follows from [Chel4, Section 6] and [Sim20,
Section 3.1]).

2.7. Stable theories. In this section we provide a proof that all idempotent types
in stable groups are generically transitive. This was known from [New91] (see also
e.g. [BMPWI16, Lemme 1.2] and references there), and recently generalized from
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idempotent types to idempotent Keisler measures in stable theories in [CG22] (see
the discussion in Section 3.10). We provide two detailed proofs since in the following
sections we will extend them to the case when p is a stable type in an arbitrary
theory, and also to the case of a generically stable type p in a simple or even rosy
theory.

The proof uses local stratified ranks:

Definition 2.27. Let G(x) be an (-type-definable group and ¢o(z) € £ as in
Section 2.2. To a formula ¢(x,y) € £ (with y an arbitrary tuple of variables)

we associate a formula ¢'(z,y) = @(x,y) A po(z). For g € G, put gpg(:v_, y) =
g-¢' (x,y) == (32)(¢'(2,y) N = g - z). Finally, let A, = {pq4(z,y) : g € G}. We
consider the usual notion of A -rank denoted by Ra, and A, -multiplicity denoted
by MltA‘p.

The proofs of all items except (3) in the following fact are standard arguments
as for usual A-ranks (see e.g. [Pil96, Chapter 1]). The proof of (3) uses the choice
of ¢o(x) and is left as an exercise.

Fact 2.28. Assume T is stable. Then we have:
(1) Ra,(z =) <w;
(2) Ra,(1(z) Va(x)) = max(Ra, (1), Ra, (¥2)); )
(3) Ra, is invariant under left translations by the elements of G;
(4) For any AC B CU and q € Sg(B) we have that q does not fork over A if
and only if Ra,(q) = Ra,(qla) for every v € L;
(5) Mlta,(q) =1 for any complete type q € Sq(N) over a model N < U.

Remark 2.29. Note that (5) follows from (4) and stationary of types over models
in stable theories, but for Ngp-saturated N it can also be shown easily directly,
without using forking.

In the proof below, the role of U is played by U/'.

Proposition 2.30. If T is stable and p € Sg(U) is idempotent, then p is generically
transitive.

Proof. By stability, p is generically stable over some small M < U. Let a = p in
U'. By Remark 2.12, it suffices to show that a € Stab,(p’), where p’ = p|yy

Method 1 (without using forking). Suppose for a contradiction that a-p’ # p/,
witnessed by a formula ¢(x,b) € L(U'). Since p is a generically stable idempotent
and a € p(UU'), we get a-p'lyy = p. On the other hand, since p’ is invariant over
M and the ranks are invariant under automorphisms, a formula ¥ (x) € p’ with
RA (W) = Ra, ., (p') and Mlta_ (1) = 1 can be mapped by an automor-
phism over M to a formula ¢'(z) € p'lyy = p with Ra_, ,,(¥') = Ra,,,, (¥) and
Mlta,, ,, (¥") = 1. By Fact 2.28(3), we also have Ra_, (a-p') = Ra_, (')
Summarizjnga p C p/ Na- plv RAMwyy) (p) = RAW(I’y) (p/) = RA(p(w,y) (a : p,) and
Mlta,,.,, (p) = 1. Hence, p[,(zy) = @ P'ly(z ), & contradiction.

Method 2 (using forking). Since p’ does not fork over U, by Fact 2.28(4),
we get Ra,(p') = Ra,(p) for every p(z,y) € L. By Fact 2.28(3), we also have
Ra,(a-p') = Ra,(p'). Thus, Ra,(a-p') = Ra,(p). On the other hand, since p is a
generically stable idempotent and a € p(U’), we have p C a-p’. We conclude, using



DEFINABLE CONVOLUTION AND IDEMPOTENT KEISLER MEASURES III 15

Fact 2.28(4), that a - p’ does not fork over U, and so it is the unique non-forking
extension of p which is equal to p’. ([

2.8. Stable types in arbitrary theories. Method 1 from the proof of Proposition
2.30 extends to the case when p € Sg(U) is stable over M, that is p is M-invariant
and p|as is stable (in a not necessarily stable theory). Recall that p(z)|as is stable
if there are no sequences (a;);<,, in U* and (b;);<,, in UY such that a; = p|ps for all
i < w and for some ¢(z,y) € L we have = ¢p(a;,b;) < i<jforalli,j<w. It
follows from the definitions that if p is stable over M, then it is generically stable
over M.

We refer to e.g. [ACP14, Section 1] and [HO10, Section 2] for the basic properties
of stable types. Method 1 applies when p is stable over M because in this case
Ra,(p) < w, and we also have item (3) of Fact 2.28 (without any assumptions on
T). Thus, Method 1 yields:

Proposition 2.31. Ifp € Sq(U) is idempotent and stable over some small M < U,
then p is generically transitive.

In order to prove this proposition using Method 2 from the proof of Proposition
2.30, we have to be careful with item (4) of Fact 2.28. Modifying a standard proof
of item (4) (see e.g. [Pil96, Lemma 3.4]) gives the following weaker variant:

Fact 2.32. Assume p € Sq(U) and p|as is stable for a small model M < U. Let B
be a set of realizations of p|pr and A C B. Then for any q € Sq(MB) extending
plar we have that q does not fork over M A if and only if Ra,(q) = Ra,(qlara) for
every ¢ € L.

While adapting the proof of [Pil96, Lemma 3.4] for Fact 2.32, the only essential
difficulty is to show that if a formula ¢(z, B) does not fork over M A (where o(x,y) €
L(MA)), then some positive Boolean combination of M A-conjugates of p(z, B) is
definable over M A. For that one needs to use the assumption that B is a set
of realizations of p|ps in order to have that tp(B/MA) is stable, which allows to
use symmetry of forking and acl®(M A)-definability of non-forking extensions of
tp(B/MA).

The following is a strengthening of the fact saying that p is the unique non-forking
extension of p|ys to a global type, and follows by one of the standard proofs:

Proposition 2.33. Assume that p € Sq(U) is generically stable, and p' = ply
(where U' = U is a monster model with respect to U). Let ¢ € Sq(U’) be an exten-
sion of p such that qlyp does not fork over U for every small set B of independent
realizations of p. Then q =p'.

More generally, in the assumption, it is enough to consider only the sets B of
independent realizations of p containing a fired realization a of p in U'.

Proof. We will deduce the proposition from the following claim.

Claim. If a; = ¢ly,q_, for all ¢ < n, then (ao,...,a,—1) is a Morley sequence in p.
In the more general version of the assumption, the same holds but assuming that
ap = Q.

Proof. This is induction on n. The base step n = 0 is trivial, as ¢lyy = p by
assumption.
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Induction step. Consider any a; = ¢ly,q., in U’ for all i < n. By induction
hypothesis a; |= plu,qa., for all ¢ < n. The goal is to prove that a, = plua_.,,
equivalently ¢lu.a_,, = Plu,acn-

Suppose for a contradiction that ¢(z,a<n) € ¢ly,a., but =(z,acn) € Plya_,,-
Extend a<, to a Morley sequence in p by b, = pluac,,bnt1 E Plusacn by --
Since a«pb>y is a Morley sequence in p, we get, by generic stability of p, that the
formula o(x,acp—1,an-1) A (2, ¢<pn_1,by) divides over U for every m > n. As
by assumption we know that qlu,q_, b-, does not fork over U, we conclude that
O(T,acn_1,bm) € q(z) for all m >n.

Pick any ¢ = qlu,a_, b-,- By the above conclusion, = ¢(¢, acn—1,by,) for all
m > n, so, by generic stability of p, ¢(c,acn_1,9) € D' (y).

On the other hand, since —¢(z, a<pn) € plu,a., and b, is Morley sequence in p
over U, a<n, we get that |= —¢(b;, acy) for all i > n. Since a<pb>y, is a Morley se-
quence in p, and as such it is totally indiscernible, we get that = —¢(an—1, a<n—1, b;)
for all ¢ > n. Therefore, ~p(an_1,a<n—1,y) € ' (y).

Summarizing, the last two paragraphs yield p(c, a<n—1, y)A"@(an-1,a<n-1,Y) €
p'(y). This contradicts the U-invariance of p’, because ¢ =y,q_, , an—1 as both
these elements satisfy ¢li/a_, ;- O(claim)

Now consider any ¢(z,b) € q. Pick a; = qlu,a,b,0., in U’ for all 0 < i < w, and
put agp := a. By the claim, (a;);<, is a Morley sequence in p. Since | ¢(a;,b) for
all 0 < i < w, by generic stability of p, we get p(x,b) € p’. Thus, ¢ =p'. O

Now, to prove Proposition 2.31 via Method 2, using Fact 2.32, we get that
Ra,(P'luB) = Ra,(p) for every set B of realizations of p (where p' := ply).
This implies (by Fact 2.28(3) — which does not require any assumptions) that
Ra,((a-p)lus) = Ra,(a- (p'lus)) = Ra,(p) for every set B of realizations of
p containing a. Since p C a - p’ (by the idempotence of p), we conclude, using
Fact 2.32, that (a - p')|up does not fork over U for every set B of realizations of p
containing a. Hence, a - p’ = p’ by Proposition 2.33.

2.9. Simple theories. Assume that T is a simple theory, and as usual that p €
Sa(U) is idempotent and generically stable over M < U. Method 2 extends from
stable to simple theories using stratified Shelah degrees in place of stratified local
ranks. In simple theories, they are wrongly defined in Definition 4.1.4 of [Wag00]
(as they are not left-invariant due to the lack of associativity outside G). A way to
fix it is to use suitable ¢(z,y) (as in Definition 2.27) or to apply Definition 4.3.5 of
[Wag00] (in the special case of type-definable rather than hyper-definable groups).
In any case, by [Wag00], stratified Shelah degrees satisfy items (1)—(4) of Fact 2.28,
so Method 2 applies directly and yields the following generalization of Proposition
2.30:

Proposition 2.34. Let T be simple, G an 0-type-definable group, and p € Sg(U)
idempotent and generically stable. Then p is generically transitive.

2.10. Rosy theories. In the case of groups in rosy theories, again we can apply
Method 2, using stratified local thorn ranks. They were defined and studied in
[EKPOS] (see [EKPO08, Definition 1.13]) in the case of definable groups, and extend
easily to type-definable groups (using ¢g as in Definition 2.27). By [EKPO08], strat-
ified local thorn ranks satisfy items (1)—(4) of Fact 2.28, with thorn forking in place
forking in item (4). However, [GOU13, Theorem 3.4] tells us that if a type ¢ € S(B)



DEFINABLE CONVOLUTION AND IDEMPOTENT KEISLER MEASURES III 17

is generically stable and A C B, then ¢ forks over A if and only if ¢ thorn forks
over A. We have all the tools to prove the following generalization of Proposition
2.34 via Method 2.

Before its statement, let us first recall local thorn ranks and define stratified
local thorn ranks bg797 K

Definition 2.35. For a finite set ® of partitioned formulas with object variables x
and parameter variables y, a finite set of formulas © in variables y, z, and natural
number k£ > 0, the bg g ;-rank is the unique function from the collection of all
consistent formulas with parameters to Ord U {oo} satisfying: be.o r(¢) > o+ 1 if
and only if there is ¢ € ®, some 0(y, z) € © and parameter ¢ such that:

(1) ba,ok(®(z) Ap(x,a)) > « for infinitely many a = 6(y, ¢), and

(2) {¢(z,a):a=0(y,c)} is k-inconsistent.
Given a (partial) type 7(z) closed under conjunction we define bg o 1 (m(z)) to be
the minimum of bg o k(1) for ¥ € m(x).

Definition 2.36. (1) For a formula ¢(z,y) € L, let ¢(x,t,y) := (32)(p(z,y) A
wo(z) Nz =1t-z), where @g(x) is chosen in Section 2.2.

(2) For a finite set ® of formulas in variables x, y, put P = {g(z,t,y) : p(z,y) €
®}. For a finite set of formulas © in variables y, z, put ©*(¢,y;t’, z) =
{0(y,z) ANt =1":0 € O}.

(3) The stratified bg,@.k—mnk is defined as the unique function satisfying:
bg,@,k(w) > a+1 if and only if there is a formula ¢ € ®, some 6*(¢t,y;t'z) €
©* and parameters g € G and ¢ anywhere such that:

(a) b§ o ,((z) A @(x,g,b)) > n for infinitely many (g,b) |= 0*(t,y: g, c),
and

(b) {@(x,g,b):(g,b) =0*(t,y;9,¢)} is k-inconsistent.

Given a (partial) type m(x) closed under conjunction we define bg’@} p(m(x))

to be the minimum of bg7®7k(w) for ¢ € 7(x).

Proposition 2.37. If T is rosy and G is a type-definable group, then every gener-
ically stable idempotent type p € Sq(U) is generically transitive.

Proof. Assume p is generically stable over M <Y and let a Epin U’ > U and p’' =
plur. As usual, by Remark 2.12 it suffices to show that a € Staby(p’). Since p’ does
not fork over U, it does not p-fork over U, so bg,@,k(P/) = bg@,k(p) for every finite
®, O, k. Since b§ ¢ ,(a-p") = b o 1 (p'), we conclude that b§ o . (a-p') = b§ o 1 (p)-
On the other hand, since p is a generically stable idempotent and a € p(U’), we
have p C a - p’. Therefore, a - p’ does not p-fork over Y. In order to conclude that
a - p' does not fork over U (and so coincides with p’, which finishes the proof), by
virtue of [GOU13, Theorem 3.4], it remains to show the following:

Claim. a - p’ is generically stable over M, a.

The claim follows from Fact 2.3 since p’ is generically stable over M (and so over
M, a) and a - p’ is realized by a - g € dcl(a, g) for g = p'. O

2.11. Chain conditions for type-definable groups on a generically stable
type. One approach towards Problem 2.10 is to adapt Newelski’s “2-step genera-
tion” theorem [New91, Theorem 2.3] that provides a positive answer for types in
stable theories. One ingredient is the existence of a smallest type-definable group
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containing a given type in a stable theory. In this section we investigate this ques-
tion (and corresponding chain conditions and connected components) for groups
type-definable using parameters from a Morley sequence of a generically stable

type.

Definition 2.38. If p € S,(U) is an A-definable global type and =w(z,y) is a
small partial type over A (with x,y possibly infinite tuples of variables), we let
dpzm(z,y) == {dpz o(z,y) : (z,y) € m(x,y)}. Hence dyz7(z,y) is a partial type
over A in the variables y so that for any b € UY, b |= dpzw(z,y) if and only if
m(z,b) C p.

The following is a generalization of [DK12, Lemma 2.1] to type-definable groups
(combining it with [HP18, Lemma 2.1]).

Proposition 2.39. Let G = G(x) be an A-type-definable group and p(y) € Sa(U)
a global type generically stable over a small set A C U. Assume that H(x,y, z)
is a countable partial type over A, with § = (y; : i € w). Let ¢ be a tuple in U?,
(bi :i € I) a small infinite set of realizations of p|az (forking-)independent over A,
and let i = (iq : @ < w) € I with i, pairwise distinct and I\ {i, : a < w} infinite.
Suppose H(U;b;,¢) NGU) < GU) is a subgroup, where b; = (b;,, : o < w). Let
T ={(ja:a<w)el’:Va#d €w, jo# ju)N([{a€w:ja#iatl <Ro)}.
Then ﬂ}ej H(U, bJ7 ¢) N G(U) is type-definable over Ac as dyw)y H(z,y,¢) N G(z)
(note that the type p) is definable over A).
Remark 2.40. If H(z,y, z) is uncountable, then we can write it as a conjunction of
countable types defining relatively definable subgroups of G(i), and so we conclude
that Proposition 2.39 holds for uncountable types H(z,y, Z), too.

Proof. For n < w, let I, := {io :n < a<w}and i, := (ip : 1 < a < w).

Claim 1. If T is uncountable, then for any (infinite) countable subset I’ C I'\ I
we have
() HWU:bi, by se) N GU) = () HUs b, b, ;6) NGU).
i€I\Io el’
If the claim holds for uncountable I, it also holds for countable I. Namely, if I is
countable, we can extend it to uncountable I” and apply the claim for I”.

Proof. Suppose not, so there exists an infinite countable I’ C I\ Iy, i* € I\ (IoUI’)
and

€ <G(u)m () HU:bi,b;, ;¢ )) \ H(U; by, by, ;0.

il
Fix any sequence j = (jo : @ < wy) € (I'\Ip)® with j, pairwise distinct. As (b; : i €
I) is an A-independent set of realizations of p|az, by generic stability of p and Fact
2.1(2) it is a Morley sequence in p over Ac, hence it is totally indiscernible over Ac.
Then, for every a@ < wy there is an automorphism o, of U fixing AEB and sending
by~ to b, and (b; : i € I') to a sequence containing (b;, : f < a) as a subsequence

Then g, := 04(g) € (G( )N Np<a HU; bjs, by )) \ H(U;bj,,b;,;¢) for all o <
wi. As the partial type H(z,y, z) is countable, there is a formula ¢(z; yo,l_)m;é)
(with hidden parameters from A) so that o(z;b; ,b; ;¢) € H(x;b,. ,b; ;¢) and

o 107 Joud 10,
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Jo € (G(U) NNpeo HU; by s, )) \ o(U;b;.,b;,;¢) for uncountably many o <

wy. Then, noting that (b;, : a < w1) = pler) IAEEOE’ by compactness, Ramsey and

indiscernibility we can find (b}, : @ < w) in U realizing p“)| 4 . and (¢}, : @ < w)
0

in G(U) so that the sequence (g/,, b}, )a<w is indiscernible over AEv ¢, and for all @ <

w we have g, € (GU) N Myeo HWUs by bi,:0)) \ o@Us b, by, i), plw5blbi,30) €
H(z;0,,b;,;¢) and G(U) N H(U; b, b;,5¢) < GU).

First assume g;, ¢ H (U, b, b;,, ¢) for some 8 > a in w, then = ﬁzﬂ(ga,bﬁ,bzo, c)
for some v (x; bﬁ,bio,é) € H(x,bﬂ,l_rio;é). Hence, by indiscernibility, we have |=
¢(ga,b;3,l3m,é) <— [ < aforall o, € w. Taking a € w sufficiently large, as
(b :B<w) p| Al e this contradicts generic stability of p.

Otherwise we have ¢/, € H(U, b%,}o,é) <~ «a # B, for all a,8 € w. Note
that for any hy,ho € G(U) N H(U, b}, b;,,¢), we have hy - g - ha ¢ H(U, b}, b;,,¢)
(as gj, € GU) \ H(U, b, bzo, ¢)). By compactness there is a formula v (z, yo, ¥, Z) €
H(x,y0,y,z) (without loss of generality the partial type H is closed under conjunc-
tions) so that: for any hi, ha € GU)NH U, b, b;, . ¢), = ~p(h1-gh-ha, b}, b;,, €). By
indiscernibility we then have: for any o < w, for any hy, he € GU)NH (U, Y, %07 ),

E —(h - gl hg,bg,l_)m,é). Now let K be any finite subset of w, and let g} :=

[lock 90 As g, € HU, bﬂ;lo,é) < a # B, it follows that for all a < w,

= Y(gk, b, b;,,¢) <= a ¢ K. Taking K sufficiently large, this again contradicts
generic stability of p (in fact, even “generic NIP” of p). O(claim)

Claim 2. For n < w, let
TIn i ={(a:a<n+1)c (I\L)"™ :Va#ad <n+1,jo # jo}
Then for any g € G(U) we have: g € ;o5 H(U; b=,b; ;¢) if and only if g =

305,075
Aty (H (@9, b7, ,€)), where g = (y; 1 i <n+ 1).
Proof. We prove this by induction on n < w.

For n = 0, assume g € G(U) N (e, HU;bj, ZO,E). As [ is small, we can
choose a sequence (b; : i € I') of independent realizations of p[ ¢, ;e To}bi, A in U
with I’ uncountable. Applying Claim 1 to the independent set (b; : i € Joy U I') of
realizations of p|az, we have

() HU:; by b;e) NGU) = () HU;bs,b;,:0) NGU),

Jj€Jo JEIJUI’

so in particular = H(g;b;, bl07 ¢) for any j € I', hence g = d,yo H(:c,yo,l_);o;é).
Conversely, suppose g = dpyo H(z, yO,Z)ZO,E), and we let (b; : i € I') realize
p(wl)‘g{bi:iGJo}EzoaA' Then g € ;o HUs b5, b5,5¢) N G(U). By Claim 1 again we

have

() HWU:b;,b;,:0) N = [ HWU:b;b;,:0)NGU)
Jer JEIToUI’
= m (U bwlrzo’ )ﬂ G(U),
j€Jo

hence g € ;¢ H(U; bj, b;,; ¢). This shows the case n = 0.
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Now suppose that the claim holds for n, and we show it for n+1. For ¢ € T\ I,41,
let 7, (%) be the set of sequences of n+1 pairwise distinct elements in I\ (I,,4+1U{i}).
By the induction hypothesis and indiscernibility, given g € G(U),

g€ ﬂ u7bjabzab7, +1aé) < 9 ):dp(7l+1>gnH(x7gn7bmbz 41 )
Jejn()

Let K(z,b;,b; . ,¢) be the countable partial type dpyn+1) Y H (2, Y, b b: @),

0 Vi1 1 Vi1

then G(U) N K (U, b;, b: Ein? ¢) is the corresponding subgroup. Then
n () HWUb;b;, o=Gun ([ HU.bjbib;, .0
]Ejn,+1 1€IN\In 1 FET (1)
=GU)n [ KUbb;, ¢
1€\ 41

={9€ GU): g = dpyo K (2,90, b;,,,,¢)}
={geGU): g dp("+2)gn+1 H(xvgnvgin+1vé)}v

where the equality between the second and the third lines holds because of the case
n = 0 applied to the groups relatively defined by K. O(claim)

Assume now g € G(U) N5 H(Z/l,b],c) and let ¢(x,y,¢) € H(z,y,c) be
arbitrary, since it only contains finitely many variables we have 1/1(:5 Un, €) for some
n < w. As in particular we have g € G(U) N (o7, (U,b], ;,€), by Claim 2
this implies g = d,+1)Un Y(2,Yn, €), hence g = d,ywy¥(z,y,¢). This gives one
inclusion.

Conversely, suppose g = d, )y H(z,y,¢). Let (b} : i € I’) be an independent set
of realizations of p|g¢s,.icr12a With I” of the same cardinality as I, and let il e (I
and J’ be defined with respect to I’ in the same way as 7 is defined with respect to
I. Then in particular 5% = ()| a for any j € J',s0 g € GU)Neq H(U,E%,E).
We emphasize that in the following, partial type are treated here as sets of formulas.
Now given an arbitrary formula ¢(z) in the union ;. , H (z, bj, ¢), we can choose
n < w and finite j; € (I'\7)<¥ so that all parameters of v are in ¢A(b;, : a < ”)651'
By construction (b; : ¢ € T UI') is an independent set of realizations of p|4z4, in
particular it is totally indiscernible over gcA.

We can thus choose an automorphism o € Aut(i/) fixing E':n Eii/ Ac with o(b;,) =

b, for a < n and O’(b ) = b for some j1 € (I' \ i')<%. Hence 1/)(&5%,,(()2@
1

a<n),c) =Pz, (T(bjl), (a(bla))a<n, ¢) is a formula in the union (J;. ;. H(z, l%, ),
which contains g by assumption. And o fixes ﬂ; cr HU, b;—,, ¢) setwise, as it is type-
definable over bi ¢A by Claim 2. Hence o(g) = ¢(z,0(b;,), (0(bi, ))a<n,€), and so
g = ¢(z, Jl,( i, )a<n, ¢). We have thus shown that g € G(U) N (;c, HU b=, ¢),

b ] b
giving the reverse inclusion. This finishes the proof of the theorem. O

Question 2.41. Do we have the analogue of Claim 1 if instead of a single realization
b; of p|az we allow to vary tuples of independent realizations of p? By essentially
the same proof, this holds under the stronger assumption that p(™ is generically
stable for all n < w. We also expect that an analog of Proposition 2.39 holds for
invariant instead of type-definable subgroups, but do not pursue it here.
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Corollary 2.42. Let G be an ()-type-definable group and p € Sc(U) a global gener-
ically stable type. Assume that p is invariant over a small set A C U, and consider
the family

Hp,a = {H < G(U) : H is type-definable over Ab,b = p(|B|)|A,p H H(x)} .
Then the group Gp 4 :=(\Hp,a is type-definable over A, and p|a F Gp. 4.

Proof. Assume we are given an arbitrary small linear order I and arbitrary b =
pD|4, and let H < G(U) with p - H be type-definable over bA. We can write
H =GU) NNaery H,(U,by) for some ordinal , with each Hy(z,by) € H(z) a
countable partial type relatively defining a subgroup of G(U), and b, a countable
subsequence of b. Fix some a < v, without loss of generality b, is co-infinite in b.
Note that, taking the intersection over all countable subsequences b’ of b equal to b,
except for finitely many elements, H', := G(U) Ny Ho(U,0') < GU) N Hoy(U, by)
is type-definable over A by Proposition 2.39. And, as p is A-invariant and b’ =4 b,,
we still have p(z) - H{,(z). Thus, for H' := (1, H,,, we have p(z) - H'(z) and
HU)NGU) < HU).

This shows that the group G, 4 is type-definable over A, and p|a F G, a(z). O

Question 2.43. (1) Does G 4 depend on A?
(2) Is Gp 4 an intersection of definable groups?

(3) Let p € Sg(U) be a generically stable type (idempotent and such that p("™)

is generically stable for all n € w, if it helps). Does there exist a smallest

type-definable (over a small set of parameters anywhere in U) group H with
pt H(x)?

All of these questions have a positive answer assuming p is idempotent and
generically transitive:

Proposition 2.44. Assume that p € Sg(U) is generically stable, idempotent and
generically transitive. Then Staby(p) is the smallest type-definable (with parameters
anywhere in U) subgroup H of G so that p+ H.

Moreover, if p™ is generically stable for all n € w, then Staby(p) = Gp,a for
any small A C U so that p is invariant over A, and Gp 4 is an intersection of
definable groups.

Proof. The first part is by Remark 2.11. Moreover, let A C U be such that p is
invariant over A. As Staby(p) is type-definable over A (by Proposition 2.7) and p -
Stabs(p), by the definition of G, 4 we have G 4 C Staby(p), and Stab(p) C G, 4
by minimality as G, 4 is type-definable. Then Gy, 4 is an intersection of definable
groups by Proposition 2.17. a

We note however that we cannot answer Question 2.43(3) positively by prov-
ing a chain condition for groups containing p and (type-)definable with arbitrary
parameters:

Example 2.45. Let U = (K,T',k) be a monster model of the theory ACVF of
algebraically closed fields, and let G := (K,+) be the additive group. For b €
K,p € T'and O € {>,>}, let Bog(b) := {z € K : v(z — b)dB} be the closed
(respectively, open) ball of radius § with center b. Fix a € T, given a ball Bg,(a),
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by quantifier elimination in ACVF, density of I", and the fact that for any two balls
either one is contained in the other, or they are disjoint,

{z € Boa(a)} U {z ¢ Bog(b) : b€ K, B €T, Bog(b) & Bua(a)}
determines a complete type pra,.(z) € Sq(U), called the generic type of Bo,(a).

Now let B := B>4(0) and p := p>q,0. As for any a,b we have a + Bng(b) =
Brg(a+b), hence for any b € B we have b+ B = B and if B’ C B, then b+ B’ C B
for any ball B’. And if b € K\ B then (b4 B)NB = (}, so we have Stab,(p) = B, and
B < G(U). In particular p - B, and p is left- B-invariant. Note that p generically
stable over any a € K with v(a) = « (as it is internal to the residue field, or can
see directly that it commutes with itself). Hence p is idempotent.

Note that {B>g(0) : § € I, < a} is a large strictly descending chain of
definable subgroups of G(U) with p - B> 3(0) for all 8 < . So we have arbitrary
long descending chains of definable subgroups of G(U) containing p (but the smallest
one B is still definable).

3. IDEMPOTENT GENERICALLY STABLE MEASURES
3.1. Overview. The main aim of this section is to prove the following:

Theorem. (Theorem 3.45) Let G(x) be an abelian type-definable group, and as-
sume that € Ma(U) is fim (Definition 3.5) and idempotent. Then p is the unique
left-invariant (and the unique right-invariant) measure on a type-definable subgroup
of GU) (namely, its stabilizer).

Remark 3.1. In particular, if 7" is NIP and G is abelian, there is a one-to-one
correspondence between generically stable idempotent measures and type-definable
fsg subgroups of G (under NIP, generically stable = fim).

Remark 3.2. The assumption that p is fim cannot be relaxed.

Indeed, consider G := S* x R as a definable group in (R; +, x,0,1), and let G(U) =
S! xR be a monster model. Let A be the normalized Haar measure on S' and p the
type of the cut above 0. Let A’ be the unique smooth extension of A to the monster
model, p’ the unique definable extension of p, and u := A’ X p’. Then p is definable
and idempotent. But Stab(u) = {(,0) : @ € S}, in particular p([Stab(u)]) = 0,
so u cannot satisfy the conclusion of the theorem by Remark 3.39 (see also [CG23,
Example 4.5]).

This section of the paper is organized as follows. We briefly recall the setting
and some properties of Keisler measures in Section 3.2. In Section 3.3 we recall
some basic facts and make some new observations involving fim measures — they
provide a generalization of generically stable measures from NIP to arbitrary the-
ories in the same way as generically stable types in the sense of [PT11] provide
a generalization from NIP to arbitrary theories. In Section 3.4 we prove that the
usual characterization of generic stability — any Morley sequence of a fim measure
determines the measure of arbitrary formulas by averaging along it — holds even
when the parameters of these formulas are themselves replaced by a measure, see
Theorem 3.13. In Section 3.5 we collect some basic facts about definable pushfor-
wards of Keisler measures. In Section 3.6 we develop some theory of fim groups
(i.e. groups admitting a translation invariant fim measure) in arbitrary theories,
simultaneously generalizing from fsg groups in NIP theories and generically stable
groups in arbitrary theories (in particular, that this translation invariant measure



DEFINABLE CONVOLUTION AND IDEMPOTENT KEISLER MEASURES III 23

is unique and bi-invariant, Proposition 3.33). In Section 3.7 we develop an ap-
propriate analog of generic transitivity for fim measures, generalizing some of the
results for generically stable types from Section 2.4. Finally, in Section 3.8, we put
all of this together in order to prove the main theorem of the section, adapting the
weight argument from Section 2.5 to a purely measure theoretic context.

In Section 3.9 we isolate a weaker property of support transitivity and connect it
to the algebraic properties of the semigroup induced by * on the support of an idem-
potent measure. In Section 3.10 we illustrate how the Keisler randomization can
be used to reduce generic transitivity to support transitivity in stable groups, and
discuss more general situations when the randomization may have an appropriate
stratified rank.

3.2. Setting and notation. We work in the same setting as in Section 2.2. For a
partitioned formula ¢(z,y), ©*(y,x) is the same formula but with the roles of the
variables swapped. In the group setting, if o(x,y) F wo(z) Ao (y), then ¢ (x,y) =
o(x-y). Let A CU. Then a Keisler measure (in variable x over A) is a finitely
additive probability measure on £, (A) (modulo logical equivalence). We denote the
collection of Keisler measures (in variable x over A) as M, (A). Given pu € M, (A),
we let S(p) denote the support of p, i.e. the (closed) set of all p € S (A) such that
wu(e(z)) > 0 for every ¢(z) € p. We refer the reader to [CG22; CG23] for basic
definitions involving Keisler measures (e.g. Borel-definable, definable, support of a
measure, etc). Given a partial type m(x) over U, we will consider the closed set
M, (U) :={peM(U):peS(u) = p(x) Fn(x)} of measures supported on 7(x).

We will assume some familiarity with the basic theory of Keisler measures and
their basic properties such as (automorphism-) invariance, (Borel-) definability,
finite satisfiability, etc., and refer to e.g. [Sim15] or earlier papers in the series
[CG22; CG23] for the details and references.

3.3. Fim measures. Throughout this section we work in an arbitrary theory T,
unless explicitly specified otherwise.

Definition 3.3. Let p € M, (U), v € M, (U) and suppose that 1 is Borel-definable.
Then we define the Morley product of u and v, denoted p®v, as the unique measure
in M, (U) such that for any ¢(z,y) € Ly (U), we have

(ov)elaa) = [ FLadila).
Sy (A)
where:
(1) p is A-invariant and A contains all the parameters from ¢,
(2) FZA 1 Sy(A) — [0,1] is defined by FiA(q) = u(p(x,b)) for some (equiva-
lently, any) b = ¢ in U,
(3) ;|—; is the unique regular Borel probability measure on S, (A) corresponding
to the Keisler measure v|4.
See e.g. [CG22, Section 3.1] for an explanation why this product is well-defined and

its basic properties. We will often abuse the notation slightly and replace v|4 with
either v|4 or simply v when it is clear from the context, and sometimes write Flf A
as F'*.

”w

Definition 3.4. Let p € 9, (U) and suppose that u is Borel-definable. Then
we define p) = p(xy), p (21, . 2ng1) = (@) @ pM (2, ..., 2,), and
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p@) = Un<w p™ (zy, ..., x,). (In general, ® need not be commutative/associative
on Borel definable measures in arbitrary theories.)

Definition 3.5. [HPS13] Let p € M, (U) and M < U a small model. A Borel-
definable measure p is fim (a frequency interpretation measure) over M if p is
M-invariant and for any L-formula ¢(z,y) there exists a sequence of formulas
(On(x1,y ..., Tn))1<n<w in L(M) such that:
(1) for any € > 0, there exists some n. € w satisfying: for any k& > n., if
U = 0i(a) then
sup | Av(a)(p(x,b)) — p(e(z,0))] <&
beuvy
(2) limy, oo ut™ (6, (2)) = 1.
We say that p is fim if p is fim over some small M < U.

Remark 3.6. In NIP theories, fim is equivalent to each of the following two prop-
erties for measures: dfs (definable and finitely satisfiable) and fam (finitely approx-
imable [CS21]), recovering the usual notion of generic stability for Keisler measures
[HPS13]. Outside of the NIP context, fim (properly) implies fam over a model,
which in turn (properly) implies dfs (see [CG20; CGH23]).

Generalizing from generically stable measures in NIP, one has:

Fact 3.7. [CGH23] If p € M, (U) is fim and v € M, (U) is Borel definable, then
LRV =vQ& L.

Definition 3.8. [CGH25] Let p € M, (U) and M < U a small submodel such that
w is M-invariant, and x = (z;)i<w. We say that u is self-averaging over M if for
any measure A\ € M, (U) with Ay = p)|5 and any formula p(z) € L. (U) we
have

Jim A(p(zi)) = ple(2))-

The following generalizes a standard characterization of generically stable mea-
sures in NIP theories [HPS13] to fim measures in arbitrary theories (and demon-
strates in particular that if p € S, (U) is fim viewed as a Keisler measure, then it
is generically stable in the sense of Section 2.1; indeed, p is generically stable over
M if for every Morley sequence (a;)i<,, in p over M we have lim;_,, tp(a;/U) = p
— and if 4, is self-averaging, this property holds, see [CG20, Proposition 3.2]):

Fact 3.9. [CGH25, Theorem 2.7] If p € My (U) and p is fim over M, then p is
self-averaging over M.

The following would be a natural generalization of stationarity for generically
stable types to measures:

Conjecture 3.10. Let p € M, (U) be fim over M < U and let A be a small set
with M CACU. Ifv e M, (U) is A-invariant, Borel-definable, and v|s = p|a,
then pu =v.

Conjecture 3.10 is known to hold when pu = p is a type and T is an arbitrary
theory (by Fact 2.1(2)) and when g is a measure but 7" is NIP (by [HPS13, Propo-
sition 3.3]). The following proposition is a special case of Conjecture 3.10 sufficient
for our purposes here.
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Proposition 3.11. Let p € M, (U) be fim over M and A O M. Suppose v €
M, (U) is A-invariant and v|a = pla. If either of the following holds:
(1) v is definable,
(2) or the measures ™ are fim for each n > 1 and v is Borel-definable;
then pu = v.
Proof. The only difference between the two cases is the justification of equation (b)

below. Suppose that we are given some v with the described properties. Since v is
A-invariant and (Borel-)definable, it follows that v is (Borel-)definable over A.

Claim. We have that v(“)|4 = u(“)|4 (in either of the two cases).

Proof. By assumption u(1)| A= p(1)| 4. Assume that we have already established

y(”)|A = ,u(")|A for some n € w. Fix an arbitrary formula 0(xy,...,2n41) €
Lay,..znii(A) and € > 0. Let p(xpq1321,...,2,) = 0(21,...,Tp41). Since the
measure u(™ (x1,...,x,) is definable over A, there exist formulas ¥y (2,11,4),.. .,

Y (Tny1,a) € £mn+1( ) and ry,...,7y € [0,1] such that

() sup

/_L(") A Zrllwl(xn+17a) )
q€8z, 11 (4)

Then we have:
DO, wn11)) = (Ve ©98 ) 0@, @0r))

.....

(@
AN S
/s, () CEmrrd Sl A

TLseens

®)
:/S N F#(”)A I/|A NE/ Zn]‘?/h(xwrl,a) d(V|A)

Tyl ) "'7L+l =1

= _wai(xm,a)) DS i, @)

i=1
() P
= Zrzlwl(x,HA a) (N'A) ~e Fu(n))A d (IU’|A)
$n+1(A) i=1 S’ﬂ-%—l( )

(/«L(Jf) o ®uxn+1) O@1,. .. 2n11)) 2 (umm @u. )(o(xl,...,xnﬂ))

= 0" Oz, .. wngn)),

with the following justifications for the corresponding steps:

(a) induction hypothesis;

(b) in Case (1), u(™ is fam over A since u(™ is fam over M and M C A (and fim
implies fam over a model), by [CG20, Proposition 2.10(b)], v is definable over
A, and fam measures commute with definable measures [CGH23, Proposition
5.17]; in Case (2), p™ is fim over A, v is Borel-definable over A, and fim
measures commute with Borel-definable measures [CGH23, Proposition 5.15];

(c) by (1);

(d) by assumption;

(€) fa,., is fim, and fim measures commute with all Borel-definable measures
[CGH23, Proposition 5.15] (alternatively, fam measures commute with definable
measures).
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As 6 and e were arbitrary, we conclude v(*D|A = p(*+D| 4. And then v )|, =

Un<w V(”) = Un<w M(n) = /’L(W) ‘A' D(Clalm)

Let now <p(x) € L,(U) be arbitrary. Let A(x) := v(“)(x), by the claim above we
have A4 = u()| 4. Note that for every i € w, A\(p(z )) =v(p(x)). As pis fim over
M, it is self averaging over M by Fact 3.9, hence v(p(z)) = lim;_ o A(@(x;)) =
(). O

Remark 3.12. Our proof of Proposition 3.11 does not apply to the general case
of Conjecture 3.10 since it is open whether or not p being fim implies that ;™ is
fim for n > 2 in an arbitrary theory, even when p = p is a generically stable type.

3.4. Fim measures over “random” parameters. In this section we prove a
generalization of Fact 3.9 of independent interest, demonstrating that any Morley
sequence of a fim measure determines the measure of arbitrary formulas by aver-
aging along it — even when the parameters of these formulas are allowed to be
“random”. More precisely:

Theorem 3.13. Let 1 € M (U) be fim over M, v € M, (U), ¢(x,y,2) € Ly, b€
U?, and x = (z;)iew- Suppose that A € My, (U) is arbitrary such that N|x p = pu)
and Ny, =v. Then

lim /\( (xia Y, b)) = p & V((P(Z, Y, b))

11— 00

Moreover for every € > 0 there exists n = n(u, p,e) € N so that for any v, \,b as
above, we have A(¢(x;,y,b)) =° p @ v(p(z,y,b)) for all but n many i € N.

Remark 3.14. Fact 3.9 corresponds to the special case when v(y) = ¢(y) is a type.
We note that this result is central to the proof of our main theorem, and is new
even for NIP theories.

Our proof of Theorem 3.13 relies on the use of Keisler randomization in continu-
ous logic, as introduced and studied in [BYK09]. We will follow the notation from
[CGH25, Section 3.2]. Let T be a complete first order theory. We let T# denote the
(continuous) first order theory of its Keisler randomization (we refer to [BYKO09,
Section 2] for the details). Let M be a model of T' and let (€2, B,P) be a probability
algebra. We consider the model MBP) of TE which we usually denote as M*
for brevity, defined as follows. We let

My :={f:Q— M: fis B-measurable, |im(f)| < No},

equipped with the pseudo-metric d(f,g) := P ({w € Q: f(w) # g(w)}). Then M*
is constructed by taking the metric completion of M} and then identifying random
variables up to P-measure 0. We let M§! be the set of classes of elements of M.
By construction, M§! is a metrically dense (pre-)substructure of M*2.

Let U be a monster model of T such that M < U. The model U is almost
never saturated, so we will always think of U’ as (elementarily) embedded into
a monster model C of TE, ie U < C. Ifa € U, we let f, € I/{é2 denote the
constant random variable taking value a, i.e. f, is the equivalence class of the maps
which send 2 to the point a (equivalence up to measure 0). If A C U, we let
A¢ = {f,a€ A} CUS. Tf (w1, ...,2,) is an L-formula, we let E[p(z1,...,2y)]
denote the corresponding continuous formula in the randomization. This formula
is evaluated on tuples of elements h = (hy, ..., hy,) from US* via



DEFINABLE CONVOLUTION AND IDEMPOTENT KEISLER MEASURES III 27

Elp(h)] =P{weQ:UE p(hi(w),....ha(w))}),
and is extended to U via uniform limits. For B C C, SF(B) will denote the space
of types in the tuple of variables z over B in T,

Remark 3.15. Note that for any h = (hy,...,h,) € (U™, there exists a finite
B-measurable partition A of 2 with the property that for each ¢ < n the function
h; is constant on each element of A. Given such an h and A, we write i_z| 4 for
the tuple of constant values of the functions in h on the set A. Note that for each
A € A, h|a is an element of U".

The following fact can be derived from basic facts about continuous logic:

Fact 3.16. Suppose that p € SEU?). Then there exists a net of tuples (hi)icr
where h; € (U?)® such that lim;e s tpT(h; JU?) = p.

The following observations were made by Ben Yaacov in an unpublished note
[BY09]. For a detailed verification, we refer the reader to [CGH25, Section 3.2].
Fact 3.17. Let U be a monster model of T, € M, (U), and U? < C.

(1) There exists a unique type p, € SEUD) such that for any L-formula

o(x,y), h=(h1,...,hn) € U§t, and any measurable partition A such that
each element of h is constant on each element of A,

(Elp(z, )P = Y P(A)u(p(w, hla)).
AcA
(2) If u is definable, then there exists a unique type r, € SE(C) such that:
(a) Tulue = pu;
(b) 7, is definable over U; if w is M-definable, then r, is M -definable.

Remark 3.18. The claims in Fact 3.17 hold in the context where x is an infinite

tuple of variables. The infinitary results follow easily from their finite counterparts.

Corollary 3.19. Suppose that x = (Zi)ica, ¥ = (¥i)i<g, and A € Myy, (U). Then
(pr) \x,MQ = ]9(,\\,()|MQ and (p») \y =POy)-

Proof. Fix & = (x4,,...,2;,) and h = (h1,...,hy) € (M?)™. Fix a finite mea-
surable partition A of Q such that each element of h is constant on each element
of A. From the definitions we have:

(B[ (z.0)]) = > P(A)A (@, hla))

AcA

= > P(A) (M) (#(Z, hl))

AcA
= (Elp(z, h)])Pom.
By quantifier elimination in T%, we conclude that Palx, e = Pl me- O

We recall some results from [CGH25] connecting the randomized measures, the
Morley product and generic stability in 7" and TF. These are [CGH25, Proposition
3.15], [CGH25, Corollary 3.16] and [CGH25, Corollary 3.19], respectively.

Fact 3.20. Suppose p € M (U) and v € M, (U).
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(1) If 1 and v are definable, then

Tuew (T, y) = () @1 (y).
(2) If u is definable, then for everyn > 1,

P () = (r) ™ ().

(3) If w is fim, then r, is generically stable over Mt (for generically stable
types in continuous logic we refer to [Kha25; CGH25; And23]).

Corollary 3.21. If 1 € M, (U) is a definable measure then r, ) = (r,) ).

Proof. First note

(Tu)(w): U T;(Ln): U Tpu(n) -

1<n<w 1<n<w
We want to show that U, 7,m = 7). By quantifier elimination in TR it
suffices to show that for every Lz ,-formula p(x1,...,25,y) and b € CY, we have

that E[p(z,b)]»“ = E[p(z,b)]»™® . By Fact 3.16, fix a net (h;)ics of elements

each in (US)Y such that lim;e; tpf(h; /U?Y) = tpf(b/U?). For each i € I, choose

a finite measurable partition A; of  such that each element of h; is constant on

each element of A;. We have the following computation (using Fact 3.17):
Elp(&,b)]"» = lim FFELEL ((6p" (i /U))

el

= mE[p(Z, h)P« =1im S P(A)u) (o(, hila))

icl i€l =
=tim 37 PO (p(@ hil)) = (Bl (@, b))
A€A;
= tim FERE0) (1" (hy/U)) = Elp(z, D],
where the first and last equality follow from the fact that F,]:Ejzi(f’y)] and F,]szi()j’y)] are
continuous maps, by definability of p, hence of 1) and p(®), and Fact 3.17(2)(b).
O

The following fact is [CGH25, Lemma 3.13].

Fact 3.22. Suppose that p € M, (U) and (h;);cr is a net of elements such that h; €
USH® and limer tpf (ki /U?) = p,. For each i € I, let A; be a finite measurable
partition of  such that each element of h; is constant on each A € A;. Then

lim ( > P(A)5<mA>> =,
A€A;

where the limit is calculated in the space My, (U).

Proposition 3.23. Let u € M, (U) be fim over a small model M <U, v € M, (U)
and x = (;)icw with x; of the same sort as x for all i. Suppose that A € My, (U)
such that Nx ar = p“ |y and N, = v. Then for any ¢(z,y) € L we have

lim Ap(zi,9)) = n@vie,y)).
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Proof. The measures 1 € M, (U), N € My, (U), p) € M (U) and v € M, (U)
can be associated to complete types p, € SEU?), px € SE U?), puwr € SE,UD)
and p, € SE(U?), respectively, by Fact 3.17(1). As p is M-definable, u(*) is also
M-definable, and so the types r,, € S;(C) and 7, € Sx(C) are well-defined and
definable over M** by Fact 3.17(2). We then have:

(1) r, is generically stable over M (by Fact 3.20(3));

(2) Ty e = (ru)(w)\Mn (by Corollary 3.21);

(3) Palx, M2 = Pper e = 7y [are and pal, = p,, (by Corollary 3.19).
Let a = (a;)e. and b in C be so that (a,b) |= px. Then a is a Morley sequence in
1, over M by (2) and (3) from above. By Fact 3.16, choose a net (h;);e s of tuples
in (Up)Y such that limje s tp®(h;/U?) = tp®(b/U?) = p,. For each h;, choose
a finite measurable partition .4; of © such that each function in h; is constant
on each element of A;. Now, given any ¢(x,y) € £, we then have the following
computation:

lim A(p(ai,y)) = lim Elp(ws, )l = lim Elp(as,b)] @ Elp(a, b))

i—00 —00

— F¢ (tp"(b/u)) Y lim ¢ (tp (h; /U%)) = lim E[ip(a, )P

JjeJ
Dhim 37 P(Aulp(a,hya) Dlim [ FE a3 BA)SG,
jeJAeAj I€T sy ) A€A;

(e) . (f)
9 [ ppaltm S e | L[ Fdr = vlee),
s\ 5,0

where the corresponding equalities hold for the following reasons:

(a) since the type 1, € SE(C) is generically stable over M by (1) and (a;)ic, is a
Morley sequence in r, over M Q.

(b) by the choice of (h;);cr and, as r,, is definable over Ut by (1), the map Fe -
SEU?) — [0,1] is continuous;

(¢) by the definition of p,, (Fact 3.17);

(d) for a fixed j € J, the computations of the left hand side and the right hand
side are the same;

(e) since i is definable, the map F¢ : S, (U) — [0, 1] is continuous, hence the map
vy EM,U)— [ F¢dy € [0,1] is continuous;

(f) by Fact 3.22. O

We will use the following general topological fact [CGH25, Lemma 2.3]:

Fact 3.24. Let f : X — K be an arbitrary function from a compact Hausdorff
space to a compact interval K C R. Suppose there is a closed subset C' C K¥ x X
satisfying the following properties:

(1) the projection of C' onto X is all of X;

(2) if (a,z) € C and g : w — w is strictly increasing, then (a o g,x) € C;

(3) for any (o, x) € C, im0 (i) = f(2).
Then f is continuous and, for any € > 0, there is an n. € N such that: for any

(,2) € C, {i ew:afi) #: f(z)} < ne.
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Finally, we can derive the main theorem of the section:

Proof of Theorem 3.13. The “moreover” clause of Theorem 3.13 for formulas with-
out parameters follows from Proposition 3.23 by compactness (using Fact 3.24).
Namely, first let p(x;y, z) € L(0) be arbitrary. We let

ML U) = {1 € Mo U) : mlns = s |, X = My @), K = [0,1],
f:X — K defined by v € M. (U) = p@v(p(z,y,2)), and
C:= {((77(%0(%’1%2)) 1i € w) 777|yz) ne mL(u)} c [07 1]w x X.

The assumptions of Fact 3.24 are satisfied. Indeed, (1) holds since for every v €
M,. U), 7 := u“) @ v gives an element in C projecting onto it. (2) For every
strictly increasing g : w — w we have a continuous map ¢’ : Sx () — Sx(U) defined
by @(21,...,2n) € ¢'(p) < @(Ty(1)s-- -+ Ty(m)) € p. Now if n|x pr = )]s then
still gu(n)|xe.nr = |1, where g.(n) is the pushforward of the measure 1 by g (see
Definition 3.25). And (3) holds by Proposition 3.23. Then we obtain the required
n = n(u, ¢, ) applying Fact 3.24.

Now assume we are given p € M, (U), € > 0, and ¥ (z,y) € L(U) is an arbitrary
formula with parameters, say of the form ¢(x,y,b) for some b € U* and p(z,y, z) €
L(0). Let n = n(u,p,e) € w be as given by the above for the formula ¢(z,y, 2)
without parameters. Given any A € My, (U) with Ay = p) and A|, = v,
consider the measures Ay € My, (U) defined by Ay(x,y, 2) := A(x,y) ® &(2), and
vy, € M, (U) defined by vy (y, z) = v(y) @0,(z). Note that Ap|,, = v4. By the choice
of n and the previous paragraph (with A, and v, in place of A and v) we have

3.5. Definable pushforwards of Keisler measures. We record some basic facts
about definable pushforwards of Keisler measures.

Definition 3.25. Let f : U* — UY be a definable map. For u € M, (U), we
define the push-forward measure f.(p) in M, (U), where for any formula ¢(y) €

Ly U), f+()(p(y) = nle(f(2)))-

Proposition 3.26. Let € M, (U). Let A CU be a small set and let f: U — UY
be an A-definable map. Then we have the following:

(1) if p is A-invariant, then f.(p) is A-invariant;
(2) if p is A-definable, then fi(u) is A-definable;
(3) if p is fim over A, then f.(u) is fim over A;
(4) {f«p) :p € S(u)} = S (fu())-

Proof. (1) Straightforward.
(2) Note that for any formula ¢(y,z) € L,., we have F;f*(#)’A = F;fj;ﬂ where

pr(@,2) = o(f(2), 2).
(3) Let p € M, (U) be fim over A.
Claim. For any 0(y1,...,y,) € LU),
(Lo ()™ O, ) = D O(f (1), -, f(@n))).
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Proof. We prove the claim by induction on n. The base case n = 1 is trivial.
Assume the claim holds for n. For 1 < k < w, let Gy, : (U%)* — (UY)* be the A-
definable map given by Gi(x1,...,zr) = (f(z1),..., f(zr)). Note that G induces
a pushforward from M, . ., (U) to My, . .. (U). Then our induction hypothesis

says (f.(1)™ = (Gy), (1™). Fix 0(y1,...,ynt+1) € L(U) and let

YUnt13Y15 -5 Un) =01, Ynt1),
¢G($n+1;$1, e 7xn) = e(f(xl)v .. ~7.f(xn+1))'

Let N < U be a small model containing A and all relevant parameters. Then

(L) O, gms1) = (Folyr ® LD, ) B, ynsn)

S B R B A CAN )
/Sy ..... oy PO s oy
- < n) dp = / Fle 4y
/Szl,...,mn(N) £ ° Serrmn ()"
pVO(f (1), f(@ng1))). O(claim)
We now show that f.(u) is fim over A. Fix a formula ¢(y, 2) in £,.. Since p
is fim, let (0 (x1,...,%n))1<n<w be a sequence of L(A)-formulas witnessing this
for the formula ¢(f(x),z) as in Definition 3.5. To avoid “scope-of-quantifiers”
confusion, we let wy,...,w, be new variables with w; of the same sort as x; for

each i. For each 1 < n < w, we consider the £(A)-formula

YY1y oy Yn) = Fwy ... Jw, | O(wr, ..., w,) A /\ flw;) =y

1<i<n
Note that

(%) O(z1,...,x0) F v (f(x1),..., f(x,)) for every n € w.

We will show that the formulas (7, (y1, - .., ¥n))1<n<w Witness that f.(u) is fim over
A with respect to the formula p(y, 2).

Fix € > 0. Then there exists some n. € w so that: for any n. < k < w and any
d with |= 0, (d) we have

() sup | Av(d)(p(f(2), b)) — n(e(f(2),0))] <e.

beu=

Now, suppose that ¢ is such that U |= v (¢). Then, by definition of -y, there exists
some € € (U®)F such that |= 0y (€) and (f(e1),..., f(ex)) = (c1,...,cx). Therefore,

bSEHLIIJZIAV(C)( ¢(y,0)) = [« (1) ((y, 0))]
= sup [Av(ci, -+, ¢n)(0(y; b)) — e (f(2),0))]

belU=
= sup |Av(f(e1),---, flen))(@(y, b)) — ule(f(x),b))]
= sup | Av(er,. ... en) (p(f(2),5) — (), 0))] < <.

beu*
Finally, by the Claim and (%) we have

T ()™ Onlys - ovn))) = T o Gu(f ), £ (@)

n—oo
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> lim ,U(n) (Gn(l'l, s 7x7l)) =1L

n—roo

We conclude f.(p) is fim.

(4) (CQ) is trivial. For the opposite inclusion, consider ¢ € S(f.(n)). Let w(z) be
the closure of {o(f(x)) : ¢(y) € ¢} under logical consequence. Then, every formula
in 7(z) has positive y-measure and 7(z) is closed under conjunction. So 7(z) can
be extended to a type p € S(u). It is clear that f.(p) = q. a

3.6. Fim and fsg groups. Throughout this section, G(x) will be a }-type-definable
group. Let oo(z) € L(D) be chosen for G(z) as in Section 2.2.

Definition 3.27. [HP11, Definition 6.1] A (()-)type-definable group G is fsg (finitely
satisfiable generics) if there is some p € S¢(U) and small M < U such that for every
g € GU), g - p is finitely satisfiable in G(M). (We note that for definable G, we
could equivalently just require finite satisfiability in M, but in the type-definable
case finite satisfiability in G(M) is a stronger condition.)

We consider a natural generalization of generically stable groups (Section 2.3)
to fim groups.

Definition 3.28. (1) We let Me(U) denote the (closed) set of all measures
€ M, (U) supported on G, i.e. with S(u) C Sa(U).

(2) For p € MeU) and g € GU), we let g-p == (g-—), (u) and p ! =
(_1)* (1) (where, as in Section 2.2, we view -,~! as globally defined func-
tions whose restrictions to G give the group operations). As g - — and
~! are definable bijections on ¢o(U), we get S(g-pu) = g - S(u) and
S(p™t) = {p7' : p € S(u)} (by Proposition 3.26(4)). In particular,
g u~t € MaU). We define the right action of G on Mg (U) analo-
gously.

Definition 3.29. We will say that a ({-)type-definable group G(z) is fim if there
exists a right G-invariant fim measure p € Mg (U), i.e. p-g = p for all g € GU).

Remark 3.30. (1) In any theory, if G is fim then it is both definably amenable
and fsg.
(2) If T is NIP and G is fsg, then it is fim.

Proof. (1) Assume G is type-definable over a small model M < U by a partial type
G(z) = {¢a(x) € LIM) : o < K} and p € Mg(U) is left-G(U)-invariant and fim
over M. Let M’ with M < M’ < U be a small |M|"-saturated model. We claim
that 4 is finitely satisfiable in G(M") (then for any p € S(u) we have g-p is finitely
satisfiable in G(M') for all g € G(U)).

Indeed, assume ¢(x,y) € £ and b € UY with r := pu(e(x,b)) > 0. As p is fim,
there exists n € w and a formula 6, (1, ..., z,) € £L(M) such that u(™ (6, (z)) >0
and for any a in Y with = 6,,(a) we have

sup | Av(a) (i (2, b)) — e, )| < .
bely
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As 1€ MaU), we have (A, e, a(z)) = 1 for every finite s C k. Hence
N(n) (/\1§i§n /\aes ’l/Ja(fEZ)) = 1. It follows that

,u(") On(z1,y ..., 2n) A /\ /\wa(xi) >0

1<i<n a€s

for every finite s C k. Then, by |M|"-saturation of M’, we can find some a’ =
(a},...,a,) with a} € G(M’) so that = 0,(a},...,a,). By the choice of 6,, we must
have = ¢(a},b) for at least one i.

(2) The standard construction of a left-invariant generically stable measure in
an fsg group goes through in the type-definable case (see [HPP08, Proposition 6.2,
[HPS13, Remark 4.4], and Remark 3.6). |

Problem 3.31. Does fsg imply definable amenability without assuming NIP? Do
there exist fsg (and definably amenable) groups that are not fim?

Definition 3.32. Suppose that u € Mg(U) is Borel-definable. Then for any
measure v € Mq(U), the (definable) convolution of p and v, denoted p * v, is the
unique measure in Mg (U) such that for any formula p(z) € L(U),

(nxv)(p(x) = (L@ v)(p(z - y)).
We say that p is idempotent if p* pu = p.

When T is NIP, it suffices to assume that p is invariant (under Aut(M /M) for some
small model M), as then p is automatically Borel-definable ([Sim15]). We refer to
[CG22, Section 3] for a detailed discussion of when convolution is well-defined.

The following is a simultaneous generalization of Fact 2.5 from types to measures
in arbitrary theories, and of the previously known case for measures under the NIP
assumption [HPS13, Theorem 4.3].

Proposition 3.33. Suppose that G(z) is a O-type-definable fim group, witnessed
by a right-G-invariant fim measure u € Mg (U). Then we have:

(1) p=p="

(2) w is left G-invariant;

(3) w is the unique left G-invariant measure in Ma(U);

(4) w is the unique right G-invariant measure in Ma(U).
Proof. (1) Fix a formula ¢(x) € L,(U). Let M < U be a small model such that
it is M-invariant and M contains the parameters of . As pu is fim over M, p=! is
also fim over M by Proposition 3.26(3).

Suppose g(x) € S(pz|ar) (so ¢g(x) F G(x)). Then, for (¢')*(y,z) = ¢(x - y) (in

the notation of Section 3.2) we have (for any b |= ¢(x)):

Fg'y (@) = 15 (ob- ) = 1y (0 (b)) = py(olly - 5~) ™))

Y ey = 1y (o)),

where (%) follows by right G-invariance of p € Mg (U) applied to the formula
U(y) =p(y™).

Using this and that fim measures commute with all Borel definable measures
(Fact 3.7) we have:

o (o) = pa @ iy p(@ - y)) = py " @ pa (o - y)
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[ E = [ A= [ ew)i
Sy (M) ™Y S(palar) Y Sz (M)

x

= 1y (0(v)) = 1y (p(2)).

Similarly, for ¢'(z,y) = ¢(z - y) and any q(y) € S(u, ' |a) (so q(y) - G(y)), by
right G-invariance of p we have F;fz, (q) = u(p(z)). Then

jx 1 (@) = e @ 3 ol - 9) = [5 a0

- /S ule(@))d (") = ule(@)).

?/(M)

We conclude that p(p(z)) = p=t(p(z)).

(2) For any a € G(U) and p(x) € L(U), using (1) and right G-invariance of p for
the formula ¢ () := ¢(z~1) we have:
plp(a- ) =p~'(

(3) Suppose that v € M (U) is left G-invariant, and let ¢(z) € L(U) be arbitrary.
Let M < U be a small model such that p is invariant over M and M contains the
parameters of ¢.

As in (1), for any q(y) € S(vylnm) (so q(y) F G(y)), by right G-invariance of p
we have F/f; (¢) = pu(p(z)). Hence

o) [ Rl = [ Ean = [ (e = [ ),
Sy (M) S(v|nm) S(v|am) Sy (M)

Second, for any g € S(uz|ar) (so q(z) F G(x)), by left G-invariance of v we have
(for any b = q):

(1) F¥(q) = v(p(b-y)) = viey)).

Y

So the map Flsf/)* : S(u|p) — [0,1] is constant on the support of u, hence Borel.
As p is fim, the proof of [CGH23, Proposition 5.15] implies

@) / FU# Ay = / F¥ du,,
S(plar) Sy (M)

where on the left we view p as a regular Borel probability measure restricted to the
compact set S(u|pr). Then

() /
po) = [ utetanan, @ [ R,
Sy (M) Sy (M)

(1) Iy ()
O E 4 D e = [ o) = e ).
S(plar) S(pln) Sz (M)

(4) Let v € Ma(U) be right G-invariant, p(z) € L(U) and M < U containing the
parameters of ¢ and such that p is M-invariant.
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As in (3), the map F;’;/ 0 Sy(M) — [0,1] is (| ar)-measurable since it is constant
on the support by right G-invariance of v. As p is fim we can apply [CGH23,
Proposition 5.15] again to get

/ Fl‘,'i,d,uy:/ F}Sfl)*dyx.
S,y Se(r)

As p is left G-invariant by (2), for any ¢ € S(vz|a), we have (for b |= ¢):

FEV (q) = my (b y) = ple(y))-

Combining we get
o) = [ dlp@am = [ R,
Sy (M) Sy (M)
_ / F# v, = / (e (y))dvs = nlp(y)): 0
So (M) Sz (M)

Proposition 3.33 and its symmetric version with “left” swapped with “right”
(obtained by a “symmetric” proof) yield:

Corollary 3.34. An (0)-type-definable group G(x) is fim if and only if there exists
a left G-invariant fim measure p € Ma(U).

3.7. Idempotent fim measures and generic transitivity. Let G(z) be a (-
type-definable group, and we are in the same setting and notation as in Section 2.2.
For a measure p € Mg (U), we let

Stab(u) :=={g € GU) : - g =g}
denote the right-stabilizer of p.

Fact 3.35. When p € Mg (U) is a measure definable over M < U, then Stab(u) is
an M -type-definable subgroup of G(U) (see e.g. [CG22, Proposition 5.3]).

We now consider the main question investigated in [CG22; CG23] in the case of
measures (generalizing from types in Section 2.4).
Again, we let H := Stab(pu).

Definition 3.36. For the rest of the section, we let f : (U%)* — (U%)* be the
(0-definable) map f(x1,z0) = (21 - ®o, zo) (Where - is viewed as a globally defined
function whose restriction to G defines the group operation, see Section 2.2).

Proposition 3.37. Let p € Ma(U) be an idempotent fim measure. Then the
following are equivalent:

(1) p € MuU);

(2) :u(2) = fu (/-1/(2));
(3) p®p= f(p®p) for every p € S(u).
Proof. (2) < (3) This equivalence only uses that u is a definable measure.
By the definition of f we have f. (u?) (¢(z1,20)) = p® (3(z1,20)) for all
o(x1,20) € Ly 2o (U), Where G(21,20) := (21 - 70, 20). By definition of (2 we
have: p® # f, (1®) if and only if there exists a formula (21, 20) € L4, 4, (U) and
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a small model M < U so that M contains the parameters of ¢ and p is M-definable,
such that

[ R - Er )| du >
S(ular)

where plp € My, (M) is the restriction of p to M, pps is the restriction plps
viewed as a regular Borel measure on S, (M). By definability of p, the function

p € S(ulm) — ‘FEM(p) - FﬁM(p)’ € [0, 1] is continuous (and non-negative), hence

the integral is > 0 if and only if ‘FZM(p) - F:f’M(p)‘ > 0 for some p € S(u|n),

that is p(¢(z1,0)) # u(p(ry - b,b)) for some p € S(u) and b = p|p, that is
(n®p) (p(a1,20)) # fi (0@ p) (p(a1,70)) for some p & 5(u).

(3) = (1) Fixp € S(u), let M < U be such that p is M-invariant, and let a = p|a.
Claim 1. We have p|aqa = (1 @) |pa-
Proof. Any 9(x) € Ly(Ma) is of the form ¢(x,a) for some p(x,y) € Lyy(M). By
(3) we have:
pu(p(z,a)) = (k@ p)(e(x,y) = fo(u @ p)(e(z,y))
= (rep)e(z-y,y) = pule(r-a a)).
Therefore,

(n-a) (@) = w((z - a)) = ple(z - a,a)) = ple(z, a)) = p((z)).
O(claim)
Claim 2. The measure p - a is (Ma)-definable.

Proof. Since p is M-definable, it is also Ma-definable. Consider the M a-definable
map g : « — z - a. Note that g.(u) = - a and so by Proposition 3.26, u - a is also
M a-definable. O(claim)

Hence, by Proposition 3.11 over Ma, we get u = p - a. That is, a € Stab(u), so
plu(z) b H(z).

(1) = (3) Let ¢(z,y) € L(U) be arbitrary, and M < U contain its parameters
such that p is M-invariant. The measure p is right H-invariant, and given any
p € S(p) we have p € Sy(U) by (1). So for a = plp we have a € H, hence

p @ ple(r,y) = ple(z,a) = ple(r - a,a)) = fu(p@p)(p(z,y)). O

Definition 3.38. We say that an idempotent fim measure u € Mg (U) is generi-
cally transitive if it satisfies any of the equivalent conditions in Proposition 3.37.

In particular, a type is generically transitive in the sense of Definition 2.13 if and
only if, viewed as a Keisler measure, it is generically transitive.
The following is a generalization of Remark 2.11:

Remark 3.39. Assume p is fim and g € My (U). Then:
(1) H is a fim group (Definition 3.29), hence p is both the unique left-invariant
and the unique right-invariant measure supported on H (by Proposition
3.33);

(2) H is the smallest among all type-definable subgroups H' of G with p €
Mp (U);
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(3) H is both the left and the right stabilizer of p in G.

Proof. (1) H is a fim group, witnessed by the right H-invariant fim measure pu €
My U).

(2) H is type-definable by Fact 3.35.

For any type-definable H' < G(U) with S(u) C Sp/(U), the group H"” := HNH'
is type-definable with S(u) C Sy~ (U) and H” < H. If the index is > 2, we have
some g € H with H' N (H"” - g) =0, and S(p) € Sur(U), S (- g) C Sur.g(U), so
S(p)NS(u-g)=10,s0 pu+#p-g— a contradiction. So H” = H, and H C H'.

(3) Let Hy be the left stabilizer of u. Then Hy is type-definable by a symmetric
version of Fact 3.35. By (1), p is left H-invariant, so we have H C Hy, and
so S(p) € Su,(U) is left Hy-invariant. By a symmetric argument as in (2), we
conclude H = H,. O

Example 3.40. If G’ is a fim type-definable subgroup of G, witnessed by a G'-
invariant fim measure pu € M (U), then p is obviously idempotent and generically
transitive.

Analogously to the case of types (Section 2.4), the following is our main question
in the case of measures:

Problem 3.41. Assume that p € Mg(U) is fim and idempotent. Is it true that
then p is generically transitive? Assuming T is NIP?

A positive answer for stable T is given in [CG22], see Section 3.10 for a discussion.
By symmetric versions of the above considerations, one easily gets:

Remark 3.42. Section 3.7 remains valid if one swaps “left” with “right” (including
left and right stabilizers) and replaces f by f(z1,z0) = (zo - x1,x0)-

3.8. Idempotent fim measures in abelian groups. Finally, we have all of the
ingredients to adapt the proof in Section 2.5 from types to measures and give a
positive answer to Problem 3.41 for abelian groups in arbitrary theories. Let G(x)
and f be as in the previous section.

First note the idempotency of a fim measure p can be iterated along a Morley
sequence in p:

Lemma 3.43. Let p € Ma(U) and suppose that p is fim and idempotent. Then
for any formula ¢(x) € LIU) and k € w we have

p(h(z)) = pM (W@ - 2p).

Proof. By induction on k, the base case kK = 2 is the assumption on u. So assume
that for any vy(x) € L(U) and £ < k — 1 we have

(a) P (V@1 w0) = p(y (@)
Fix ¢(x) € L(U), and choose a small M < U such that p is M-invariant and
M contains the parameters of ¢. Let 0(x1,...,xp_1;2%) := ¥(z1 - ... x}) and

o(x1;2)) = Y(x1 - ). For any ¢ € S;, (M) (and any b |= q) we have

b)  Floy (a)=p* D @ mie-0) D e 6) = FE (0).
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Then, using that u is fim and fim measures commute with Borel definable mea-
sures,

u®) @y an) = o, @ pE T, W)
(k1)

= My, lae_y @ Hay, (1/1(501 T xk)) = / Fi(kfl)
S, (M) :

()
= / F‘fxl dptz), = fay @ flay, (p(x1,78)) = poy @ Hay, (Y(z1 - 2))
Say (M)

Lemma 3.44. Assume that pn € Mg(U) is fim and idempotent. Let k > 2 be
arbitrary and let g : (U®)* — (U*)*+L be the definable map

g(xq,..

.,S(}k) :(1'1'-“'37]@;3717
where “”

cee ,.’L‘k)7
is viewed as a globally defined function whose restriction to G defines the
group operation (see Section 2.2). Let M\i(y,x1,...,%k) i= g« (,u(k)). Then:

(1) )\k‘zlv-wzk = :u(k);
(2) if G is abelian, then Ay a,

= Jo (u®(y,2)) for every 1 < i < .
Proof. (1) By definition of g.

its parameters, and so that p is M-invariant. We let

(2) Let p(y,x) € L(U) be arbitrary, and let M < U be a small model containing
6‘(1‘1, .

ey Lj—1y L1y e - 71’.k7x’b) = 80(1'1 Teeet mlmxi)v d](x?y) = So(x : y7y)7
k—1
/«L;L ) =y @ Q lpyyy @ Py @ @ Uy

Using that G is abelian and Lemma 3.43, for any ¢ € S, (M) and b = ¢ we have
(renaming the variables when necessary):

k—1
Figlf—l)(Q) = Mi )

(p(w1 - Tio1 b Tipr .2, b))
= ug:_l)(gp(fbl et Ti—1 L1 et Tt b, b))

= pa(p(a - 0,b)) = Fy! ().

Hence, since G is abelian, p is fim, and fim measures commute with Borel definable
measures, we get

Ae(o(y, 2:)) = plF)

=ty o (P x, @)
= Ngjil) ® pa, (Q(T1 o Ty - Tig1 o T - Ty, T))
/ Flunydpte, _/ FY dpig,
S, (M) Hai Sa, (M)

= fa @ fha, (0(7 - 2, 24)) = pre @ py(p(z - y,9)) = fe (u@)) (p(z,y)). 0

Finally, using results about the randomization (Theorem 3.13) and Lemma 3.44,
we can show generic transitivity in the abelian case:

Theorem 3.45. Assume that G(x) is an abelian type-definable group and p €
M (U) is fim and idempotent. Then p is generically transitive.
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Proof. By Proposition 3.37, it suffices to show that (2 = f, (u?). Assume not,
say

1D (plw1,22)) = fo (1) (plar,2)| = 20

for some ¢(z1,x2) € L(U) and some &g > 0. Let M < U be a small model
containing the parameters of ¢, and so that p is invariant over M. Let n be as given
by the moreover part of Theorem 3.13 for u, ¢,e¢. Fix any k > n, and consider the
definable map g : (U®)F — (U®)**1 given by g(z1,...,7x) = (T1-. . Tp, X1, -+ o, Th)-
Then g induces a continuous map from Sx(U) to Sk, (U), where x = (z; : i € w)
and we let A € My, (U) be defined by A := g.(u“)). That is, for every m € w and
every o(T1,...,Tm,y) € LIU) we have

Mo(z1, .oy Zm,y)) = u(“’) (p(z1y oy Ty @1+ oo - Tg))

Then Ay = p) and Mzy,.zr)y = Ak from Lemma 3.44, so by Lemma 3.44 we

then have |A(¢(y, z;)) — u® (@(y, x))| > eo for all i = 1,...,k — contradicting the
choice of n. d

3.9. Support transitivity of idempotent measures. A tempting strategy for
generalizing the arguments in Sections 2.7-2.10 with ranks from idempotent types
to idempotent measures in 7" is to apply (a continuous logic version of) the proof
for types in the randomization T of T', assuming that the randomization preserves
the corresponding property. E.g, stability is preserved [BYKO09], and (real) rosiness
is known to be preserved in some special cases [AGK19] (e.g. when T is o-minimal).
We note that simplicity of T is not preserved, still one gets that T is NSOP;
assuming that 7" is simple [BYCR24]. When attempting to implement this strategy,
one arrives at the following natural condition connecting the behavior of measures
and types in their support:

Definition 3.46. Assume that G is a type-definable group and p € Mg (U). We
say that p is support transitive if p+ p = p for every p € S(p).

Remark 3.47. (1) If p € Sg(U) is a generically stable idempotent type, then
it is obviously support transitive (viewed as a Keisler measure).
(2) If uw € Mg (U) is generically transitive, then it is support transitive.
Indeed, note that if p € S(u), 0(x,b) € L,(U), p is M-invariant for a
small model M < U, and ¢ = p|a, then

(1 p)(0(z,0)) = (ta @ py)(0(x -y, b)) = p(0(z -, b)) = p(0(x, b)),

where the last equality follows as p - Stab(u) by assumption, and Stab(u)
is M-type-definable by Fact 3.35.

Thus, we view the following as an intermediate (and trivial in the case of types)
version of our main Problem 3.41:

Problem 3.48. Assume that G is a type-definable group and u € Mg (U) is fim
and idempotent. Is p support transitive?

The following example (based on [CG23, Example 4.5]) illustrates that the fim
assumption in Problem 3.48 cannot be relaxed to either definable or Borel-definable
and finitely satisfiable, even in abelian NIP groups:
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Example 3.49. Consider M := (R, <,+), M < U, GU) =U and p = 36, _ +
%5%0 and v := %61707 + %5p0+, where poo, P— oo, Po+, Po— are the unique complete
1-types satisfying:
e po 2{z>a:acRYU{z<b:belU,b> R},
Peco 2{z<a:acR}U{z>b:bel,b< R},
po+ 2{x<a:a€lU,a>0}U{x >0},
po- 2{x <0}U{z>b:belU,b<0}.
Then p is finitely satisfiable in M (hence also Borel-invariant over M by NIP) and
v is definable over M, but neither is fim. The following are easy to verify directly:
(1) p* Poo = Poos U * Peoo = P—oo and p * u = p — hence p is idempotent,
finitely satisfiable in M, but not support-transitive;
(2) likewise, vkpg+ = po+, Vxpg— = po-, and vxv = v — hence v is idempotent,
definable over M, but not support transitive.

Support transitivity is closely related to the algebraic properties of the semigroup
induced by * on the support of an idempotent measure, studied in [CG22, Section
4].

Fact 3.50. [CG22, Corollary 4.4] Assume that p € Mg (U) is fim and idempotent.
Then (S(u),*) is a compact Hausdorff semigroup which is left-continuous, i.e. the
map p € S(u) — pxq € S(p) is continuous for each fized g € S(p).

Proposition 3.51. Assume that p € MaU) is fim and idempotent. Then the
following are equivalent:

(1) p is support transitive, i.e. jxp = p for all p € S(u);

(2) for any p,q € S(u) there exists v € S(u) such that rx q = p;

(3) 1, = S(n), where I, is a minimal (closed) left ideal of (S(p),*).

Proof. (2) < (3). By [CG22, Remark 4.17].

(3) = (1). By [CG22, Corollary 4.16].

(1) = (2). Let p,g € S(u) be given. By Fact 3.50, the map f, : S(u) — S(w)
defined via fp,(s) := s * p is continuous. We will show that it has a dense image.
Then by compactness of S(i) and continuity of f,, the image of f, is also closed,
hence f), is surjective — proving the claim.

Indeed, fix some formula 6(z,c) € L, (U) such that p(6(z,c)) > 0 and choose a
small M < U such that p is M-invariant. By (1), (1 * p)(0(x,¢)) = p(0(x,c)) > 0.
Let b |= plase, then p(0(x - b,¢)) > 0. Hence there exists some r € S(u) such that
O(z - b,c) € r. But then by definition 6(x,c) € r * p, hence f,(r) € [0(z,c)]. As
0(z, c) was arbitrary, this shows that the image of f, is dense. O

We know that this property holds in specific examples like the circle group (e.g.,
see [CG22, Example 4.2]).

3.10. Idempotent measures in stable theories, revisited. It is shown in
[CG22, Theorem 5.8] that every idempotent measure on a type-definable group
in a stable theory is generically transitive. The proof consists of two ingredients:
an analysis of the convolution semigroup on the support of an idempotent Keisler
measure, and an application of a variant of Hrushovski’s group chunk theorem for
partial types due to Newelski [New91].

In this section we provide an alternative argument, implementing the strategy
outlined at the beginning of Section 3.9 of working in the randomization. This
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replaces the use of Newelski’s theorem by a direct generalization of the proof for
types in stable theories from Section 2.7, and the only fact about the supports of
idempotent measures that we will need is that they are support transitive.

To simplify the notation, in this section we will assume that 7" is an L-theory
expanding a group. We first recall the basic results about local ranks in continuous
logic, from [BY10; BYU10]. The following facts are proved under more general
hypothesis in Sections 7 and 8 of [BYU10].

Fact 3.52. Suppose that T is a continuous stable theory. Let M <U =T.

(1) For any p € S,(M) there exists a unique M -definable extension p’ € S, (U).

(2) For every € > 0 and every partitioned L-formula o(x,y), there exists a
rank function CB, ., which we call the e-Cantor-Bendixson rank. More
specifically, for any subset A CU and p € S,(A), CB,(p) is an ordinal.

(8) Foranyr € S,(M) and s € S,(U) such that s D r, s is the unique definable
extension of v if and only if for every e > 0, CB, () = CBy . (s).

The following proposition is a standard exercise from the previous fact.

Proposition 3.53. Let T be a continuous stable theory expanding a group. Let
U be a monster model of T and M < U a small submodel. For any partitioned
L-formula o(z,y) we let Ay, := p(x;y,2) = ¢(x - 2,y). Then:
(1) for any r € S, (U) and g €U, CBa, (r|a,) = CBa, (7" 9gla,);
(2) for any p € Sx(M) and q € S,(U) such that ¢ D p, we have that q is the
unique definable extension of p if and only if for every partitioned L-formula
o(z,y) and for all e > 0, we have CBa, c(q|a,) = CBa, (pla,)-

Proof. (1) Given g € U, the map my : Sa_(U) — Sa,(U) defined via o(x -
a,b)™s(") = p(z - g-a,b)" is a bijective isometry. In other words, it is an
automorphism of Sa_(U) as a topometric space, and computing the rank

is unaffected.
(2) Follows directly from (3) of Fact 3.52. O

We refer to Section 3.4 for notation regarding Keisler randomizations.

Fact 3.54. [BYK09, Theorem 5.14] If T is stable, then its Keisler randomization
TE is stable.

Proposition 3.55. Suppose that T is stable, p € M, (U) is idempotent and support
transitive. Then p is generically transitive.

Proof. Let V > U be a bigger monster model of T. Fix an atomless probability
algebra (2, B,P) and consider the randomizations U*? < V¥ < C, where C is a
monster model of T%. Given p € M, (U) (note that u is definably by stability),
we let 7! € SF(C) be as defined in Fact 3.17. Similarly, given u € M, (V), we let
rY € S(C) be as defined in Fact 3.17, but with respect to V in place of U.

Let now p € M, (U) be idempotent and support transitive. Since T is stable,
there is some small model M < U such that p is M-definable. Let p/ € 9, (V) be
the unique M-definable extension of . To show that p is generically transitive, it
suffices to prove that for every p € S(u) and a € V such that a |= p, we have that
W=y -a Welet p:= rllf|un. By construction, rx, D pand r)j, is M“-definable.
Since TF is stable (Fact 3.54), rlf, is the unique global definable extension of p.
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We claim that then r), , O p. Indeed, let ¢(x,y) be an L-formula and h € Ug.
If A is a partition of € for h, using that p is support transitive we have:

v
(Elp(a, ) wo = S PAYW - a)(p(, hla)) = S B(A) (1w # p) (o, hla))
AcA AcA
v
= Y P(A)ulp(x,hla)) = Y P (p(x,h|a)) = (Elp(z, b))
AcA AcA
Likewise, it is straightforward to check that TL;/- = r , fa, where f, € U§! is the
constant random variable (i.e., f, : @ — U via fq(t) = a for all t € Q) and - is the
randomization of the multiplication of the group in T.
Since local rank in the stable theory TF is translation invariant (Proposition
3.53), we conclude that r is the unique definable extension of p. This implies
that r ) = r#/ and in turn ' = p' - a. This completes the proof. (]

-a

Remark 3.56. We expect that this approach could be adapted for groups defin-
able in o-minimal structures (as their randomizations are known to be real rosy
[AGK19]), by developing a stratified local thorn rank in continuous logic and gen-
eralizing the proof for types in rosy (discrete) first order theories from Section 2.10.
When T is a simple theory, the randomization T% is NSOP; (but not necessarily
simple) by [BYCR24]. A local rank for NSOP; theories is proposed in [CKR23,
Section 5], but a workable stratified rank is lacking at the moment. We do not
pursue these directions here.

4. TOPOLOGICAL DYNAMICS OF MB(G, G) anD SB(G,G) v NIP crouPps

In this section, we will use slightly different notation from the rest of the paper,
in order to preserve continuity with the earlier work and setup in [CG22; CG23].
We let G be an expansion of a group, and G > G a monster model. Throughout
this section, we assume that 7' := Th(G) has NIP.

It was demonstrated in [CG22, Proposition 6.4] that then the spaces of global
Aut(G/G)-invariant Keisler measures, and Keisler measures which are finitely sat-
isfiable in G' (denoted MM™ (G, G) and ME(G, G), respectively) form left-continuous
compact Hausdorff semigroups with respect to definable convolution (Definition
3.32). Note that (MB(G,G),*) is a submonoid of (MV(G,G),*). By S5(G,Q)
we denote the submonoid of (9MM(G, G), ) consisting of all global types finitely
satisfiable in G (viewed as {0, 1}-measures).

n [CG23, Theorem 6.11], the first two authors described a minimal left ideal
of (MB(G,@),*) [and (M™V(G,G),*)] in terms of the Haar measure on an ideal
(or Ellis) group of (S5(G,G),*) [resp. (SiV(G,G),*)]. However, this required a
rather specific assumption that this ideal group is a compact topological group with
the topology induced from (S(G,G), %) [resp. (SI*V(G,G),*)]. In this section, we
obtain the same description in the case of (MS(G, G), *), but under a more natural
(from the point of view of topological dynamics) assumption that the so-called -
topology on some (equivalently, every) ideal group is Hausdorfl (equivalently, the
ideal group with the 7-topology is a compact topological group). In fact, the
revised Newelski’s conjecture formulated by Anand Pillay and the third author in
[KP23, Conjecture 5.3] predicts that the 7-topology is always Hausdorff under NIP.
In Section 5, we confirm this conjecture in the case when G is countable, which
is an important result by its own rights. In particular, in the case when G is
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countable, our description of a minimal left ideal of (IMMS(G, G), *) does not require
any assumption on the ideal group.

As discussed in the introduction, the 7-topology plays an essential role in many
important structural results in abstract topological dynamics, including the recent
theorem of Glasner on the structure of tame, metrizable, minimal flows [Glal8]. In
fact, our proof of the revised Newelski’s conjecture for countable G will be deduced
using this theorem of Glasner.

The reason why our proof of the revised Newelski’s conjecture requires the count-
ability of G assumption is to guarantee that certain flows of types are metrizable
in order to be able to apply the aforementioned theorem of Glasner. The reason
why we focus only on (ME(G, @), ) and (S5(G, @), *) (and not on (M™V(G, Q), *)
and (SI"V(G, G), ¥)) is that (S&(G, G), #) is isomorphic to the Ellis semigroup of the
G-flow S#(G,G) and so we have the 7-topology on the ideal group of S&(G,G) at
our disposal. For the revised Newelski’s conjecture we will also use a well-known
general principle that NIP implies tameness for various flows of types [CS18; Ibal6;
KR20].

4.1. Preliminaries from topological dynamics.

Definition 4.1. A G-flow is a pair (G, X), where G is an abstract group acting
(on the left) by homeomorphisms on a compact Hausdorff space X.

Definition 4.2. If (G, X) is a flow, then its Ellis semigroup, denoted by E(G, X)
or just E(X), is the (pointwise) closure in X% of the set of functions 7y: z+ gz
for g € G.

Fact 4.3. (See e.g. [Aus88]) If (G,X) is a flow, then E(X) is a compact left
topological semigroup (i.e. it is a semigroup with the composition as its semigroup
operation, and the composition is continuous on the left, i.e. for any f € E(X) the
map — o f is continuous). It is also a G-flow with g - f :==mgo0 f.

The next fact is folklore. Thanks to this fact E(E(X)) is always identified with
E(X).

Fact 4.4. The function ®: E(X) — E(E(X)) given by ®(n) :=1,,, wherel,: E(X) —
E(X) is defined by 1,(T) :=noT, is an isomorphism of semigroups and G-flows.

The following is a fundamental theorem of Ellis on the basic structure of Ellis
semigroups (see e.g. [E1l69, Corollary 2.10 and Propositions 3.5 and 3.6] or Proposi-
tion 2.3 of [Gla76, Section 1.2]). We will use it freely without an explicit reference.

Fact 4.5 (Ellis’ Theorem). Suppose S is a compact Hausdorff left topological semi-
group (e.g. the enveloping semigroup of a flow). Then S has a minimal left ideal
M. Furthermore, for any such ideal M:

(1) M is closed;

(2) for any element a € M and idempotent u € M we have au = a, and
M = Sa = Ma;

(3) M =], uM, where u ranges over all idempotents in M; in particular, M
contains an idempotent;

(4) for any idempotent uw € M, the set uM is a subgroup of S with the neutral
element u.
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Moreover, all the groups uM (where M ranges over all minimal left ideals and
u over all idempotents in M) are isomorphic. In the model theory literature, the
isomorphism type of all these groups (or any of these groups) is called the ideal (or
Ellis) group of S; if S = E(G, X), we call this group the ideal (or Ellis) group of
the flow (G, X).

We will use the following fact, which gives us an explicit isomorphism from Fact
4.5 between any two ideal groups in a given minimal left ideal. The context is as
in Fact 4.5.

Fact 4.6. If u and v are idempotents in M, then p — up defines an isomorphism
ly: oM — uM.

Proof. The map [, is a homomorphism, because l,(pqg) = u(pq) = u(pu)q =
(up)(uq) = lu(p)lu(g). In the same way, l,: uM — v M given by l,(p) := vp
is a homomorphism. And it is clear that [, is the inverse of [,,. O

We will also need the following observation which was Lemma 3.5 in the first
arXiv version of [KLM22] (the section with this result was removed in the published
version).

Lemma 4.7. Let S be a compact left topological semigroup, M a minimal left ideal
of S, and u € M an idempotent. Then the closure uM of uM is a (disjoint) union
of ideal groups. In particular, uM is a subsemigroup of S.

Proof. Note that for every n € M, nM is an ideal group. Namely, n € vM for some
idempotent v € M. Thus, pM C v M, but also vM C nM, because v = nn~ !,
where 17! is the inverse of 7 in the ideal group v M.

Let now 79 € uM C M (as M is closed). By the first paragraph, it suffices
to prove that noM C uM. Since nyu = 19, we have nyuM = nyM. Take any
n € oM. Then n = ngn’ for some i’ € uM. Since 1y € uM, we have that 7y is
the limit point of a net (j); C uM. By left continuity, n = non’ = lim; (nin’), so
n € uM as nin’ € uM for all i’s. O

Most of the statements in the next fact are contained in [Gla76, Section IX.1].
There, the author considers the special case of X = G and defines o in a slightly
different (but equivalent) way. However, as pointed out in [KP17, Section 2] and
[KPR18, Section 1.1], many of the proofs from [Gla76, Section IX.1] go through in
the general context. A very nice exposition of this material (with all the proofs) in
the general context can be found in Appendix A of [Rzel8].

Fact 4.8 (The 7-topology on the ideal group in an Ellis semigroup). Consider the
Ellis semigroup E(X) of a flow (G, X), let M be a minimal left ideal of E(X) and
u € M an idempotent.

(1) For each a € E(X), B C E(X), we write ao B for the set of all limits of
nets (g;b;)i, where g; € G are such that lim; g; = a and b; € B.

(2) The formula cl;(A) = (uM)N(uoA) defines a closure operator on uM. It
can also be (equivalently) defined as cl.(A) = u(uo A). We call the topology
on uM induced by this operator the T-topology.

(3) If (f;): (a net in uM) converges to f € uM (the closure of uM in E(X)),
then (f;)i converges to uf in the T-topology.

(4) The T-topology on uM coarsens the subspace topology inherited from E(X).



DEFINABLE CONVOLUTION AND IDEMPOTENT KEISLER MEASURES III 45

(5) uM with the T-topology is a quasi-compact, Ty semitopological group (that
is, the group operation is separately continuous) in which the inversion is
continuous.

(6) All the groups uM (where M ranges over all minimal left ideals of E(X)
and u over all idempotents in M) equipped with the T-topology are isomor-
phic as semitopological groups. In particular, the map from Fact 4.6 is a
topological isomorphism.

By the Ellis joint continuity theorem [Ell57] and Fact 4.8(5), we get the following

Corollary 4.9. If the T-topology on uM is Hausdorff, then uM is a compact
topological group.

The following result is Lemma 3.1 in [KPR18].

Fact 4.10. Let (G, X) be a flow. Let M be a minimal left ideal of E(X) andu € M
an idempotent. Then the function f: uM — uM (where uM is the closure of uM
in the topology of E(X)) defined by the formula f(n) := un has the property that for
any continuous function h: uM — X, where X is a regular topological space and
uM is equipped with the T-topology, the composition ho f: uM — X is continuous,
where uM is equipped with subspace topology from E(X). In particular, if uM is
Hausdorff with the T-topology, then f is continuous.

In the model-theoretic context of the G-flow S(G, G) (with the action of G by
left translations), the following fact is folklore (see e.g. [New12; Pil13]).

Fact 4.11. The function ®: S%(G,G) — E(S5(G,G)) given by ®(p) := ,, where
l,: S5(G,G) — SB(G,G) is defined by 1,(q) := p * q, is an isomorphism of semi-
groups and G-flows.

Thanks to this fact, Fact 4.8 can be applied directly to S®(G,G) in place of
E(S%(G,G)), which we do without further explanations.

Note, however, that Fact 4.11 does not hold for Si"V(G, G) in place of S¥(G, G),
because the G-orbit of tp(e/G) need not be dense in Si™V(G, G).

4.2. Minimal left ideal of M (G, ). Recall that G is an expansion of a group.
Fix § > G which is |G|*-saturated. Recall that in this section we assume that
T = Th(G) is NIP.

Definition 4.12. For a formula ¢(x) € £(G) and n > 0, define a new formula

Altn (2o, xn-15y) = [\ —(p(zy) & o(zi1y)).

i<n-—1
In the next fact, Z stands for (zg,...,2,—1). By the proof of [HP11, Proposition
2.6] (where, if o(x) € L(G) is of the form ¥ (z;c) for some ¥(z,y) € L(D) and
¢ € GY, N is chosen depending on ¢ (x,y)), we have:

Fact 4.13. Let p € S™V(G,G) and o(z) € L(G) be any formula. Let S :={be G :
w(xb) € p}. Then, there exists a positive N < w such that S = | A, N By 4,
where —¢ denotes the complement of a set and

Api={beG:(3)p"™|g(Z) A Alt, (Z;b) A p(z,_1D))},
B, :={be G:(3x)p"™|c(x) A Alt,(Z;b) A ~p(2,_1b))}.

n<N



46 ARTEM CHERNIKOV, KYLE GANNON, AND KRZYSZTOF KRUPINSKI

The following lemma is the key new step needed to adapt the arguments from
[CG23, Section 6.2] to our general setting here. From now on, let M be a minimal
left ideal in (S#(G, @), *) and u € M an idempotent. For p,q € S¥(G,G), we will
typically write pg instead of p * q.

Lemma 4.14. Let p(z) € L(G) be any formula. Assume that the T-topology on the

ideal group uM is Hausdorff. Then the subset [p(x)]NuM of uM is constructible,
and so Borel (in the T-topology).

Proof. By Fact 4.10 and the assumption that uM is Hausdorff, the function f: uM —
uM (where uM is the closure of uM in the topology of E(X)) given by f(n) := un
is continuous. Note that ker(f) := {p € uM : f(p) = u} is a subsemigroup of uM
which coincides with the set J of all idempotents in uM. This follows from Lemma
4.7 and the fact that for every v € J the restriction f|,a: vM — uM is a group
isomorphism by Fact 4.6.

Put _

S = fHp@)] = {p € uM : up € [p(x)]}.

Let & = G be a monster model in which G is small. Let u € S5(&,G) be the
unique extension of v to a type in S,(®) which is finitely satisfiable in G. Pick
a = (in a yet bigger monster model). Put

S:={be B :=pab)} ={be &: p(xb) € u}.
Then S = {p € uM := p(ab) for all/some b € p(&)} = {tp(b/G) € uM : b € S}.
Take N, A,,, and B,, from Fact 4.13 applied for & in place of G and for p = .
Then S = U,,.y An N By, 1. Define:
A, = {tp(b/G) : b € A, and tp(b/G) € uM},
B, :={tp(b/G) : b € B, and tp(b/G) € uM},
Z;L = ker(f) * A, = {rs :r € ker(f),s € /Tn} ,E;L = ker(f) x B, and
= Un<n g;z N EZCH-
Note that all the sets A,,, By, E;“ E;L, S’ are contained in uM, as uM is a semi-
group by Lemma 4.7.

Claim. (1) S=U,_yAnN B, .

(2) ker(f)*S=2S5.

(3) ker(f)* A, = A! ker(f) * B!, = B!, and ker(f) x &' = .

(4) A, C A/, and B, C B,.

(5) S=45.

(6) flA,] and f[B,] are closed.

(1) f19] = Unen FIAL N f[Bria]® = Upen fIAR] 0 f[Bnya]© is constructible.

Proof. (1) Let p: & — S,(G) be given by p(b) := tp(b/G). Note that all of the sets
Ay, B, are Aut(®/G)-invariant (more precisely, invariant over G and the param-
eters of p(x) in G), hence they are unions of sets of realizations in & of complete
types over G. Then we have

= U plAn] N p[Bria]”.
n<N

U 4.0 By,
n<N

So S =uM N p[S] = U, -y @M N p[A,]) N (@M N p[Bria])¢ = Uy oy An N BSL 1

plSl=p
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(2) (C) Take p € ker(f) and s € S. Then f(ps) = u(ps) = (up)s = us = f(s) €
[o(x)], which by definition implies ps € S.

(D) Take p € S. Then, by Lemma 4.7, p € vM for some v € J (where J is the
set of all idempotents in uM). Then p = vp and v € ker(f), so p € ker(f) * S.

(3) The first two equalities follow from the definition of A], and B/, and the fact
that ker(f) = J satisfies J * J = J (as uv = u for u,v € j) To show (C) in the
third equality, take any p € A N B ‘.1 and v € ker(f) = J. Then vp € A/ by the
first equality. Moreover, vp € Bn+1, as otherwise vp € E;LH, SO P = VpUp € E;H
by the second equality, where v, € J is such that p € v, M, a contradiction. To
see (D), take any p € S’. We have that p € vM for some v € J = ker(f). So
p = vp € ker(f) xS

(4) follows as on the last line of (3).

(5) (2) Take g€ S'. Then g e A, ﬁBn_H for some n < N. Hence, g € ker(f)*h
for some h € A,. Since g € BnJr17 by (3), we get that h € Bn+17 so, by (4),
he BC+1 Thus, h € A, N BE ++1 Which is contained in S by (1). Hence, by (2), we
conclude that g € S.

(C) Suppose for a contradiction that there is some g € S\ &, Using (1) and (2),
let n < N be maximal for which there is h € A, N B,LJrl such that g € ker(f) * h.
Then h € S\ S by (1) and (3). So h ¢ A/, N B!¢,,. This together with h € A,
and (4) implies that h € Bnﬂ, so h € ker(f) = h' for some h' € Bpnyi. Then
9 € ker(f) « ker(f) xh' = ker(f) x b/, so g = vh' for some v € ker(f) = J. Choose
v' € J with i € v'M. Then v'g = v'vh’ =v'h" = I/, and so I € ker(f) x g which
is contained in S by ( ) (as g € S). Therefore, by (1), ' € A, N Bm+1 for some
m < N. Since b/ € Bn+1, weget m+1>n+1. As g € ker(f) * h/, we get a
contradiction with the maximality of n.

(6) follows as f is continuous by Fact 4.10 (this is the only place in the proof
where we use the assumption that uM is Hausdorff) and Km E are closed.

(7) To show the first equality, it is enough to prove that A’ and B' are unions
of fibers of f. Let us prove it for A ; the case of B is the same. So consider any
pE g;l and ¢ € uM with f(p) = f( ) We have p € v, M and ¢ € v, M for some
Up, Vg € J. Then f(vgp) = wvgp = up = f(p) = f(¢) and vgp, g € v4M. So, since
flo,m is an isomorphism, we get that ¢ = vgp € ker(f) * p C ker(f) * E;l = g;l by
(3)-

The second equality follows since:

FIAL) = flker(f) « An] = usker(f) Ay = ux A, = f[A,],
fIBL] = flker(f) * Bp] = uxker(f) * B, = u* By, = f[By].

Hence, f[S] is constructible by (6). O(claim)

By item (5) of the claim, we get [p(z)] NuM = f[fe@)]] = fIS] = f[9],
which is a constructible set by item (7) of the claim. O

Proposition 4.15. Assume that the T-topology on uM is Hausdorff. By Corollary
4.9, uM 1is a compact topological group, so we have the unique normalized Haar
measure hyag on Borel subsets of uM. By Lemma 4.1/, the formula

purm(@(2)) 1= hup([o(z)] N uM)
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yields a well-defined Keisler measure in M, (G) which is concentrated on uM C M
(i.e. with the support contained in uM ).

Using this, the material from Lemma 6.9 to Corollary 6.12 of [CG23] goes through
word for word. In particular, we get the following lemma and the main theorem de-
scribing a minimal left ideal of the semigroup (9ME(G, G), *), under a more natural
assumption than the property CIG! (requiring that uM is compact with respect
to the induced topology instead of the T-topology) assumed in [CG23].

Lemma 4.16. Assume that the T-topology on uM is Hausdorff. Then piup * 0, =
tum for all p € M, where 6, is the Dirac measure at p.

Let M(M) := {u € Mo(G) : S(u) C M}.

Theorem 4.17. Assume that the T-topology on uM is Hausdorff. Then IM(M) x
turm is @ minimal left ideal of M2 (G, G), and prua is an idempotent which belongs
to M(M) * tiypm.-

In the next section we will see that the assumption that the 7-topology on uM
is Hausdorff is always satisfied when G is a countable NIP group.

5. REVISED NEWELSKI’'S CONJECTURE FOR COUNTABLE NIP GROUPS

The goal of this section is to prove the revised Newelski’s conjecture (see [KP23,
Conjecture 5.3]) working over a countable model. We consider here a standard
context for this conjecture (originally from [New09, Section 4], but see also [CPS14])
which is slightly more general than in the previous Section 4. Let M be a model of a
NIP theory, G a 0-definable group in M, and N = M an |M|*-saturated elementary
extension. By Sg exi (M) we denote the space of all complete external types over M
concentrated on G, i.e. the space of ultrafilters of externally definable subsets of G.
It is a G-flow with the action given by left translation, which is naturally isomorphic
as a G-flow to the G-flow Sg(N, M) of all complete types over N concentrated on G
and finitely satisfiable in M. Note that the previous context S&(G, G) of Section 4 is
a special case when M = G and N = G. On S5(N, M) we have the left continuous
semigroup operation defined in the same way as for S%(G, G) (i.e. p*¢q := tp(ab/N)
for any a |= p, b |= ¢ such that tp(a/N,b) is finitely satisfiable in M), and Fact 4.11
still holds for it.

The following revised Newelski’s conjecture was stated in [KP23, Conjecture 5.3].

Conjecture 5.1. Assume that T is NIP. Let M be a minimal left ideal of S&(N, M)
and u € M an idempotent. Then the T-topology on uM is Hausdorff.

A background around this conjecture, including an explanation that it is a weak-
ening of Newelski’s conjecture, is given in the introduction, and in more details in
the long paragraph preceding Conjecture 5.3 in [KP23| and short paragraph follow-
ing it.

In order to prove Conjecture 5.1 for countable M, first we will deduce from the
main theorem of [Glal8] on the structure of tame, metrizable, minimal flows that
each such flow has Hausdorff ideal group. Then Conjecture 5.1 for countable M will
follow using this fact and a presentation of S5(N, M) as an inverse limit of certain
metrizable flows. The topological dynamical material below is rather standard, but
it requires recalling quite a few notions and basic facts about them, and making
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some observations.

From now on, until we say otherwise, we are in the general abstract context
of G-flows and homomorphisms between them, where GG is an arbitrary abstract
(not necessarily definable in a NIP theory) group. We let (G, X), (G,Y), etc. be
G-flows, which we will sometimes denote simply as X,Y, etc.

For a proof of the following fact see [Rzel8, Proposition 5.41].

Fact 5.2. Let m: X — Y be an epimorphism of G-flows. Then 7: E(X) — E(Y)
given by 7(n)(w(x)) = m(n(x)) is a well-defined semigroup and G-flow epimorphism.
If M is a minimal left ideal of E(X) and u € M an idempotent, then 7[M]
is a minimal left ideal of E(Y) and 7(u) is an idempotent in 7[M]. Moreover,
Tlum s uM = T(u)T[M] is a group epimorphism and topological quotient map with
respect to the T-topologies.

Remark 5.3. If (G, X) and (G,Y) are flows for which there exists a semigroup
and flow epimorphism ®: E(X) — E(Y), then it is unique. In particular, the
epimorphism 7 in Fact 5.2 does not depend on the choice of the epimorphism 7.

Proof. Since ® is a semigroup epimorphism, it satisfies ®(idx) = idy. Let gx €
E(X) be the left translation by g, and similarly gy € E(Y). Then ®(gx) =
P(gidx) = gP(idx) = gidy = gy. By definition, F(X) is the closure of {gx : g €
G}, so @ is unique (as it is continuous). O

Let AG be the Stone-Cech compactification of G and U, the principal ultrafilter
at e. As e.g. explained on page 9 of [Gla76], the G-ambit (8G,U,) (where by a G-
ambit we mean a G-flow with a distinguished point with dense orbit) is universal,
and so there is a unique left continuous semigroup operation on G extending the
action of G by left translation. (In fact, it is precisely the % operation on Sg ext (M)
for M := G expanded by predicates for all subsets of ). For any flow (G, X),
universality of SG also yields a unique action of the semigroup (5G, %) on X which
is left-continuous and extends the action of GG, and which we will denote by -. Fix
a minimal left ideal M of G and an idempotent u € M. Using this action, for
any G-flow (G, X) with a distinguished point 2o € X such that u - zg = z¢ (note
that such an xg always exists), the Galois group of (X, xq) is defined as:

Gal(X,zg) :=={p€uM :p-x9 =20} < uM,

it is a 7-closed subgroup of uM (see [Gla76, Page 13 and 120]). In the topological
dynamics literature, this group is sometimes called the Ellis group of (X, x¢), e.g. see
[Gla76, Page 13].

There is an obvious semigroup and G-flow epimorphism ®: 8G — E(X) given
by ®(p)(z) := p-x. It is unique by Remark 5.3. As in Fact 4.11, 8G is naturally
isomorphic to E(8G) via p — 1, where l,,(¢) = p * ¢. Using this identification, for
any G-flow epimorphism f: G — X, the induced map f: SG — E(X) from Fact
5.2 coincides with .

Remark 5.4. Let M and u € M be as above. Let (G, X) be a flow and ®: G —
E(X) the unique epimorphism defined above. Let N := ®[M] and v := ®(u).
(1) For every z € X with u -z = z, ker(®|,a) C Gal(X, x).
(2) For every z € Im(v), u-z = z.
(3) Naemm(w) Gal(X, z) = ker(®[um).
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(4) ®|ym: uM — vN is a group epimorphism and topological quotient map
with respect to the T-topologies.

Proof. Tt is clear that N is a minimal left ideal of E(X), v € N an idempotent,
and ®|,a: uM — vN a group epimorphism.

(1) Take p € ker(®|yp), i.e. ®(p) =v. Then p-z = &(p)(z) = v(z) = P(u)(z) =
u -z = z. Hence, p € Gal(X, z).

(2) Take = € Im(v), i.e. x = v(y) for some y € X. Then u-x = v(v(y)) =
(vov)(y) =v(y) ==

(3) The inclusion (D) follows from (1) and (2). For the opposite inclusion,
consider any p € (\, ¢y () Gal(X,z). In order to show that p € ker(®lur), it is
enough to check that ®(p)|im(v) = idim() (because for any n € N we have n = no,
and so the map v — Sym(Im(v)) given by 7 — 7]im(v) is injective, in fact a group
monomorphism, and U\Im(v) = idpy(v) a8 v is an idempotent). But this is trivial by
the choice of p: ®(p)(v(y)) =p- (v(y)) = v(y).

(4) In the situation when (G, X) has a dense orbit (which is for example the
case when (G, X) is minimal), this follows from Fact 5.2, the existence of an epi-
morphism f: §G — X (as SG is a universal G-ambit), and the observation that
® = f made just before Remark 5.4. In general, it follows from the straightforward
generalization of Fact 5.2 stated in [KLM22, Fact 2.3]. O

Definition 5.5. A G-flow epimorphism 7: X — Y is almost 1-1 if the set X, :=
{r € X : 7 [n(x)] = {x}} is dense in X.

Remark 5.6. If (G,Y) is minimal and 7: X — Y is almost 1-1, then (G, X) is
also minimal.

Proof. We will show that for every x € X we have Xy C E(X)z := {n(z) : n €
E(X)}. This implies that E(X)x = X for every € X (because Xy is dense in X
and F(X)z is closed in X), which means that (G, X) is minimal.

So fix © € X, and consider any zo € Xy. Since (G,Y) is minimal, we can
find 7 € E(Y) such that 7(w(x)) = w(xp). Pick n € E(X) satisfying 7(n) = 7.
Then 7(zg) = 7(7(x)) = 7#(n)(w(x)) = w(n(z)). Since zy € Xg, we conclude that
n(z) = . O

Lemma 5.7. If (G,Y) is minimal and w: X — Y is almost 1-1, then the group
homomorphism 7|upm: uM — 7(u)7T[M] is a topological isomorphism (in the T-
topologies), where M is a minimal left ideal of E(X) and u € M an idempotent.

Proof. By Remark 5.6, (G, X) is minimal, so X = Ma for every z € X. Pick
xo € Xp; then there is ny € M such that xg € Im(rng). Choose an idempotent
v € M so that 99 € vM. Then Im(ny) = Im(v), so g € Im(v), and hence
v(zg) = xo by idempotence of v.

Since the diagram

oM — 5 uM
er #(u)o Jj

commutes (by definition of 7) and, by Fact 4.8(6), the horizontal arrows are isomor-
phisms of semitopological groups, it is enough to show that 7|, : vM — 7T (v)7T[M]
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is an isomorphism of semitopological groups. By Fact 5.2, it is a group epimorphism
and topological quotient map, so it remains to show that it is injective.

Suppose for a contradiction that ker(7|,o¢) is non-trivial, i.e. there is n € v M \
{v} such that 7(n) = 7(v). Then nv =1 # v = Vv, 50 Nim@w) # VlmE). On
the other hand, by the first sentence of the proof, Im(v) = vM(xp). So there is
7' € vM with nn'(z0) # vn'(z0) = 1'(z0), and hence (7')~tnn'(z0) # xo (Where
(n")~1 is the inverse of 7 computed in vM). As zg € Xo, n € ker(7|,0) and 7|y pq
is a group morphism, we get m(xzo) # m((n) "' (x0)) = (')~ ') (7 (20)) =
7(v)(m(zg)) = w(v(zg)) = 7(xo) (where the last equality follows from the first
paragraph) — a contradiction. O

A pair of points (z1,x2) of a flow (G, X) is called prozimal if there is n € E(X)
such that n(x1) = n(x2); it is called distal if x1 = x5 or (x1,x2) is not proximal. Let
P denote the collection of all proximal pairs of points in X. The flow (G, X) is said
to be prozimal when P = X x X and distal when P = Ax = {(z,z) : z € X}.

Fact 5.8. The ideal group of every proximal flow is trivial.

Proof. Let M be a minimal left ideal of E(X) and v € M an idempotent. From
[Gla76, Chapter I, Proposition 3.2(3)], it follows that each pair of points in Im(u) :=
u[X] is distal, so, by proximality, Im(u) is a singleton, say Im(u) = {z¢}. Then for
any p in uM, say p = uh with h € M, and any z € X, we have p(z) = u(h(z)) = xq.
So p = u, hence uM = {u}. O

Whenever 7: X — Y is a G-flow epimorphism, let
R, = {(1'1,1}2) € X2 : ’/T(.’Kl) = 7T(£U2)}.
Definition 5.9. A G-flow epimorphism 7: X — Y is said to be:

(1) equicontinuous (or almost periodic) if for every e which is an open neigh-
borhood of the diagonal Ay := {(z,z) : ¢ € X} C X x X, there exists a
neighborhood ¢ of Ax such that g(6 N R;) C € for every g € G;

(2) distalif PN R, = Ax.

It is sometimes assumed that the flows in the definition of equicontinuous ex-
tensions are minimal. On page 100 of [Gla76], Glasner defines almost periodic
extensions of minimal flows in a different way. A proof that both definitions are
equivalent for minimal flows can be found in [Aus88, Chapter 14, Theorem 1].

The following remark is well-known and follows from an argument on page 4 of
[G1a76].

Remark 5.10. An equicontinuous epimorphism of flows is distal.

Proposition 5.11. If 7: X — Y is an equicontinuous epimorphism of minimal
G-flows and (G,Y) has a trivial ideal group, then the ideal group of (G,X) is
Hausdorff (with respect to the T-topology).

Proof. Choose a minimal left ideal M in G, an idempotent u € M, and an
element x € X with v -2 = z. Let ®: G — E(X) be the unique semigroup and
G-flow epimorphism considered before and in Remark 5.4. Put Nx := ®[M] and
vx = ®(u). So vxNy is the ideal group of (G, X). Put y :=n(z). Thenu-y =1y
(as u-y = lim g;7(x) = w(lim(g;x)) = 7(u- ) = 7w(x) = y, where (g;); is a net in G
converging to u in 8G). Let Ny := #[Nx] and vy := 7(vx). So vy Ny is the ideal
group of (G,Y) which is trivial by assumption.
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Clearly ®' := 7o ®: G — E(Y) is the unique semigroup and G-flow epi-
morphism from G to E(Y), and ®'|,a: uM — vy Ny is a group epimorphism.
Hence, as vy Ny is trivial, ker(®'|, 1) = uM. As by Remark 5.4(1) ker(®’|,a1) C
Gal(Y,y), we conclude that Gal(Y,y) = uM.

Let F be a 7-closed subgroup of uM, and let

H(F):= ﬂ {cl;(VNF):V isa r-neighborhood of v in uM}.

As 7 is almost periodic, [Gla76, Chapter IX, Theorem 2.1(4)] yields H (Gal(Y,y)) C
Gal(X,xz), and together with the conclusion of the last paragraph this implies
H(uM) C Gal(X,z). Note that we proved it for any x € X with v -z = =z,
in particular for any x € Im(vx) (by Remark 5.4(2)). On the other hand, by
Remark 5.4(3), (,crm(uy) Gal(X, ) = ker(®[urq). Hence, H(uM) C ker(®lunm).
By Remark 5.4(4), ker(®|,aq) is 7-closed. So, by [Gla76, Chapter IX, Theo-
rem 1.9(3)] and the conclusion of the last paragraph, we get that uM /ker(®|,am)
is Hausdorff with the quotient topology of the 7-topology on uM. Since by Re-
mark 5.4(4) we know that uM /ker(®|, 1) = vxNx as semitopological groups, we
conclude that vx N is Hausdorff. O

There are many equivalent definitions of tame flows (see Theorems 2.4, 3.2 and
Definition 3.1 in [GM18]). We give the one which immediately points to a strong
connection with the NIP property in model theory.

A sequence (fy,)n<w Of real valued functions on a set X is said to be independent
if there exist real numbers a < b such that

() £t l(=o0,a)] 0 () £ (b, 00)] # 0
neP neq
for all finite disjoint subsets P, @ of w.

Definition 5.12. Let (G, X) be a flow. A function f € C(X) (i.e. a continuous
real valued function on X) is tame if the family of translates {gf : ¢ € G} does
not contain an infinite independent sequence (where (gf)(z) := f(g~'x)). The flow
(G, X) is tame if all functions in C(X) are tame.

The following fact is a part of the information contained in the main theorem
(Theorem 5.3) of [Glal8] on the structure of tame, metrizable, minimal flows.

Fact 5.13. Let (G, X) be a tame, metrizable, minimal flow. Then there exists the
following commutative diagram of G-flow epimorphisms

]

0" X
Z

7 Y
where:
(1) (G, X) is minimal;
(2) (G,Y) is prozimal;
(8) 0,0%,. are almost 1-1;
(4) o is equicontinuous.
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We discussed all of the notions and facts above in order to deduce the following
corollary.

Corollary 5.14. The T-topology on the ideal group of any tame, metrizable, min-
imal flow is Hausdorff.

Proof. We will be referring to items (1)—(4) in Fact 5.13. By (1), (3) and Remark
5.6, (G, X*) is minimal, and so are (G, Z), (G,Y*), and (G,Y’) as homomorphic
images of (G, X*). By (2) and Fact 5.8, the ideal group of (G, Y) is trivial, and so is
the ideal group of (G,Y™) by (3) and Lemma 5.7. Hence, using (4) and Proposition
5.11, we get that the ideal group of (G, Z) is Hausdorff, and so is the ideal group of
(G,X*) by (3) and Lemma 5.7. Therefore, the ideal groups of (G, X) and (G, X)
are both Hausdorff by Fact 5.2, because they are quotients of a compact topological
group (namely, the ideal group of (G, X*)) by closed subgroups. O

To apply this general corollary to our model-theoretic context, we need one more
general observation, namely Lemma 5.16. To prove it, we have to recall a description
of the 7-closure that was stated as Lemma 3.11 in the first arXiv version of [KLM22]
(the relevant section of [KLM22] was removed in the published version).

Fact 5.15. Let (G, X) be a flow, M a minimal left ideal of E(X), and u € M an
idempotent. Then for every A C uM, the T-closure cl,;(A) can be described as the
set of all limits contained in uM of nets (n;a;); such that n; € M, a; € A, and
lim; n; = u.

Proof. Consider a € cl;(A). Then, by the definition of the 7-topology, there are
nets (¢;); € G and (a;); € A such that lim; g; = v and lim; g;a; = a. Note that
ua; = a;, as a; € A C uM. Put n; := giju € M for all i. By left continuity,
we have that lim; n; = lim; g;u = (lim; g;)u = wu = w. Furthermore, lim; n;a; =
lim; g;ua; = lim; g;a; = a.

Conversely, consider any a € uM for which there are nets (n;); € M and
(a;); € Asuch that lim; 7; = wand lim; n;a; = a. Since each n; can be approximated
by elements of G and the semigroup operation is left continuous, one can find a
subnet (a}); of (a;); and a net (g;); C G such that lim; g; = u and lim; g;a’; = a,
which means that a € cl;(A).

Lemma 5.16. Let (G, X) be a flow, M a minimal left ideal in E(X). Then there
exists a minimal left ideal N of E(M) and a semigroup and G-flow isomorphism
from M to N'. In particular, the ideal groups of the G-flows X and M are isomor-
phic as semitopological groups (with the T-topologies).

Proof. Denote the semigroup operation on E(X) by * and on F(M) by o (although
both are compositions of functions, but on different sets). Let f: M — E(M) be
given by f(p) :=I,, where [,(¢) := p* ¢. It is easy to check that f is a semigroup
and G-flow monomorphism. Put N := fM] C E(M). Thus, f: M — N is a
semigroup and G-flow isomorphism. We need to check that N is a minimal left
ideal in E(M). For that, first note that M is a minimal left ideal in itself. Indeed,
if M’ is a left ideal in M, then for any p € M’ and ¢ € E(X), taking an idempotent
u € M such that p € uM, we have p = uxp, and so gxp = g*(u*xp) = (g*xu)*p € M’
as ¢xu € M (M is a left ideal in E(X)). Hence, M’ is a left ideal in E(X) which
is contained in M, so it must be equal to M by minimality of M. Since M is a
minimal left ideal in itself, we get that
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(1) N is a minimal left ideal in itself.
On the other hand,

(2) N is a left ideal in E(M).
To prove (2), consider any n € E(M) and p € M, and we need to show that
nol, € N. Using limits of nets, we easily see that there is 7 € E(E(X)) such that
filam = n. For any ¢ € M we have: (nol,)(q) = n(lp(q)) = n(p*q) = i(p*q) =
n'x(pxq) = (' *p)*q = ly.p(q) = f(n'+p)(q), where )’ € E(X) satisfies 7j(7) = n'*7
for all 7 € E(X) (such 7/ exists by Fact 4.4). Hence, nol, = f(n' *p) € N (and
n *p e M as M is a left ideal).

By (1) and (2), we get that A is a minimal left ideal of E(M).

Thus, f(u)N is the ideal group of M, and flum: uM — f(uw)N is a group
isomorphism, where u € M is an idempotent. This isomorphism is topological
(with respect to the 7-topologies) by Fact 5.15 (which expresses the 7-closure in
terms of the semigroup operation and convergence within the minimal left ideal
in question) and the above observation that f: M — A is an isomorphism of left
topological semigroups. |

We can finally prove Conjecture 5.1 for countable M.

Theorem 5.17. Let M be a countable model of a theory with NIP and N = M be
Ny -saturated. Let M be a minimal left ideal of SS(N, M) and u € M an idempotent.
Then the T-topology on uM is Hausdorff.

Proof. Let M®** be the Shelah expansion of M obtained by adding predicates for all
externally definable subsets of M™ for all n < w. By Shelah’s theorem [She09] (see
also [CS13]), we know that Th(M®**) has quantifier elimination, NIP, and all types
in S(M') are definable (i.e. all externally definable subsets of M®** are definable).
It follows that the Boolean algebra of externally definable subset of G with respect
to the original language coincides with the Boolean algebra of definable subsets of
G in the sense of the expanded language. Hence, Sg ext(M) = Sq(M**). Thus,
without loss of generality, we may assume that M is a countable model of an NIP
theory such that all types in S(M) are definable. Then Sg exi(M) = Sq(M), and
the semigroup operation on Sg(M) is given by p * ¢ = tp(ab/M), where a | p,
b = q, and tp(a/M,b) is finitely satisfiable in M.

It is well-known, and observed first time in the introduction of [CS18], that NIP
implies that (G, Sg(M)) is a tame flow. (A standard way to see it is to note that,
by NIP, the characteristic functions of all the clopens in Si (M) are tame (in the
sense of Definition 5.12) and separate points, and so, by Stone-Weierstrass theo-
rem, they generate a dense subalgebra of C'(Sg(M)); then use the fact that tame
functions on Sg(M) form a closed subalgebra of C(Sq(M)) to conclude that all
functions in C(Sg(M)) are tame.) However, (G, Sg(M)) is neither metrizable (even
when the original language of M was countable, the expanded language of M is
usually uncountable) nor minimal, so we cannot apply Corollary 5.14 directly to
(G, S6(M)).

Let A range over all finite collections of definable subsets of G. For any such
A, let Bg(A) be the Boolean G-algebra (so closed under left translations by the
elements of G) of subsets of G generated by A, and denote by Sg A (M) the space of
all ultrafilters of Bg(A). Note that Sg a (M) is naturally a G-flow (the action is by
left translations), and Sg(M) = lim , Sg, A(M) as G-flows. Let M be any minimal
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left ideal (and so minimal subflow) of Sg(M). Let Ma C Sg a(M) be the image
of M under the restriction map. It is clearly a minimal subflow of Sg A (M), and
the above isomorphism induces a G-flow isomorphism M 2 @ A M (see [Rzels,
Lemma 6.42]).

Since (G, Sg(M)) is tame, so is (G, Sg,a(M)) as a quotient of Sg(M), and so
is (G, Ma) as a subflow of Sg a(M) (using Definition 5.12 and Tietze’s extension
theorem, or see e.g. [KR20, Fact 4.20]). Moreover, Sg a(M) is metrizable since
Ba(A) is countable by finiteness of A and countability of G C M (and this is the
only place where we assume that G is countable). Hence, Ma is metrizable.

Summarizing, (G, Ma) is a tame, metrizable, minimal flow, and hence its ideal
group is Hausdorff by Corollary 5.14.

On the other hand, since M = lim M, [Rzel8, Lemma 6.42] implies that the
ideal group of M equipped with the 7-topology is topologically isomorphic to an
inverse limit of the ideal groups (with the 7-topologies) of the flows MAa.

By the last two paragraphs, we conclude that the ideal group of M is Hausdorff.

Finally, by Fact 4.11, E(Sg(M)) = Sq(M) as semigroups and G-flows, so M can
be identified as a G-flow with a minimal left ideal of E(S¢(M)). Then, by Lemma
5.16, the ideal groups of Sg(M) and M are topologically isomorphic. Therefore,
by the last paragraph, the ideal group of S (M) is Hausdorff. d

Combining Theorem 4.17 with Theorem 5.17 we thus get (using the notation in
Theorem 4.17):

Corollary 5.18. Assume that G is countable and Th(G) is NIP, and let M be a
minimal left ideal in (S(G,G),*) and u € M an idempotent. Then M(M) * s
is a minimal left ideal of (zm;?‘(g, QG), *), and pypm 18 an idempotent which belongs
to M(M) * Ly
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