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STRUCTURES WITH NOT TOO FAST UNLABELLED GROWTH
BERTALAN BODOR

Abstract. Let .7 be the class of all structures whose growth rate on orbits of subsets of size n is not

faster than p%) for any polynomial p. In this article we give a complete classification of all structures in .%’

in terms of their automorphism groups. As a consequence of our classification we show that . has only
countably many structures up to bidefinability, all these structures are first-order interpretable in (Q: <)
and they are interdefinable with a finitely bounded homogeneous structure. Furthermore, we also show
that all structures in . have finitely many first-order reduct up to interdefinability. thereby confirming
Thomas’ conjecture for the class ..

§1. Introduction. There are three natural sequences of counting orbits attached
to a permutation group G < Sym(X).

We write

0 0,(G) for the number of n-orbits of G. i.., the number of orbits of the

coordinate-wise action of G on X";

e £,,(G) for the number of injective n-orbits of G 1i.e., the number of those n-orbits

of G which contain tuples with pairwise different entries;

o 1, (G) for the number of orbits of n-subsets of G.i.e., the number of orbits of

the natural action of G on n-element subsets of X.

We call the sequences (£,(G))pcw 0Or (44,(G))ncw. the labelled and unlabelled
growth of G, respectively.

In this article we always assume that the group G is oligomorphic, i.e., any (or
equivalently all) of the sequences defined above have finite values. In this case we can
assume without loss of generality that the domain set G is closed in the topology of
pointwise convergence, since switching to the closure of the group does not change its
orbit growth functions. By a Theorem of Engeler, Ryll-Nardzeski, and Svenonius we
know that this is equivalent to G being an automorphism group of an w-categorical
structures [36]. We also know that in this case every orbit of G is a realization
of a complete type in 2 [36]. By the Downward Loéwenheim—Skolem theorem we
can (and we will) also assume that the underlying set X is countable (see also the
discussion in [31, Section 1]). We use the notation 0,4, u, and the corresponding
terminology for the group and the corresponding structure 2 interchangeably. The
study of the behavior of the sequences above for oligomorphic groups was initiated
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2 BERTALAN BODOR

by Cameron and Macpherson [31, 32], and it has been a subject of active research
since.

There are many structural results available about G, or the corresponding
structure 2( as above, when we put more restrictive upper bounds on the sequences
(4,(G))new or (un(G))new. Clearly, a structure is finite if and only if any of these
sequences are eventually 0. For this reason one can argue that the slower the labelled
or the unlabelled growth of a structure is, the closer it is to a finite structure. This
intuition is also confirmed by some the concrete known results we mention below.

As for (£,(G)) we know that it has an exponential upper bound if and only if G is
a closed supergroup of a finite direct product of symmetric groups (with the action
on the disjoint union) [8]. In fact, it is shown in the same paper that £,(G) < cn®
for some d < 1 if and only if 2 is cellular, i.c., it is a first-order reduct of a finite
cover of a unary structure with finitely many predicates (see more details in [24, 26]
or in Section 2.7).

Compared to the labelled growth the situation tends to be much more complicated
if we put similar upper bounds for the unlabelled growth of a group. Already the
case when u,(G) = 1 for all n, these groups are called highly homogeneous, is far
from obvious, and these groups were classified by Cameron: they are exactly the
automorphism groups of the five reducts of (Q, <) (see Section 2.9). Those closed
groups for which u,(G) has a polynomial upper bound are classified in [35] (or in
[34]). It turns out, as it is shown in the same paper, that in this case the sequence
(u,(G)) is in fact always quasi-polynomial, i.e., it can be written as

un(G) = ar(m)n* + -+ + ao(n),

where all the coefficients a; (n) are periodic functions.
In the case when the structure 2l is stable an interesting dichotomy holds.

THEOREM 1.1 [26, Theorem 3.10]. Let A be a stable w-categorical structure. Then
exactly one of the following holds:

(1) u,(A) < " for all ¢ > 1 if n is large enough.
(2) u, () > " for all ¢ if n is large enough.

This means that for automorphism groups of stable structures there is no
difference between ‘slower than exponential’ and ‘at most exponential’ unlabelled
growth. We also know a structure description of those structures which satisfy
item 1 in the above theorem. A structure is called hereditarily cellular iff it can be
built up from finite structures by taking finite disjoint unions, wreath products with
the pure set, and first-order reducts (see more details in Section 2.7). Hereditarily
cellular structures are introduced, under a different terminology in [41], and their
automorphism groups are discussed in detail in [24]. By the results of [26] we also
know that a stable w-categorical structure has slower than exponential unlabelled
growth (item 1 in the theorem above) if and only if it is hereditarily cellular. From
this we can conclude the following.

THEOREM 1.2. Let A be a countable structure. Then the following are equivalent:

(1) 2 is hereditarily cellular.
(2) 2 is stable and u, () < c" for all ¢ > 1 if n is large enough.
(3) Ais stable and u,(A) < ¢" for some ¢ if n is large enough.
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STRUCTURES WITH NOT TOO FAST UNLABELLED GROWTH 3

If we remove the stability assumption then the conclusion of Theorem 1.1 no
longer holds. The simplest counterexample is the wreath product Z, ! Aut(Q) whose
unlabelled growth is the Fibonacci sequence. In general, it seems that the larger ¢ is
in an upper bound ¢” for the unlabelled growth, the more complicated the situation
gets.

In this article we focus our attention to the case when ¢ < 2. We define .% to
be the class of those countable structures 2 such that for no polynomial p do we
have u, () > pz(_’,l,) The class . was introduced and studied in a recent paper by

Simon [52] (where these were called structures with “few finite substructures”). The
following is shown in the aforementioned paper.

THEOREM 1.3. Let 2 € & be a structure with a primitive automorphism group.
Then u,(A) = 1 for all n, (and thus Aut(2) is one of the five groups in Cameron’s
classification).

We note that in the original formulation of Theorem 1.3 in [52] also allows 2
to be strictly stable (stable but not w-stable) in the conclusion, however this case
can be excluded by an argument presented in [26]. Theorem 1.3 confirms a long-
standing conjecture by Macpherson. We also note that the number 2, hidden in the
definition of .7, in the assumption of Theorem 1.3 is optimal. This is witnessed by
the structure S(2). called the local order. whose automorphism is primitive and its
unlabelled growth is approximately 2" /n.

Finally, we mention a recent structural result for general exponential upper
bound. A first-order ¢(x1, ..., X, ¥1. ..., V) formula is said to have the independence
property if we can find an infinite set A4 of m-tuples and a family b; : I C A of
n-tuples such that ¢(a.b;) holds if and only if @ € I. A structure 2 is called NIP
if there is no formula in any elementary extension of 2 that has the independence
property. A structure is called monadically NIP if all of its unary expansions are
NIP.

THEOREM 1.4 [27, Theorem 5.3]. Let U be a structure such that u,(2) < c" for
some c. Then 2 is monadically NIP.

In fact, it is conjectured that the converse of Theorem 1.4 also holds for
w-categorical structures [26, Conjecture 2].

1.1. The main result. In the present paper we give a complete classification of the
class . in terms of their automorphism groups. This is a common generalization of
the classification results given in [24, 35], and in particular contains the classification
of all closed permutation groups with subexponential unlabelled growth. Our
classification results are based on the description given [52] and the description of
hereditarily cellular structures/groups as given in [24]. We also obtain a description
of structures in . similar to that of hereditarily cellular structures we mentioned
earlier: a structure is contained in .# if and only if it can be built up from certain finite
covers of Q@ and finite structures by taking finite disjoint unions, wreath products
with the pure set, and first-order reducts. The full details are provided in Section 7.

As a consequence of our classification we verify two conjectures made in [26]:
one about a description of structures with subexponential orbit growth (Conjecture
1. see Theorem 7.12), and one about gaps in unlabelled growths in the class .
(Conjecture 3). The latter can be formulated as follows.
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4 BERTALAN BODOR

THEOREM 1.5. Let A € .Z. Then there exists some d € w,d > 1 such that

1imy, o0 (1, ()" = 94 where y; denotes the largest real root of the polynomial
d _ d-1
xt—x - - L.

We also show that . contains only countably many structures up to bidefinability.
Our classification also gives us the following the characterization of structures
with at most polynomial unlabelled growth.

THEOREM 1.6. Let AU be a countable structure. Then the following are equivalent:

(1) u, () is at most polynomial.

(2) There exists an expansion of A by finitely many constants which is bidefinable
with a disjoint union of finitely many copies of (Q: <) and some cellular structure.

Theorem 1.6 is especially relevant in the context of infinite-domain CSPs (see our
discussion below).

1.2. Model theoretical consequences.

1.2.1. Finite homogeneity and finite boundedness. We say that a structure 2 is
homogeneous if every partial isomorphism between substructures of 2 extends to
an automorphism of 2(. It follows from an easy counting argument that if 2l is
homogeneous and has a finite relational signature then o, () < 2" for some ¢ > 0
where k is the maximum of 2 and the maximal arity of 2, in particular 2 is w-
categorical. We say that a structure 2 is finitely homogenizable if 2 is first-order
interdefinable with a homogeneous structure in a finite relational signature. Note
that the upper bound above does not guarantee finite homogenizability: for instance
the infinite dimensional vector space 2J over a finite field K we have o0, () < (‘Iflln) <

|K \”2 but 9 is not finitely homogenizable [25, 43]. In the present paper, however, we
show that every structure in . is finitely homogenizable. In fact, we show that every
structures in . is interdefinable with a homogeneous relational structure 20 which
is also finitely bounded, meaning that the class of finite structures that embed into 2
can be described by finitely many forbidden substructures.

1.2.2. Interpretability in (Q;<). 1f 2 and B are structures then we say that B
is (first order) interpretable in 2 if there exist a d € w and a partial surjective map
I: A% — B such that for all relations defined by atomic formulas in 8. including
x =y and x = x, are definable in . Our classification shows that every structure
in .7 is interpretable in (Q; <). We also note that for this result the number 2 in
the definition of . is tight as it is shown in [10] that S(2) is not interpretable

in (Q: <).

1.3. Thomas’ conjecture. In [53] Thomas made the conjecture that every
countable homogeneous structure with a finite relational signature has finitely
many reducts up to first-order interdefinability. An equivalent formulation of the
conjecture states that automorphism groups of all aforementioned structures have
finitely many closed supergroups contained in the symmetric group acting on the
domain set of the structure. The conjecture has been verified for many well-known
homogeneous structures. The list includes the rationals with the usual ordering [29],
the countably infinite random graph [53], the homogeneous universal K,,-free graphs
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[54]. the expansion of (Q; <) by a single constant [39]. the universal homogeneous
partial order [47], the random ordered graph [21], and many more [1, 2, 11, 13]. Note
that if we drop the assumption that the signature of the homogeneous structure 2 is
relational, then Thomas’ conjecture is false even if we keep the assumption that 2l is
w-categorical: already the countable atomless Boolean algebra has infinitely many
first-order reducts [25].

Note that all aforementioned results only solve Thomas’ conjecture for specific
structures mostly using some general techniques from Ramsey theory, and they all
provide the exact number of reducts of such structures. Another way to approach
this conjecture is to prove (or potentially disprove) it for more restrictive classes
of structures, but potentially without specifying the exact number of reducts. We
mention two results in this direction. In [24] the conjecture has been verified for
hereditarily cellular structures, and in [51] it is verified for w-categorical primitive
NIP structures with thorn rank 1.

In this article we show that Thomas’ conjecture also holds for every structure
in the class .. Since this class contains all hereditarily cellular structures and all
expansion of (Q; <) with finitely many constants, our result generalizes the results
of both [24, 39] with regard to Thomas’ conjecture.

1.4. Connection to CSPs. Homogeneous and in general w-categorical structures
also play an important role in the study of Constraint Satisfaction Problems, or
CSPs for short. These are usually formulated as follows. The CSP over a structure
98 with a finite relational signature, denoted by CSP(B), is the decision problem
where the input is a finite structure 2 with the same signature as B, and we need to
decide whether there exists a homomorphism from 2{ to 5. By the famous result of
Bulatov of Zhuk, we know that if B is finite then the computational complexity of
CSP(%B) satisfies a dichotomy: it is either in P or it is NP-complete [28, 55]. Both
proofs use various techniques and results from universal algebra many of which
can also be generalized to w-categorical structures, as well. In order to formulate a
complexity dichotomy we need further model-theoretical restriction since in general
even homogeneous structures with a finite relational signature can have undecidable
CSPs (see for instance [19]). One way to guarantee that CSP(B) is at least in NP
is to assume that 95 is homogeneous and finitely bounded, or a reduct of such a
structure. This motivates the following complexity dichotomy conjecture, originally
presented in [22].

CoNJECTURE 1.7 (Infinite-domain CSP dichotomy conjecture). Let B be a first-
order reduct of a finitely bounded homogeneous relational signature. Then CSP(55)
is either in P or it is NP-complete.

For a general introduction and more details on infinite domain CSPs we refer the
reader to [6, 49].

A natural subclass of structures for which the above conjecture is sometimes
considered is the class of structures which are interpretable in (Q; <) (see for instance
[4], partial results in this direction have been obtained in [9, 12, 15, 16, 18, 23].
The conjecture has also been verified for various other classes of structures (see
[7.14, 17, 20, 23, 40, 44, 45].
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6 BERTALAN BODOR

As we mentioned in Section 1.2 we know that all structures in . are interpretable
in (Q; <). In [23] Conjecture 1.7 has been verified for hereditarily cellular structures
which are exactly the stable structures in .¥ by Theorem 1.2.

A more approachable goal would be to verify Conjecture 1.7 for structures with
at most polynomial unlabelled growth. By using Theorem 1.6 one can argue that
this is enough to show it in the case when the structure 95 is bidefinable with a
disjoint union of finitely many copies of (Q; <) and some cellular structure (see the
discussion at the end of Section 8). This looks promising since the infinite-domain
CSP dichotomy conjecture has already been solved for all reducts of (Q; <) [16]
and all hereditarily cellular structures [23]. We want to emphasize, however, that in
order to recover the complexity of a CSP of structure usually a much finer distinction
than just bidefinability is necessary, namely we need to identify relations which are
primitively positively definable. Therefore, even in the simple-looking case outlined
above the solution to Conjecture 1.7 poses some serious challenges.

§2. Preliminaries.

2.1. Permutation group notation. For a set X, we write Sym(X) for the group of
all permutations of X. We say that a group G is a permutation group G < Sym(X)
for some set X. Note that in this case the set X is unique, and we call it the domain
of G, denoted by Dom(G). The cardinality of Dom(G) is called the degree of G. We
say that two permutation groups G and H are isomorphic as permutation groups if
there is bijection e : Dom(X) — Dom(H ) such that H = eGe™! = {e"!ge : g € G}.
All groups appearing in this article will be permutation groups, and when we say that
two permutation groups are isomorphic we always mean that they are isomorphic
as permutation groups.

Assume that G < Sym(X) is a permutation group, and ¥ C X. We introduce the
following notation:

e Gy denotes the pointwise stabilizer of Y, that is,

Gy ={geG:VyeY(gly =y}

o G (r} denotes the setwise stabilizer of Y, that is,

Giyy={g€G:VyeY(gl)eY)}
e G|y denotes the restriction of G to Y, that is,
G‘y = {h|y2 he G}.,

provided that Y is invariant under G.

* Gy = Gnyly = Gunnyly-

* G((y)) = Gpom(a)\ 1|7
If Y is finite, say ¥ = {xi..... x,}, then we simply Gy, . ., for Gy.

Every permutation group G < Sym(X) is equipped with a topology called the
topology of pointwise convergence. This topology is defined to be the subspace
topology of the product space X* where X is equipped with the discrete topology.
We say that a permutation group is closed if it is closed in the topology of pointwise
convergence. Equivalently, a group G < Sym(X) is closed if the following holds: for
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all g € Sym(X), if for every finite F C X there exists g’ € G such that g’|r = g|r
theng € G.

Let us assume that E is an equivalence relation on some set X'. Then for an element
x € X we write [x]g for the unique E class that contains E. Note that in this case
[x]e = [¥] holds if and only if (x, y) € E. We denote by X/E the set of E classes
on X, ie, X/E = {[x]g:x € X}.If G < Sym(X) is a group then we say that E is
a congruence of G if E is preserved by every element of G, that is, forall x,y € X
and g € G we have (x,y) € E if and only if (g(x).g(y)) € E. If E is a congruence
of G then there is a natural homomorphism G — Sym(X/E) defined by g — g/E
where g/E : [x]g — [g(x)]e. We write G/E for the image of this homomorphism,
ie,G/E={g/E:ge€G}.

2.2. Orbit growth functions. Let G < Sym(X) be a permutation group, and let
n € w. Then we introduce the following notation:

e 0,(G) denotes the set of n-orbits of G, i.e., the set of orbits of the coordinate-
wise action of G on X;

e for a € X" we denote by og (a) the orbit of the tuple a, i.e., the unique n-orbit
of G containing a;

e fora b € X" wewritea ~g bifog(a) = o0g(b):

¢ 0,(G) denotes the number of n-orbits of G, i.e..0,(G) = |0,(G)|:

e £,(G) denotes the number of injective n-orbits of G. i.e., the number of those
n-orbits of G which contain tuples with pairwise different entries;

e u,(G) denotes the number of orbits of n-subsets of G, 1i.e., the number of orbits
of the natural action G ~ (¥) = {Y € X: |Y| =n}.

ReEmARK 2.1. It follows easily from the definitions that for any permutation
group G we have u,(G) < £,(G) < nlu,(G) and 0,(G) = > _, {{}4(G) where
{1} denotes the Stirling number of the second kind.

A permutation group is called oligomorphic if and only if 0,(G) is finite for all
n € w. By Remark 2.1 it follows that the oligomorphicity of a group G is also
equivalent to u,(G) (or £,(G)) being finite for all n € w. We call the sequence
(£,(G))new the labelled growth profile of G, and (u,(G)),ce the unlabelled growth
profile of G. The orbit growth functions £, () and u,,(-) are introduced and discussed
in general in [31, 32]. Note that at some places in the literature the sequences o, ¢,,
and u, are denoted by F,’. F,, and f,, respectively. In this article we are mostly
concerned with the unlabelled growth profile of permutation groups.

Let G < Sym(X) be a permutation group, and let S C X . Then we write aclg (X))
for the union of finite G-orbits of elements contained in X.' Note that if X is finite
and G is oligomorphic then aclg (X) is also finite.

2.3. Automorphisms of structures. In this article we denote structures by Fraktur
letters 2A,B. ¢, ... (sometimes with subscripts or other diacritics), and we write
A, B, C. ... for the corresponding domain set. The signature of a structure 2 is
denoted by X(2(). For a structure 2, we write Age(2A) (called the age of 2) for
the class of all finite structures which embed into 2. We write Aut(2() for the

IThe corresponding notion for structures is called algebraic closure. hence the notation.
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automorphism group of a structure 2(. It is easy to see that the automorphism
group of every structure is closed. Conversely, every closed permutation group is the
automorphism group of some structure. In this article every structure is assumed to
be countable, unless otherwise mentioned. We also assume for convenience that all
structures in our discussions have a purely relational signature.

We are considering the following two notions of equivalence on first-order
structures.

DEerINITION 2.2. Let 2 and B be structures. Then we say that

e B is a reduct of A if A = B if all relations, and constants of B are definable in
2 by a first-order formula;

e 2 and ‘B are interdefinable if they are reducts of one another:

oA and B are bidefinable if B is isomorphic to some structure which is
interdefinable with 2I.

REMARK 2.3. Note that bidefinability is a symmetric condition. Indeed, if 2 and
B’ are interdefinable and 1 : B’ — B and isomorphism then the structure 2’ := ()
is interdefinable with 8.

We say that a countable structure 2 is w-categorical if every countable model of
the first-order theory of 2 is isomorphic to 2. By the theorem of Engeler, Ryll-
Nardzewski, and Svenonius, we know that a countable structure 2l is w-categorical
if and only if Aut(2) is oligomorphic (see for instance [36, Theorem 7.3.1]). The
connection between w-categorical structures and their automorphism groups is
summarized in the following theorem.

THEOREM 2.4. Let 2 and B structures, and let us assume that 2 is w-categorical.
Then the following hold:

(1) B is a reduct of 2 if and only Aut(A) < Aut(B).

(2) A and*B are interdefinable if and only if Aut(A) = Aut(B).

(3) A and B are bidefinable if and only if Aut(A) and Aut(B) are isomorphic (as
permutation groups).

(4) The map €+ Aut(€) defines a bijection between the reducts of € up to
interdefinability and the closed supergroups of Aut(2l).

(5) The map € Aut(€) defines a bijection between the reducts of € up to
bidefinability and the closed supergroups of Aut(21) up to isomorphism.

Proor. We know that a relation R is first-order definable in an w-categorical
structure 2 if and only if R is preserved by Aut(2() (see for instance [36, Corollary
7.3.3]). This immediately implies item 1. The implications 1 — 2 and 2 — 3 are
obvious.

For item 3 we only need to argue that closed supergroups of Aut(2) are exactly
the automorphism groups of reducts of 2. Clearly, if % is a reduct of 2 then
Aut(2) < Aut(*B8) and Aut(B) is closed. Conversely, if Aut(2) < G and G is closed
then, as we discussed earlier, G = Aut(B) for some structure 98, and then B3 is a
reduct of 2 by item 1. -

2Constants can be considered to be unary relations represented by a single element.
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Theorem 2.4(3) tells us that in order to classify some class ¢ of w-categorical
structures which is closed under bidefinability, it is enough to classify the
automorphism groups of structures in 6 up to isomorphism.

In this article we use the following notational conventions: we use mathcal letters
(H.S. F) for classes of permutations groups, and mathscr letters (J#,.7, %) for
the corresponding structures, (for instance we write ¢ for the class of all structures
with automorphism groups in C). If all groups in C are closed and then we have
C={Aut() : A € ¢}

2.4. Direct products and disjoint unions. Let {X;: i € I} be a family of pairwise
disjoint sets, and for each i € I let G; < Sym(X;) be a permutation group. Then
we define the direct product of the permutation groups G;. denoted by [];.; G;.
to be the set of all permutations of X := [J{X;: i € I} which can be written as
U{f(i):i eI}, forsome f: I — [],., G; that satisfies /(i) € G; foralli € I. In
this case [ [,; Gi as a group is also the usual direct product of the groups G;: i € 1.
It is clear from the definition that direct products of closed groups are closed.

Direct products of groups correspond to disjoint unions of structures in the
following sense.

DEFINITION 2.5. Let (21;);er be a family of relational structures with pairwise
disjoint domains.

Then we define the disjoint union B of the structures 2, ...,%,. denoted by
)", A such that

o the domain set of B is | J]_; 4;.

e its signature of *B is the union of the signatures of 2; : i € I together with some
(distinct) unary symbols U; & ;< Z(;).

° Ul.% = A; foralll <i <n, and

e R® = R%i forall R € X(;).

It is easy to see that if (2;);¢; are as above then Aut(l);_; ;) =[], Aut(2;). It
is also clear that finite unions of w-categorical structures are w-categorical which in
turn implies that oligomorphic groups are closed under taking finite direct products.

2.5. Wreath products. If G < Sym(X) is a permutation group, and S is a set
then we define the power G® to be [] .4 G, where G, := {(g.5): ¢ € G} and
(g.5)(g’.s) = (gg’.s). This makes sense since the sets Dom(G;) = X x {i} are
pairwise disjoint. Then Dom(G®) = X x §. and since all G; are isomorphic to G it
follows that G is isomorphic to the power G!5! in the usual group theoretical sense.

Now let H < Sym(Y) be another permutation group. Then we define wreath
product of the groups G and H, denoted by G ! H, as follows. The domain set
of GV H is X x Y and a permutation ¢ € Sym(X x Y) is contained in G H if
and only if there exist # € H and a,, € G such that o(x, y) = (e, (x). f(»)). Note
that in this case we have a natural surjective homomorphism ¢ from G ! H to H
by mapping every ¢ to its action of the second coordinates. The kernel of this
homomorphism is exactly the power G, as defined above. Moreover, the map
1: B ((x.y) — (x. B(y)) splits the homomorphism ¢, thatis. ¢ oz = id(Y). This
implies that G ¢ H can be written as a semidirect product G¥ x e(H).
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We can also define wreath products of structures as follows.

DEerINITION 2.6. Let 24 and 98 be structures with disjoint relational signatures.
Then we define the structure 20 ¢ B, called the wreath product of 21 and B as follows:

e the domain set of A B is 4 X B;

o the signature of 201 B is £(A) U Z(B) U { E} where E is a distinguished binary
symbol not contained in (2() U Z(83);

o FWB — {(al,b), (ar.b): ay.ar € A, b € B}:

e RMB — [(qy.b).....(ar.b): (aj.....a;) € R¥*.b € B} forall R € X():

° sz% = {(al,bl), s (ak,bl): (bl, ...,bk) S S%} forall S € 2(%)

The correspondence between wreath products of groups and wreath products of
structures is as follows. Let 2l and B be a structure as in Definition 2.6. Then we have
Aut(28) = Aut() ! Aut(*B). This implies immediately that if G and H are closed
then so is G H. Moreover, if 20 and 8 are w-categorical then so is 20?25 which
implies that if G and H are oligomorphic groups then G ! H is also oligomorphic.

2.6. Covers of permutation groups. In this section we introduce the notion of
covers of permutation groups which plays a crucial role in this article. This
construction will allow us to decompose certain oligomorphic permutation groups
into simpler parts from which the original group can be recovered. Our definition
of covers is largely based on the ones introduced in [8, 33, 38, 48]. In some cases
covers are considered for structures and in some other cases it is only considered
for closed permutation groups (these are called permutation structures in [33, 48]).
One important difference in our definition compared to the earlier ones is that
we also define everything for general permutation groups without any closedness
assumption. Although all permutation groups showing up during our constructions
will be closed, this will sometimes not follow immediately from the definition, so we
prefer this more general treatment.

NOTATION 2.7. Let n: X — Y be a map. Then we write ~, for the equivalence
relation {(ay, ay) : n(ay) = n(ax)}. If G < Sym(X) and ~;, is a congruence of G then
7 gives rise to a homomorphism X — Sym(Y') defined by 1,(g)(a) = n(g(n ' (a))).
We that mapping n is clear from the context we simply write u for uy.

DeriNiTION 2.8, Let G and G* be permutation groups. Then a triple
® = (G, G*.n) is called a cover of G* if

(1) mis a surjective map from Dom(G) to Dom(G*);

(2) the equivalence relation ~, is preserved by G;

(3) the image of G under u, equals G*.
The sets 7' (w): w € Dom(G*) are called the fibers of ®.

Let @ € Dom(G*). and let A := n!(a). Then we call the groups

[ ] G(A) »

L4 lu;[l (Gll ) s

* G((a))
the fiber group, the binding group, and the pointwise binding group of ® at a,
respectively. The kernel of @ is the kernel of the homomorphism .

If all fibers of @ are finite then @ is called a finite cover of G*.
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Note that the binding group and the pointwise binding group at a given point
are always normal subgroups of the corresponding fiber group. We say that ® has
finite fiber factors if all factor groups G4/ G(4)): A € {n'(a) : a € Dom(G*)} are
finite. Clearly, all finite covers have finite fiber factors.

Note that if G is closed then the direct product of the pointwise binding groups of
@ is a normal subgroup of G. We say that a @ is linked if all of its pointwise binding
groups are trivial.

We say that two covers (G, G*,xn) and (G’,(G')*.n’) are isomorphic if there
exist bijections e: Dom(G) — Dom(G’). e*: Dom(G*) — Dom((G’)*) such that
Uex 0 = 7' o u,. So the isomorphism of two covers essentially means that there are
the same up to renaming the domains of the involved groups.

We say that a group G is a cover of G* if there exists a #: G — G™* such that
® = (G. G*.n) is a cover of G*. A structure 2 is called a cover of B is Aut(2) is a
cover of Aut(3). Finite covers of groups and structures are defined analogously.

REMARK 2.9. Let G < Sym(X) be an arbitrary permutation group, and let ~ be
a congruence of G. Let us define n: a — [a]~. Then it is easy to see that ~=~,
and (G, G/~.n) is a cover. In fact, every cover a permutation group arises from
the construction above. Indeed, let (G, G*, ) be a cover. Let ~=~. Then there
is natural bijection between X/~, and Y = Dom(G*) defined by w — 7' (w).
By renaming the elements of Y along this bijection we obtain G* = G/~ and

n(a) = [a]~,.
NOTATION 2.10. For a tuple a = (ay. ..., a;) we write n;(a) = a;.

OBSERVATION 2.11. Let (G, G*.n) be a cover. Then we can relabel the elements of
the domain of G such that the following hold:

(a) every element of Dom(G) is a pair;

(b) m = my:

(¢) ifa mg+ b thenni(n;'(a)) = m1 (75! (b)), and the map (f. a) — (f.b) extends
to a permutation in G.

PrOOF. Let us first relabel each element @ € Dom(G) by the pair (a. z(a)). Then
items (a) and (b) are already satisfied.

Now let O be an orbit of G*, and let us fix an element ¢ € O. Now foreachb € O
let us consider an element g, € G such that u(g,)(a) = b, and let us relabel each
element of the form (u.b) to (g,'(u). ). By doing this element for all orbits of G*
it is easy to check that item (c) will also be satisfied. 4

To ease the notation in our later discussions we always consider covers satisfying
conditions (a)—(c) above. This way every cover of some group G* is already
specified by the group G. Also, in this case we can (and we will) identify the fiber
groups, binding groups, and pointwise binding groups with their action of the first
coordinates. By condition (c) these groups are the same, not just isomorphic, at
elements coming from the same orbit. From this point on when we say G is a cover
of G* we always automatically assume that the triple (G. G*. n,) satisfies conditions

(a)-(c).

https://doi.org/10.1017/js1.2026.10239 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2026.10239

12 BERTALAN BODOR

DEFINITION 2.12. We say that a cover (G, G*, n) is

o (rivial its kernel is trivial (only contains the identity permutation);
o strongly trivial if all of its fiber groups are trivial;
o (strongly) split if there is a Gy < G such that (Gy, G*. ) is (strongly) trivial.

ExampLE2.13. Let F bean arbitrary set, andletid(F) 1 G* < G < Sym(F) 1 G*,
and 7 = n,. Then (G. G*, n) is a strongly split cover of G*.

It follows from the discussion in [24, Section 2.9] that if G* is transitive then every
strongly split cover of G* is isomorphic to one given in Example 2.13.

Let us assume that (G, G*, «) is a cover with kernel K, and let us assume that ¢
is some injective map from G* — G such that u, o ¢ = id. Then G can be written
as G = ker(u)¢(G*). Note that @ is split if and only if ¢ can be chosen to be
a group homomorphism. If G is as in Example 2.13 then ¢ can be chosen such
that ¢(o) = & where ¢ is defined to be the permutation which maps the (£, a) to
(e(f).a)for (f.a) € F x Dom(G*).

Now we introduce some further notation which will be useful in the discussion
of the kernels of strongly split covers. Let X and F be sets, and let G :=
Sym(F)1Sym(X).Thenforalla € X := Dom(G)andg € G wedefined,(g): f +—
ni(g(f.a)). Thenclearly g(f.a) = (64(f). ttr,(a)). Let H < L < Sym(F ). Then we
define

Ki = {g € Gnker(us,): Ya.b € X(0,(g) € L Nou(g)H = 4(g)H)}.

Then K% always forms a subgroup of G. Moreover, if H and L are closed (in
particular if F is finite) then so is k4.

NOTATION 2.14. Let S C Dom(G*) and o € Sym(F). Then we denote by k(a, S)
the unique permutation y € G Nker(ur,) such that

o ifaesS

541 =9.
() id(F) otherwise.

We also write k(a, a) for k(o.{a}).

2.7. Hereditarily cellular groups and structures. In this section we briefly recall
the classification of hereditarily cellular structures mostly taken from [24].
We first need to introduce a couple of notations.

DEFINITION 2.15. Let N; < Sym(Y;) be permutation groups for some pairwise
disjoint sets Yp,..., Y;, and let H be a permutation group which normalizes
N = Hf:o N;. Then we write G(H: Ny. ..., N;) for the permutation group with
domain (Y, x {0}) U Uf."zl(Yi x w) generated by (Ny1(id({0})) x ]_[f.(:l(Ni 2
Sym(w)) and the permutations (a.n) — (h(a).n): h € H.

Note that the definition of the group G(H : Ny. ... . Ny differs from the one given
in [24]. however the equivalence of the two definitions follows from the discussion
in Section 3 in the aforementioned paper.
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It is clear from the definition that
k
G(N:Ny. ..., Ny) = (No 2 (id({0})) ]‘[ (N; 1 Sym(w

Now we are ready to give the definition of hereditarily cellular groups/structures.

DerFmNITION 2.16. We define the classes of closed permutation groups
H;:i € {- 1} Uw recursively as follows:

oH 1 =0

e For n > 0 a group G is contained in #, if and only if G is isomorphic to

G(H: Ny. ..., Ni) for some Ny, N1, .... Ny, H € H,_1 where Y, = Dom(Ny) is
finite, and Ny = ld( Y()).

We write H for the union of all classes H,,: n € w. A group G is called hereditarily
cellular if G € H. and a structure is called hereditarily cellular if its automorphism
group is hereditarily cellular. Following our notational convention we write .77 for
the class of hereditarily cellular structures.

The rank of a hereditarily cellular group G, denoted by rk(G) is the smallest n
such that G € H,. The rank of a hereditarily cellular structure is the rank of its
automorphism group.

Hereditarily cellular groups/structures with rank at most 1 are called cellular.

REMARK 2.17. It is clear from the definition that #, is exactly the class of
permutation groups with finite degree.

Note that in [24] the classes H,, is defined via w-partitions, a notation introduced
n [41], but again these definitions are known to be equivalent. We recall this
equivalence below.

DerNITION 2.18. Let G < Sym(X) be a permutation group. Then a triple
K.V.A)is called an w-partition of G iff

(1) K C X is finite, and it is fixed setwise by G.

(2) A and V are congruences of G|y\x WithA C V.

(3) V has finitely many classes.

(4) Every V-class is a union of ¥y many A-classes.

(5) Forevery C € X/V we have G((¢))/A = Sym(C/A).
The components of an w-partition (K. V. A) are the permutation groups Gy for
all Y € X/A.

THEOREM 2.19 [24, Theorem 3.41]. Letn > 0. Then G € H,, if and only if G has
an w-partition with components in H,, 1.

REMARK 2.20. We know from the results of [41] (and Theorem 2.19) that if
A € s then rk(2) also equals to the Morley rank of 2. In particular, the Morley
rank of every hereditarily cellular structure is finite.

Next we recall a few important facts about hereditarily cellular groups that we
will need in this article.

THEOREM 2.21 [24, Corollary 3.43]. H is the smallest class of groups which contains
id({0}), closed under isomorphisms, and is closed under taking
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e finite direct products,
e wreath products with Sym(w). and
e finite-index supergroups.
In particular, every hereditarily cellular group is closed.

Theorem 2.21 can also be formulated in terms of structures. We say that a reduct
B of 2 is of finite index if |Aut(2B) : Aut(21)] is finite.

THEOREM 2.22 [24, Theorem 3.44]. A class F is the smallest class of structures
which contains the one-element pure set, closed under isomorphisms, and is closed
under taking

e finite disjoint unions,
e wreath products with the pure set, and
e finite-index reducts.

NoOTATION 2.23.  For a permutation group G we denote by Ggy, the intersection of
all finite-index closed subgroups of G .

REMARK 2.24. Note that if |G : H| is finite, then H contains a normal subgroup
N which has also finite index in G. Indeed, we can take N to be the kernel of the
action of G by right multiplication on the set of right cosets of H. In this case
N=U ecG g 'Hg.soif H is closed then so is N. This implies that Gg, is also equal
to the intersection of finite-index normal closed subgroups of G.

LemMMA 2.25. Let G € H,. Then |G : Ggy| is finite, and for every group Gg, <
G, <G wehave G, € H,.

Proor. By Lemma 3.34 in [24] we know that if G = G(H: Nj.....N;) and
|G : G,| is finite then G, D G(N: Ny, ..., Ni) € H,. It also follows from the proof
of Lemma 3.34 in [24] that |G : G(Ny, ..., Ny)| is itself finite. Therefore, Gg, =
G(N: Ny, ..., Ni). In particular, Gg, € H,. Since |G, : Gun| < |G : Ggy| is finite it
follows that G, is closed, and thus G, € H,,. .

By the results of [41] we know that a structure is hereditarily cellular if and only
if it is w-categorical and monadically stable.

DerINITION 2.26. We say that a structure 2 is monadically stable iff every
expansion of its theory by unary predicates is stable.

The class of hereditarily cellular structures can also be described by their
unlabelled growth profile. We say that a function f: w — R is slower (faster) than
exponential if for all ¢ > 1 we have f(n) < c¢" (f(n) > ¢") if n is large enough.
Using these notions we have the following dichotomy result for the unlabelled
growth profile of w-categorical stable structures.

THEOREM 2.27 [26, Theorem 3.10]. Let A be an w-categorical stable structure.
Then exactly one of the following holds:

(1) u, () is slower than exponential, and 2 is monadically stable.

(2) u, () is faster than exponential, and 2 is not monadically stable.

Next we recall a description of cellular structures using their unlabelled growth
profile.

https://doi.org/10.1017/js1.2026.10239 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2026.10239

STRUCTURES WITH NOT TOO FAST UNLABELLED GROWTH 15

DEFINITION 2.28. A permutation group G is called P-oligomorphic if u, (1) has
a polynomial upper bound.

The following two theorems follow from the results of [26, 34].

THEOREM 2.29. Let U be a countable structure. Then the following are equivalent:
(1) u, () is P-oligomorphic.

(2) u,(A) ~ cn* for some ¢ > 0and k € .

(3) For all ¢ > 0 we have u, () < V" if n is large enough.’

THEOREM 2.30. Let 2 be a countable structure. Then U is cellular if and only if A
is stable and Aut(2\) is P-oligomorphic.

For further discussion on the unlabelled growth profile of hereditarily cellular
structures we refer the reader to [26].

2.8. Homogeneous and finitely bounded structures. Next we recall some definitions
and basic results concerning homogeneity and finite boundedness of structures.

DEeriNITION 2.31. A structure 2 is called homogeneous if every isomorphism
between finite substructures of 2 can be extended to an automorphism of 2.

We say that a structure is m-homogenizable if it is interdefinable with a
homogeneous structure with a finite relational signature all of whose relations
have arity of at most m. We say that a structure is finitely homogenizable if it is
m-homogenizable for some m € w.

REMARK 2.32. In the general definition of homogeneity we have to consider
finitely generated rather than finite substructures. However, since we only consider
purely relational structures, this does not make a difference in our setting.

An easy calculation on types shows that every homogeneous structure with a finite

relational signature is w-categorical; in fact if 2 is homogeneous in a finite relational
signature and the maximal arity of relations of 2 is m then 0, (2) < meax(z,m for
some ¢ > 0.

It turns out that m-homogenizable and in turn finitely homogenizable structures

can also be characterized in a natural way in terms of their automorphism groups.
NortaTION 2.33.  For any n-tuple a and a function p: [m] — [n] we write a, for the
tuple (@, (). ... d ().
DEerINITION 2.34. We say that a permutation group G is m-sensitive if for all

u,v € A" if u % v there exists a function p: [m] — [n] such that u, %¢ v,. We say
that G is finitely sensitive if it is m-sensitive for some m € .

LEmMmA 2.35.  Let G be closed oligomorphic group, and let m > 2. Then the following
are equivalent:
(1) G is m-sensitive.
(2) G is the automorphism group of a homogeneous relational signature structure
with arity at most m.

Proor. Follows essentially from [24, Lemma 2.21]. -

3Here we also allow ¢ = 0 to include finite structures.
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Lemma 2.35 can also be formulated for structures.

LEMMA 2.36. Let A be an w-categorical structure, and m € w. Then the following
are equivalent:

(1) 2 is m-homogenizable.
(2) Aut(2A) is m-sensitive.

In the study of homogeneous structures we are particularly interested in the ones
which are finitely bounded, i.e., whose age can be described by finitely many forbidden
substructures. The precise definition is as follows.

DErINITION 2.37. Let 7 be a relational signature, and let 4 be a set of finite z-
structures. Then we denote by Forb(%’) the class of those finite t-structures which
do not embed any structure from %

A relational structure 2 is called finitely bounded if its signature 7 := (%) is finite,
and there is a finite set € of z-structures such that Age(A) = Forb(%).

We write £ for the class of structures which are interdefinable with a finitely
bounded homogeneous relational structure.

We close this section by recalling some results about finite-index reducts of
homogeneous structures.

LemMA 2.38 [24, Lemma 4.2]. Let H < G be permutation groups with |G :
H| =d < oo, and let us assume that H is m-sensitive for some m > 2. Then G is
dm-sensitive.

As usual, Lemma 2.38 can also be formulated in terms of structures.

COROLLARY 2.39. Let A be an m-homogenizable structure, and let B be a reduct
of A with |Aut(B) : Aut()| = d. Then B is a dm-homogenizable. In particular, the
class of finitely homogenizable structures are closed under taking finite-index reducts.

We know in fact that the second statement of Corollary 2.39 also holds for the
class .

LEMMA 2.40 [24]. The class A is closed under taking finite-index reducts, finite
disjoint unions and wreath products with the pure set.

Note that Lemma 2.40 together with 2.21 immediately implies that J# C 2.
In this article we will generalize this result to the class . by following a similar
argument.

2.9. Highly set-transitive groups. We say that a permutation group G is highly
set-transitive if u,(G) = 1, that is, G acts transitively on the set of n-subsets of 4 for
all n € w. In [29] Cameron classified all closed highly set-transitive groups.

THEOREM 2.41. Let G be a closed highly set-transitive permutation group acting
on a countable set. Then G is isomorphic to the automorphism group of one of the
following five structures:

o (Q: <): the rationals equipped with the usual ordering:
o (Q: Betw) where Betw denotes the betweenness relation:

Betw(x,y.z) & (x<y<z)V(z<y<x):
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o (Q: Cyc) where Cyc denotes the circular order:
Cyc(x.y.z) e (x<y<z)Vy<z<x)V(iz<x<y);
o (Q: Sep) where Sep denotes the separation relation:

Sep(x. y.z.t) & (Cye(x. y.z) A Cye(y. z.1) A Cye(z. 1. x) A Cye(t. x. p)) V
(Cyce(z.y.x) A Cye(t. z.y) A Cye(x. t.z) A Cye(y. x.1)):

o the pure set (w;=).

Theorem 2.41 immediately implies that the structure (Q; <) has exactly five
reducts up to interdefinability.

THEOREM 2.42. Let 2 be a reduct of (Q; <). Then 2 is interdefinable with (Q: R)
where R € {<, Betw, Cyc, Sep. =}.

Next we recall how the automorphism groups of the structures (Q:R): R €
{Betw, Cyc, Sep} can be generated over Aut(Q; <).

NOTATION 2.43. Let r be a fixed irrational number. Then we denote by o, (p_) an
order preserving (resp. order reversing) bijection from Q(<r)={q€Q:q<r} to
Q(>r)={q € Q: q > r}. Then we define

o = U <p:1;

e O:=p U <p;1.

The following statements are easy to check and well-known in the literature.

Facts 2.44.

o Aut(Q: Betw) = Aut(Q: <) U Aut(Q: <) «>.
o Aut(Q; Cyc) = Aut(Q; <) U Aut(Q; <) O Aut(Q; <).
e Aut(Q: Sep) = Aut(Q: Cyc) U Aut(Q: Cyc) .

We will need the following two observations in our later discussion.

LEMMA 2.45. Let N < Sym(X) be a closed highly set-transitive permutation group,
and let us assume that N <\ G < Sym(X ). Then we can rename the elements of X such
that one of the following holds:

e G = N = Aut(Q; R) where R € {<, Betw, Cyc, Sep, =}.
o N =(Q:<).G = (Q:Betw) and |G : N| = 2.
e N = (Q:Cyc).G = (Q:Sep) and |G : N| = 2.

Proor. Clearly, N is also a normal subgroup of G. Therefore, by Theorem 2.41
we may assume that N, G € {Aut(Q:; R): R € {<,Betw, Cyc, Sep, =}}. It is well-
known that the full symmetric group does not have any nontrivial normal closed
subgroup (see for instance Corollary 2.2 in [30]), and it is easy to check that none of
the groups Aut(Q: <) and Aut(Q; Betw) is a normal subgroup of either Aut(Q; Cyc)
or Aut(Q: Sep). In the remaining cases either N = G = G; or

o N =(Q:<),G = (Q;Betw); or
e N = (Q:Cyc). G = (Q:Sep).

In the last two cases we have |G : N| = 2, and thus in fact G = G. a
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LeMMA 2.46. Let G < Sym(X) be a closed highly set-transitive permutation group
different from Sym(X), and let s.t € X with s # t. Then Gy, is isomorphic to either
Aut(Q: <) x id({0. 1}) or Aut(Q: <)* x id({0. 1}).

PrOOF. By Theorem 2.41 we can assume that G = Aut(Q; R) where R € {<,
Betw, Cyc, Sep, =}. We can also assume without loss of generality that s < ¢.
Note that <+ cannot be contained in G,,. This implies that G, = Aut(Q; <), or
Gy = Aut(Q; Cyc)y,.

In the first case it is clear that

Gy, = AUt(Ql <)s<t
= ((=o00.5): <) x ((s5.1): <) x ((£.00): <) x id({s.7})
~ Aut(Q: <)* x id({0.1}).

Now let us assume that G, = Aut(Q: Cyc),,. Note that (s.7) = {a : (s.a.1) €

Cyc}, thus this interval is preserved by Aut(Q: Cyc). Moreover, for a.b € (s.t) we

have a < b if and only if (s, a.b) € Cyc holds. Therefore, (Aut(Q: Cyc),,)|(,) C
Aut((s,1); <) ~ Aut(Q; <). On the other hand, we have

Aut((s, 1):<) C (AUt(QJ <)Q\(set))‘(sﬁt) C (Aut(Q; <)X’[)|(S.,) C (Aut(@leC)”)“M),

therefore all of these groups are equal. This implies that

Aut(Q: Cyc)y, = Aut((s. 1)) x id({s.7}) x (Aut(Q: Cyc)s.)lg (5.0)-

Let ¢ be an automorphism of (Q; Cyc) that maps s to 7 and ¢ to s. Then ¢((s, 1)) =
Q\ (s, 7). This implies that the restrictions of Aut(Q; Cyc), to (s,7) and Q \ (s,¢)
are isomorphic. Therefore, we have

Gy, = Aut(Q: Cyc)s,t
= Aut((s. 1): <) x id({s. 1}) x (Aut(Q: Cyc)s.)lg\ (s.1)
~ Aut(Q: <)? x id({0. 1}). .

§3. Covers with finite fiber factors. In this section we discuss how covers of a given
group G* with finite fiber factors can be recovered from linked finite covers of G*
together with some additional information on the fiber groups and the pointwise
binding groups. This reconstruction is reflected in the following construction.

DErFINITION 3.1. Let G* < Sym(X *) be a permutation group, and let G be a
linked finite cover of G* with domain X. Let D be a map defined on X™* such that

e foralla € X* we have D(a) = (B,. F,, ¢,) where
— F, and B, are permutation groups with B, <1 F,.
— ¢ is a surjective homomorphism from F, to the fiber group of (G, G*, )
at a with kernel B,.
e D is constant on each orbit of G*.

Then we define a set £(G,G*, D) to be the set of those permutations g of
Uuex+(Dom(F,) x {a}) which satisfy the following conditions:
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(1) g preserves ~u,.
(2) for all @ € X* the permutation #,(g): u + 71(g((u.a))) is contained in F,,
and
(3) there exists a § € G such that
(1) #ﬂz(g>:lu7fz(§); ~
(2) for all a € X* and u € m(n,'(a)NX) we have @,(n.(g))(u)=
m(&((u.a))).

Next we show that the construction above indeed gives rise to a cover of G* with
finite fiber factors.

LemmaA 3.2, Under the assumptions of Definition 3.1 the following hold:

(1) L((:? G*,D) is a group.
(2) L(G.G*. D) is a cover of G* with finite fiber factors.
(3) L(G.G*., D) is closed if and only if G is closed and all groups B, are closed.

PrOOE. Put G := £(G.G. D).

(1). Clearly, id(lJ,,c y» (Dom(F,) x {a})) € G.Nowletg. h € G where condition
(3) is witnessed by the permutations gﬂﬁ € G. respectively. We have to show that
h’lg € G. Clearly, h’lg preserves ~,, and it follows from the definition that
Na(h7'g) = (31400 (1) 14 (g). Moreover, we have u(h'g) = u(h)" u(g) since u
is a homomorphism. Using this one can easily check that the map h'g witnesses
the fact that h 'g € G.

Note that the map g as in item (3) of Definition 3.1 is unique, and in fact it follows
from our argument above that the map g — g is a surjective homomorphism from
G to G. We denote this homomorphism by .

(2) Itis clear from the definition that (G, G*, ;) isa cover. Now let ¢ € X*, and let
D(a) = (F,. B,. ¢,). We claim that the fiber group and the pointwise binding group
at a are F, and B, respectively. The former is clear from the definition. It is also
clear that B, is contained in the pointwise binding group. Now let us assume that
g € G fixes all elements outside 7;'(a). Then u(g) = u(y(g)) = id(Dom(G*)).
and by definition y(g) also fixes all elements outside 7, (a). Since (G, G, m,) is
linked, this implies that in fact w(g) is the identity map, and therefore by definition
U, (g|,rl(a)) € B,. Finally, by definition the groups F,/B, are finite which means
exactly that (G, G*, ;) has finite fiber factors.

(3) Let us first assume that the groups G and B, are closed. Since we have
|F,/B,| < oo this also implies that the groups F, are also closed. Let g € G, we
show that in fact g € G. Let (g;); be a sequence in G converging to g. The fact that
g preserves ~, is clear. Also, for all « € X* the sequence (17,(g;)); converges to
74(g). On the other hand, lim;_,(3,(g;)) € F, = F,. Thus, g satisfies conditions
(1) and (2) in Definition 3.1. Finally, it is easy to check that the sequence (w(g);) is
convergent, and its limit is exactly w(g).

For the other direction let us assume that G is closed. Then, as we have seen
before, the groups B, are exactly the pointwise binding groups of (G, G*, m,), so
these groups are also closed. Now let (g;); be a convergent sequence in G with
limit g. We have to show that ¢ € w(G). Let g;: i € w be arbitrary permutations in
G with y'(g;) = g;. Let a € G*. Then the sequence (#,(g;)); stabilizes eventually
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modulo B;. In this case we can modify the elements g; by first permuting the elements
of 77 (a) so that #,(g;))(u) stabilizes eventually. By doing this modification for each
fiber we can obtain a sequence (g/); in G which converges, and still has the property
that w'(g/) = & Let g’ := lim; ,o g/. Then g/ € G since G is closed, and thus
w(g') =lim 00 gi = &. B

Next we show that in fact every closed cover of a permutation group with finite
fiber factors arises from the construction above.

LemMma 3.3. Let G* be a permutation group. Then every closed cover of G* with
finite fiber factors is isomorphic to L(G, G*, D) where G and D are as in Definition 3.1.

Proor. Let (G, G*,n) be a cover with finite fiber factors. We assume as usual
that G, G*, & are as in conditions (a)—(c). Fora € X* := Dom(G*) we write F, and
B, for the fiber and pointwise binding groups of (G, G*, 7) at a, respectively. As
before, these groups are considered by their action of the first coordinates. Since the
groups F, /B, are finite, they are isomorphic to some permutation group with finite
degree. Let us pick some permutation groups P, : a € X* with finite degree, and
some surjective homomorphism ¢, : F, — P, with ker(¢,) = B,. We can do this in
such a way that if @, b ~g= then (P,. ¢,) = (Py. ¢3). Let us denote the domain set
of P, by D,.and let X = (J, .y« Du x {a}.

We define a map y: G — Sym(X) as follows. Let g € G. Then, as above,
for all a € X* we write #,: u — n1(g((u.a))). By using condition (c) we can
conclude that #, € F,. Now for a pair (d.a) € X we define w(g)((d.a)) =
(p(n.(2))(d). u(g)(a)). We claim y is a homomorphism. Indeed, for g. 4 € G and
(d.a) € X we have 5, (gh) = Nu(h)(a)(&)1a(h). and therefore.

y(gh)((d.a)) = (¢ (na(gh))(d) u(gh)(a))

= (6 (u(n)(a) ()1 (M))(d). u(g)(u(h)(a)))
= (¢(n, ( N(@(na(h))(d)). u(g)(u(h))(a))
=yl(g )(fb(m(h)),ﬂ(h)(a)) = yw(g)(y(h)(d.a)).

Let G = w(G). Then G is a finite cover of G*.

We claim that (G. G*. ) is linked. Let « € X* and 4 := D, x {a}. We have to
show that G(( 4y =1id(4). Let g € G\ 4. By definition this means that there exists
some g € G such that y(g) = g. that is. u,,(g) =id(X*) and #,(g) = B for all
b e X*\a*.Leth € G suchthath|y\4 = g|y\,1(,) and /1| -1(,) = id(n"'(a)). Then
since G is closed it follows that # € G. Let g’ := gh!. Then g’ fixes every element
outside 4, and B, > 1,(g’) = 14(g). Therefore, 1,(2) = n.(y(g)) = ¢(1.(¢)) =
id(A4), and this is what we needed to prove.

Finally, we show that G = £(G,G*,D) where D: a — (F,. B,.$,). For a
permutation g € G items (1) and (2) of Definition 3.1 are clear and item (3) is
witnessed by y(g) € G. This shows G C L£(G.G*. D). For the other direction let
g € L(G.G*, D) be arbitrary. As we noted before, the map w:gr—gisalsoa
surjective homomorphism from £(G, G*, D) to G. Thus, we can find some g’ € G
such that w(g’) = w(g). that is, w(g(g’)™") = id(X). In this case however g(g’)"
must be contained in the direct product of pointwise binding groups of B, : a € X*.
Since G is closed, this implies that gg’ € G, and thus g = g(g’) g’ € G. -

(a
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We close out this section by an important observation taken from [33] (Lemma
1.4.2). For the sake of completeness we also provide a proof here.

LemMma 3.4. Let (G, G*, n) be a finite cover. Then if G is closed, then so is G*.

Before showing Lemma 3.4 we first show an easy observation about sequences of
permutations which we will also need later.

LEMMA 3.5. Let (gi)icw be a sequence of permutations of some countable set X
such that for all x € X the set Fy = {g;(x): i € w} is finite. Then (g;)ice, has a
convergent subsequence.

ProoOF. Let xi, x>, ... be an enumeration of X. Then by induction on j we can
define subsequences (g/);c., such that g/ = gij’1 ifi <jand|{g/(x;):i>j}| =1
Then the sequence A; := g! is a convergent subsequence of g;. -

PrROOF OF LEMMA 3.4. Let (g/);c. a convergent sequence in G* with limit g*. We
have to show that g* € G* = u(G). Let us choose g; € G with g;/E = g;. Clearly.
theset {g;(x): i € w}isasubsetof 7' ({g*(n(x)): i € w}),in particular, it is finite.
Thus, by using Lemma 3.5 we can take a subsequence (4;);ce of (gi)ice, Which is
convergent. Then we have

p(lim k) = lim (u(h;)) = lim (g7) = g,
i—o00 i—00 i—00

which finishes the proof of the lemma. -

Using the results of this section Lemma 3.4 can also be generalized to cover with
finite fiber factors.

COROLLARY 3.6. Let (G, G*, n) be a cover with finite fiber factors. If G is closed,
then so is G*.

Proor. By Lemma 3.3 we can assume without loss of generality that G =
L(G,G*, D) where G apd D are as in Definition 3.1. Then by Lemma 3.2, item
3 we can conclude that G is closed, and thus G* is also closed by Lemma 3.4. -

§4. Groups with not too fast unlabelled growth. We denote by S the class of closed
groups G such that for no polynomials p do we have u,(G) > pz(—';). As usual, the
corresponding class of structures is denoted by .. The class .# was introduced and
discussed in [52], and it is the main topic of this article. In this article we refer to
the elements of S (resp. .#) as groups (resp. structures) with not too fast unlabelled
growth.*

Next we recall one of the main results of [52] rephrased in a way that it is more
suitable for our discussion.

LeMMA 4.1. Let G € S. Then there exists a permutation group G* with G* € H,
and a cover (G, G*, ) such that for all a € Dom(G*)

4The word ‘slow’ is a bit overloaded and usually indicates something slower than what we want to
have, for instance polynomial or slower than exponential. Our upper bound is slightly faster than ‘slower
than exponential’, this is why we picked the term ‘not too fast’.
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o cither | (a)| = 1 or
o for every finite subset B of Dom(G) \ = (a) the group (Gp)|, I(q) 1S @ finite
cover of a highly set-transitive, but not highly transitive group.

Moreover, for a given a € Dom(G*) satisfying item (2) the fibers of the finite cover
do not depend on our choice of B.

Proor. We follow the proof of Theorem 5.1 in [52]. Let 90t be a structure
with Aut(91) = G. We define F to be the equivalence relation of equialgebraicity
on elements of order type (i.e., (a.b) € F iff a € aclg({h}) and b € aclg({a}))
extended by the equality relation on the rest of the structure.

Then let us consider the equivalence relations F on M, and E on M/F as defined
in the proof of Theorem 5.1 in [52]. The exact details of the definition of F and E
are not important for our argument, we only need that they satisfy the following
properties which are argued for in the aforementioned proof:

(%)

o F has finite classes,

o the group (G/F)/E is the automorphism group of a stable structure, and

e for all C € M/F one of the following two conditions holds:

(1) |C|=1.
(2) For any finite subset B of M/F \ C the group (Aut(M/F)p(cy)|c is
isomorphic to a highly set-transitive, but not highly transitive group.

The unlabelled growth of the group of (G/F)/E is clearly slower than that of
the group G which implies that (G/F)/E € S. Let N be a structure with Aut(91) =
(G/F)/E. Then 91 is stable and has at most exponential unlabelled growth. By
Theorem 2.27 this implies that in fact 01 € 7, and thus (G/F)/E € H.

Now let us define E’ to be the pullback of E to M, that is, E' =
{(a.b): (a/Eb/F) € E}. Then we can translate statement (x) for classes of E’
as follows.

Let C' € M/E’. Then of the following holds:

o [C' = [Ucee €l = L.

e For any finite subset B' of M\ C the group (Aut(M)p (cry)|c is a finite

covering of a highly set-transitive, but not highly transitive group.

Then by defining G* = G/E’ and 7 : a — [a]g we obtain the statement of the
lemma. The “moreover” part follows from the fact that the fibers as in item (2) are
exactly the F classes contained in the corresponding E class. .

Note that it does not follow directly from the argument presented in [52] that any
of the groups (Gg)|, -1 (a) are closed. In the following we show that not only all these
groups, including the fiber groups of the cover (G, G*, n), are closed, but they are in
fact finite-index supergroups of the corresponding pointwise binding groups (which
are always closed). This implies in particular that the cover (G, G*,x) has finite
fiber factors which makes it possible to use the results of Section 3. In particular, we
obtain by Corollary 3.6 that the group G* also needs to be closed.

In order to show the claims above we need the following two lemmas about finite
covers of highly set-transitive groups both of which will be proven in Section 5. For
convenience, we introduce the notation F for the class of closed finite covers of
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highly set-transitive groups. Note that by Lemma 3.4 we know that all groups in F
are in fact finite covers of some closed highly set-transitive group.

LemMa 4.2 (Corollary 5.3). There is no infinite strictly descending sequence of
groups in F with the same fibers.

LemMa 4.3. Let N, G € F be permutation groups with the same fibers so that N is
a normal subgroup of G. Then |G : N| is finite.

Now we prove a stronger version of Lemma 4.1 that was indicated in our
discussion above.

THEOREM 4.4. Let G € S. Then there exists a permutation group G* € H, and a
cover (G, G*,x) such that for all a € Dom(G*)
(1) either |n'(a)| =1 or
(2) the fiber group F,, and the pointwise binding group B, at a are both contained
in F, F, and B, have the same fibers, and |F, : B,| is finite.

In particular, all fiber groups of (G, G*.x) are closed.

Before proving Lemma 4.4 we first show the following easy observation about
restrictions of pointwise stabilizers of invariant subsets.

LemMA 4.5. Let G be a closed permutation group, and let (A, B) be a partition of
Dom(G) with G-invariant subsets. Let us assume that for all finite subsets T of B we

have (GT)|A :G_|A. Then GB‘A = G|A :G_|A

PrOOF. We first show the equality Gg|4 = G| 4. The “C” containment is obvious.
For the other direction let us take an element 4 € G. We have to show that 4|, U
id(B) € G. Since the group G is closed, for this it is enough to show that for all
finite sets S C 4 and T C B there exists some /4’ € G such that 4'|g = h|s and
h'|r = id(T). This means in other words that there exists some 4" € (Gr)|4 such
that 2" and &’ agree on S. The existence of such a permutation follows from the fact
thath\A € G|A - (GT)lA

Finally, since the group Gp is closed, the equality G|, = G_|A follows. —

ProoF oF THEOREM 4.4. Let # and G be as in the conclusion of Lemma 4.1. Let
a € X := Dom(G*) and C = n!(a). If |C| = 1 then we are done, so let us assume
that this is not the case. Let 49 C 4; C ... be finite sets such that [ (4;) =
X \ C. By our construction, we know that the groups (GA,»,{C})|C are all finite
covers of highly set-transitive groups. Thus, by Lemma 4.2 we can conclude that the
sequence (G 4;.{c})|c stabilizes after finitely many steps. This implies that there exists
a finite subset B of X \ C such that for all finite S C X \ C we have (Ggc})|c =
(Gpu s,{c})|c- Thus, we can apply Lemma 4.5 to the group G (¢} and the partition
(C, X\ C). We obtain that G(c)) = Gpycy = Gpycy. This in turn implies that
G((c)) € F. Moreover. G((¢) and Gy must have the same fibers. Clearly, G((¢))

is a normal subgroup in G(¢). and thus also in G((. Therefore, by Lemma 5.9 we
obtain that |G(¢) : G((¢))| < cc. and thus also |G¢) : G(¢))| < cc. In particular,
G(c) is closed, and thus G(¢) € F.

We have shown that (G, G*, «) is a cover with finite fiber factors. Therefore, by
Corollary 3.6 the group G* is also closed. -
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Using Theorem 4.4 we will obtain a classification of groups in S in the following
steps:

e We first identify all possible pairs (B, . F;) as in item (2) of Theorem 4.4. This

boils down to the classification of those pairs (V. G) such that
(i) NGeFnS,
(ii) N and G have the same fibers, and

(i) N« G.

This will be done in Section 5. The reason why the groups B, and F,
need to be contained in S follows from an easy orbit counting argument (see
Lemma 7.1). We will also show that the conditions above are sufficient in the
sense that if G* € H, and G is a closed cover of G* all of whose pointwise
binding groups and fiber groups are as in items (i)—(iii) above then G € S (see
Section 7).

e Then we give a description of finite covers of hereditarily cellular groups. This
will be done in Section 6. In particular, we will see that closed finite covers of
hereditarily cellular groups are also hereditarily cellular.

e Finally, by using the results of Section 3 we can recover all groups in S from
the information provided in the previous items.

The full details of the classification outlined above will be presented in Section 7.

§5. Finite covers of closed highly set-transitive groups.

5.1. Classification. Finite covers of reducts of Q are described in [38, Section 2].
We start this section by recalling this description in terms of automorphism group,
and as a result, we give a complete characterization of groups in F.

We first need to introduce some further notation. Let r be an arbitrary irrational
number that will be fixed throughout this section, and let us consider some
permutations <+ and O as in Notation 2.43.

NOTATION 5.1. Let F be a finite set, and let o, € Sym(F). Then we define the
permutations O, <+, € Sym(F ) Sym(Q) so that

o Un,y(Og) =0

04(Og) = o fora >r;
04(Og) = 1d(F) fora < r;
® Umy (1) =4
0 0,(<:) =t foralla € Q.
THEOREM 5.2. Let G be a closed finite cover of some highly set-transitive group G*.
Then we can rename the elements of Dom(G) and Dom(G*) so that the following
hold:
(i) Dom(G*) =Q

(i) Dom(G) = F x Q.

(ii) 7 = 7y is a finite cover,

d there exist H <1 L < Sym(F) such that one of the following holds:

(a) G* = Aut(Q: <) and G = KL (id(F) 1 Aut(Q; <)).

(b) G* = Aut(Q: Betw) and G = (KL{d(F)1Aut(Q: <)).<>:) for some
7 € Sym(F).

an
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(¢) G* = Aut(Q:; Cyc) and G = (KL(id(F)1Aut(Q: <)).O,) for some o €
Sym(F).

(d) G* = Aut(Q; Sep) and G = (KL (id(F) 1 Aut(Q: <)). ¢3¢, O ) for some 6.7 €
Sym(F).

(e) G* =Sym(Q) and G = KL (id(F) 1 Sym(Q)).

Proor. By Lemma 3.5 we know that G* is also closed. Thus, by Theorem 2.41
we can assume that G* is the automorphism group of one of the five reducts of
(Q: <) listed in the same theorem. The finite covers of the full symmetric group are
classified in [24, 37]. From now on we assume that G* # Sym(Q).

By [38]. Theorem 2.1 we know that every finite cover of Aut(Q; <) is strongly split
which means that the domain of G can be renamed such that G = Ker(z)(id(F)?
Aut(Q; <) for some finite set F. Furthermore, from the rest of the results of
Section 2.1 in [38] we know that

o if G* = Aut(Q; Betw) then <+, € G for some 7 € Sym(F),
e if G* = Aut(Q; Cyc) then OO, G for some ¢ € Sym(F), and
o if G* = Aut(Q; Sep) then <+;, Oy € G for some o, 7 € Sym(F).

Let us define ¢(a):=a for ac Aut(Q: <), ¢(+) =, if <€ G* and
o(0) =0, if ©c G*. Then we can extend ¢ to G* in a straightforward way
so that 77 o ¢ = id.

Finally, by the results of Section 2.2 in [38] we know that Ker(7;) can be written
as KL for some H <t L < Sym(F). Considering that the group G can be written as
G = Ker(n,)¢(G*), the statement of the theorem follows in all cases. =

The classification given in Theorem 5.2 immediately implies the following.

COROLLARY 5.3. There is no infinite strictly descending sequence of groups in F
with the same fibers.

PrOOF. Let us suppose for contradiction that there exists an infinite sequence
Gy 2 Gy 2 of groups in F with the same fibers. By Theorem 5.2 it follows easily
that the groups Gy, Gy, ... can only realize finitely isomorphism types. Therefore,
there exist G; C G; which are isomorphic. In this case, however, forall n € @ we have
0,(G;) = 0,(G;) and since these are oligomorphic we have in fact 0, (G;) = 0,(G}).
Since the groups G; and G; are closed this implies G; = G, a contradiction. -

For the rest of this section we assume that the groups G. G*, H, L are as in the
conclusion of Theorem 5.2.

LEMMA 5.4. Let us assume that <., <> € G. Then the following hold:
(1) e L.

(2) Either t € L or tL is an index 2 supergroup of L.

(3) 1L =1'L.

(4) H<tL.

PROOF. Let a :=¢>_/<+;. Then oo = Ker(n). thus o € K. On the other hand.
we have J,(a) = (¢/) 'z for all a € Q. Therefore, (¢') "'t € L which implies item 3
immediately.

Item 1 follows immediately from item 3 applied in the case when 7/ = 7!, Item 2
is clear from item 1.
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Finally, let ¢ € Q and ¢ € H be arbitrary. Then
KE 5 o k(0. a) &.= k(t7'o1. ¢ (a)).

Therefore, 7 'or € H, that is, T normalizes H. We already know that H < L, thus
item 4 follows. -

Lemma 5.4 implies that L := 7L is an index 1 or 2 supergroup of L group which,
together with H and L. already determine G in the case when G* = Aut(Q; Betw).

LEMMA 5.5. Let us assume that Oy, Oyr€ G. Then the following hold:
(1) o € L.

(2) oH =¢'H.

(3) o' 'ot € H forallt € L.

Proor. (1) It is easy to see that (2= (s, Q). This implies immediately that
ogel.

(2) Let a :==0)_]Oy. Then o = k(0. Q(> r)). and therefore ¢ ' € H.

Now let us assume that £ € L. Let f := x(£.Q) € K4 < G. Then we have G 3
B 1Oy B =0p1,. Thus, by item 2 we obtain that £'6f = ¢H, and thus item 3
holds. -

Lemma 5.5 implies that in the case when G* = Aut(Q; Cyc) then the groups H,
L, and the coset ¢ H already determine the group G.
The following observation will be useful in our later discussions.

LEMMA 5.6. Let S C Q with 3 <|S| < oco. We write Gs for the group {g €
G: pin,(g) € G§}. Then (Gs)|,1(5) = K%{'n’l(S)'

PrOOF. Let g € Gs. Since g* = iz, (g) fixes three elements of Q it follows that
g* cannot be contained in tAut(Q; Betw). Thus. we can assume without generality
that G* = Aut(Q; R) for some R € {<, Cyc,=}. In these cases it follows from the
definition of the groups listed in Theorem 5.2 thatd,(g) € L forall s € Q. It remains
to show that é,(g)H = 6,(g)H for all s, ¢t € S. By Theorem 5.2 this is again clear if
G* = Aut(Q, <) or G* = Sym(Q). We are left with the case when G* = Aut(Q, Cyc)
in which case

G = (K (id(F) 1 Aut(Q: <)). Og)
for some ¢ € L by Theorem 5.2.
Let u = (uy. ..., u;) be a tuple listing the elements of S, and let
Oy = {(((u)). s). ... (€(u).s). (Ch(wy).1). ... (eh(wy). 1))
Lel heHsteQs<t}
Oy :={((L(uy).s5), ... L(ux). s). (clh(uy). ), ... (alh(uy).1)):
Lel heHsteQs>t},
0O :=0;UO0,.
Then it follows from the construction of G that O is a 2k-orbit of G. Now let

s,t € S. Then clearly G5 cannot map a tuple O; Nz !({s,¢}) to O,. Hence, Gs
preserves O which means exactly that 5,(g)'6,(g) € H. =
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5.2. Normal subgroups. In this section we examine all those pairs (N, G) such
that

(1) N.G ¢ F.
(2) N< G, and
(3) N and G have the same fibers.

In particular we show that for all such pairs of groups the index |G : N| is finite.

So let us consider some pair (N, G) as above which we will fix throughout this
section. By renaming the elements of Dom(N ) we can assume that there exists some
N* € Aut(R) for some R € {<, Betw, Cyc, Sep, =} such that the pair (N*. N) is as
in the conclusion of Theorem 5.2. Let G* := u(G) = u,(G). Then (G*, G. ) is
also a finite cover, and it is also as in the conclusion of Theorem 5.2. For the rest of
the section we assume that the G, G*, N, N*, 7 are as above.

We start with a few observations.

Lemma 5.7. N* < G*.
PrOOF. Letn* € N*andg* € G*.Thenthereexistn € N andg € G withu(n) =

n*and u(g) = g*. Then g 'ng € N.so (g*) 'n*g* = u(g 'ng) € N*. &

By Lemma 2.46 we know that the groups G* and N* are as in the conclusion of
Lemma 2.46. By Theorem 5.2 we know that Ker(u|¢) = Kf and Ker(u|y) = K¥,
for some H' < H . H' <M, H < L < Sym(F).

PRrROPOSITION 5.8. H = H'.

Proof. Clearly, ker(u|y) = ker(u|g) N N is a normal subgroup of ker(u|¢). Let
s € Q and a € Aut(Q; <) such that a(s) # s, and let & € H be arbitrary. Then
& € N and s(h.s) € K5 < G. Hence, f:= & 'k(h.s)& € N. Now 6,(f) = h and
6,(B) =1id(F) for all ¢ # s.a(s). This implies that 4 must be contained in H'.
Therefore, H = H'. —

By Lemma 2.46 we know that O€ N* if and only if O€ G*. In this case we know
by Theorem 5.2 that &, N* for some ¢ € M. Since O, is also contained in G we
can assume that it is also the permutation which appears in either item c or item d
in the definition of the group G.

Let

L:={¢eSym(F): 3a € GVa € Q(d,(a) =£)}.

It follows from Theorem 5.2 thgt in cases a, c, and~e we have L = L, and in the
remaining cases if <»;€ G then L = 7L. The group M is defined similarly but with
the group N.

LEMMA 5.9. M is a normal subgroup of L. and

(1) G/N ~L/M x Zy = L/M x Z,if |G* : N*| =2and L = L.

(2) G/N =~ L/M otherwise.

In particular |G : N| is finite.

PrOOF. The fact that M is a normal subgroup of L is clear from the
definition. Let @ € G be arbitrary. Then if a,b € Q then one can easily check

https://doi.org/10.1017/js1.2026.10239 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2026.10239

28 BERTALAN BODOR

that J,(a)H = dy(a)H. Therefore, the homomorphism d,: G — L/H is well-
defined. Let N := (,) (M /H). Then G/N' ~ (L/H)/(M/H) ~ L/M by the
third isomorphism theorem for groups. In the case when G* = N* it is clear that
N’ = N, so in this case we are done.

Nowletus assume that |G* : N*| = 2.Inthiscase +>,€ G \ H forsomert € L \ L.
= 2, then we have N = N’ again. If € L, thatis, L = L
then ,un( N = G* and N can be written as N = N’ Nz ' (Aut(Q: Cyc)). In other
words N is the kernel of the surjective homomorphism

o, =G — Z/M X G*/N*, a (Oo(@)M . piz()N*).

Therefore, by the homomorphism theorem for groups it follows that G/N =~ L / M x
G*/N* ~L/M x Z,. 4

The following theorem summarizes the results of this section.

LEMMA 5.10. Let N, G be permutation groups with the same domain. Then the
following are equivalent:

(1) e N,G € F,
e NG, and
o N and G have the same fibers.

(2) There exist some permutation groups H, L, and M with some finite domain F
such that H <A M, L and M <1 L, and we can rename the elements of Dom(G)
such that one of the following holds:

(a) N = K¥(id(F) 1 Aut(Q: R)) and G = K4 (id(F) t Aut(Q; R)) with
Re{<. =}

(b) N = KM(id(F) 1 Aut(Q: <)) and G = (KL (id(F) 1 Aut(Q: <)). ¢+¢).

(¢) N = (KM(Gd(F) 1 Aut(Q: <)), ¢+,) and

G = (KL(d(F) 1 Aut(Q: <)), +3¢).
(d) N = (KM (d(F) 1 Aut(Q: <)). Op) and
G = (KL (d(F) 1 Aut(Q: <)). Op).
(e) N = <’CM(id(F) VAut(Q: <)), Og) and
G = (KLGA(F) 1 Aut(Q: <)), Op. <32)
() N = (KM({d(F) 1 Aut(Q; <)), Op. ¢>.) and
G = (K} (id(F) 1 Aut(Q: <)). Og. ¢3¢).
where

ec € Mwith{c'mlom: mec M} C H,and
e cithert € L;or H L <tL and|tL: L| = 2.

ProoF. The implication (1) — (2) follows directly from the argument presented
in this section. The converse is a straightforward calculation. o

5.3. Finite covers with not too fast unlabelled growth. In this section we classify
those closed finite coverings of highly set-transitive groups which are also contained
in the class S, and we describe when we have a normal subgroups relation between
two such groups with the same fibers. We will see that a group G € F is contained
in S if and only if its pointwise binding group is highly transitive.

We start by introducing a sequence S, : d € N={1,2,...} of subclasses of S
by imposing some stronger, but still exponential, upper bounds on the unlabelled
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profile. Within the class F these classes correspond exactly to those groups whose
fiber size is at most d.

DeriNITION 5.11. Let d € N. Then we denote by y,; the largest real root of the

polynomial f4(x) := x? — x?1 — ... — x — 1, and we denote by S, the class of those
closed groups G such that for all € > 0 we have u,(G) < (y; +¢)" if n is large
enough.

EXAMPLE 5.12. p; = 1 and 7, = 157 ~ 1.618. the golden ratio. The next values

of this sequence are approximately y; =~ 1.839, y4 ~ 1.928, and y5 ~ 1.966.

LEMMA 5.13. The sequence (y;)q is strictly increasing and limg_, o0 74 = 2.

Proof. Clearly, y, >0 since f4(0) =—1<0. Since f,(ys) =0 we have
fas1(a) = 7ufu(yn) = 1 == 1 < 0. Therefore, y,, | must be greater than y,.

Puty = limy_, . 74. If t > 2 then we can easily show by induction that f,(¢) > 1.
Indeed. /1 =1and f,41(t) =tf,(t) =1 >2-1= 1. Therefore, y; < 2, and thus
y < 2. On the other hand, if p < 2 then

AN 1 1
;@ e R

and thus 3¢, (11—])" > 1 for some d € w. In this case we have

41k
fd(P):Pn(l_Z(;) )<0-
k=1

and hence y; > p. This proves that y = 2. -

It is clear from the definition that S; C S; C ..., and by Lemma 5.13 we have
Uieo Sa C S. Later we will see that in fact the equality holds.
For convenience, we sometimes write S, for S.

LeEmMMA 5.14. The classes Sy: d € NU {oo} are closed under taking stabilizers of
finite sets.

PrOOF. For d = oo this is exactly Lemma 2.2 in [52], and for d < oo essentially
the same proof works. -

Our next goal is to give a description of all groups in F NS, for d € NU {oo}.

Let us fix a group G € F. Then we can rename the elements of Dom(G) such
that there exists a finite cover (G*, G.n) and groups H <1 L < Sym(F) as in the
conclusion of Theorem 5.2. We also use the notation from Section 5.1. Next we show
that G € S, if and only if H is highly set-transitive and |F| < d. We know that all
finite coverings of Sym(w) have a polynomial orbit growth (see [35]). In particular
all these groups are contained in S;. This handles the case when G* = Sym(Q).
Next we examine what happens in the other cases.

We first need the following general observation about the unlabelled growth of
finite-index subgroups.

LEMMA 5.15. Let H < G < Sym(X). Thenu,(H) < |G : H|u,(G).
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ProOF. Let y;:i €l be such that G = [, 7:H. If the 4; € (f) cjed
represent all orbits of the action G ~ (f ) then the sets y; (4 ;) represent all orbits of
the action H ~ (¥). Therefore, the inequality u,(H) < |G : H|u,(G) follows.

The following is a straightforward consequence of Lemma 5.15.

COROLLARY 5.16. Let G be a permutation group, and let H be a finite-index
subgroup of G. Then G € Sy ifandonly if H € S;.

LeMMA 5.17. Let us assume that G* # Sym(Q), and let s1, 55, 53 € Q with 51 <
52 < 83. Then Gy, s, 55} fixes the set F x (sy. 5y). and the restriction

K = (GFX{SI,S2.53})|F><(S|“Y2>
is isomorphic to K (1d(F) 1 Aut(Q; <)) = H 1 Aut(Q; <).

Proor. By Theorem 2.42 we know that G* preserves the relation Sep. It is easy
to check that (¢, s, 53.51) € Sep if and only if s; < ¢ < 5,. Moreover,
K" := (G*l )|Slus‘2“€3 = Aut((sls SZ); <) = Aut(@ <)

51.52.53

This implies that Gp, 4,5} < ,u;l(GS*1 sas3) Dreserves the set F x (si.s2) and
w(K)|(5,.5,) < K*. We know that G contains the group K (id(F) ! Aut(Q: <))
from which we can easily conclude that K contains both K| Fx(s.5,) and
(id(F ) Aut((s;.s3); <)). Therefore, K* is a finite cover of K. The only thing we
have to check that the kernel of this cover is Kfj |y (s, .5, that is, d,(a) € H for
all @ € K and 51 < a < 5. By our definition « extends to and element of G fixing

F x {s1. 5. 53} pointwise. But then J;, (o) = id which implies J, (o) € H. 4
COROLLARY 5.18. Let us assume that G* # Sym(Q), and let
Go = H  Aut(Q: <)).
Then for all d € NU {oc} we have G € S; if and only if Gy € S;.

Proor. The “if” direction is obvious since Gy < G. The other direction follows
from Lemmas 5.14 and 5.17. =

Now let us fix the group Gy as in Corollary 5.18. Then we can write the following
recursion formula for the unlabelled growth of Gy.

Lemma 5.19. u,(Gy) = Zli‘l u;i (H )uy_i(Gy).

PrROOF. Let A be an n-element subset of F x Q. Let m be the maximum of
those numbers which appear as the second coordinate of an element of 4, and
let Amax := {a € A: n(a) = m}. Then the Gy-orbits of Am.x and 4 \ Apmax can be
recovered from the orbit of 4. Conversely, by the construction of G it follows that
the orbit of 4 is uniquely determined by the orbits of A, and A \ Amax. Whenever
| Amax| = i then we have u; (H ) many choices for the orbit of Ay, and u, ;(Gy) many
choices for the orbit of 4 \ Amax. Hence, the recursion formula follows. =

The following statement follows from the resolution of linear recursion. For the
sake of completeness, we also give a direct proof.
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LemMA 5.20. Let (a,), be a sequence of positive numbers satisfying the recursion
Apik = Zf;(l) iy i for some ¢; > 0. Let q be the largest real root of f(x) := x* —

Zé‘;(l) ¢;x'. Then there exist Cy, Cy > 0 such that C\q" < a, < Cyq" for alln € N.

Proor. We can clearly find C;, C; > 0 such that Ci¢" < a, < C¢" holds for
n < k. We show by induction that this choice suffices.
Let us suppose that C1¢” < a,, < C>¢" holds for m < n. Then we have

k-1 k-1
@y =Y cian i > Clg" Y g’ = Qg (g - f(q) = Cig"
i=0 i=0

The other inequality follows similarly. -

LEMMA 5.21. Let us assume that G* # Sym(Q), and let d € NU {o0}. Then G €
Sy if and only if H is highly set-transitive and |F| < d. Moreover, if d > 2 and
G € 84\ 841 then u,(G) > Cy!i for some C > 0.

PROOE. G be as in Corollary 5.18, and let Gj := u,(Go). By Corollary 5.18 it is
enough to prove the statement for the group Gj.

Let us define the polynomial f(x):= x!¥l - Zlﬂ;l u;(H)x", and let ¢ be the
largest real root of /. Then by Lemmas 5.19 and 5.20 we can conclude that u,(Gy) =
O(q"). Now if H is not highly set-transitive, then u;(H) > 2 forsome0 < j < k — 1.
In this case,

|F|-1 |F|-1
fQ)=2"-> u(H)2 <2"- )" 2-2/=1-2/<0.
i=0 i=0
Therefore, ¢ > 2 and thus Gy ¢ S. On the other hand, if H is highly set-transitive
then f(x) = xI¥l - Zg{l x’. and thus ¢ = y|p|. Therefore. Gy € S, if and only if
V|F| < y4. that is, F‘ <d.
The “moreover” part of the lemma is also clear from the calculation above. —

REMARK 5.22. By solving the recursion in Lemma 5.20 one can easily conclude
that in fact u,(Gy) ~ Cyl"Fl for some C. We do not need this fact in our discussion.

Highly set-transitive groups of finite degree are classified in [42].

THEOREM 5.23. Let K be a highly set-transitive group with degree n € w. Then one
of the following holds:

(1) K is the full symmetric group S,,.

(2) n > 3 and K is the alternating group A,.

(3) n = 5and K is the affine group AGL(1,5).

(4) n =9 and K is the projective linear group PGL(2, 8).

(5) n =9 and K is the projective semilinear group PTL(2,8).

Now let us assume that H is one of the groups above. Since L contains H it
follows that L is also one of the groups on the list. By item 4 of Lemma 5.4 we
also know that H is a normal subgroup of L. This is only possible in the following
cases: (1).
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() H=1L: i

(2) H=A4,.L=S,in whlchcase\L:H|:2; (%), )

(3) H=PGL(2,8),L =L =PIL(2,8) in which case |L:H|=|L:H|=23.
(*)2

Considering this and Lemma 5.2 we can give a list of every group in F N S.

THEOREM 5.24. Let G € FNS. Then G is isomorphic to one of the following
groups:
(i) KE@Gd(F)1Sym(Q) for some H <1 L < Sym(F).

(i) K (id(F) 1 Aut(Q: R)) where H is one of the groups listed in Theorem 5.23
and R € {<, Betw, Cyc, Sep}.

(iii) KL (d(F) 1 Aut(Q; R)) where the groups H and L are as in (x); or ()2 and
R € {<.Betw, Cyc, Sep}.

(iv) Kﬁz (id(F) 1 Aut(Q: R))<>, where t is an odd permutation and R € {<, Cyc}.

(v) KEGA(F) 1 Aut(Q: R)) Oy where the groups H and L are as in (x)1 or (x)a,
o € L\ H and R € {<.Betw}.

Conversely, all the groups listed above are in F N S.

Using the results of Section 5.2 we can easily determine in which cases two groups
from the list as above are in a normal subgroup relationship.

LeMMA 5.25. Let N and G be groups as in items (i)—(v) in Theorem 5.24. Then
N <1 G if and only if one of the following holds:

(i) N =0G.

(i) N = KM(id(F)1Sym(Q)).G = 1%1( d(F)1Sym(Q)) and M < L.

(ii)) N = KEZGd(F) 1 Aut(Q: R)). G = KL (id(F) 1 Aut(Q; R)) where the groups
H and L are as in (%) or( )2 and R € {<, Betw, Cyc, Sep}.

(iv) N = KM (id(F) 1 Aut(Q: R)). G = K5 (id(F) : Aut(Q: R)) «+iq where
o cither H = LorHandLareasm() r(%)s.
oM e {H L} and
e R € {<.Cyc}.

(v) N = ICjZ (id(F) 1 Aut(Q; R)) and G = ICj: (id(F ) Aut(Q; R))<>, where T is
an odd permutation and R € {<, Cyc}.

Proor. It follows from Lemma 5.10 that for all pairs of groups (N, G) satisfying
any of the items above we have N < G.

For the other direction, let us assume that N < G.

We already handled the case when G* = Sym(Q), so let us assume that this is not
the case.

We are using the notation of Section 5.2 for the groups N and G. Then we have
H<M<L<Lwhere H<Land|L:L|=2. Considering that H and L are as
(1) it follows that |L : H| < 3. soeither L = H or L = L.

Case 1. L = H. In this case we have N = G.

Case 2. L = L # H. In this case we have either M = H or M = L. If M = H
then depending on whether |G* : N*| is | or 2 either item iii or item iv holds. If
M = L then <3 must be contained in G, otherwise we would have N = G. In this
case item iv holds again.
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Case 3. ijé L.Inthiscase|L : L| = |G*: N*| =2and L = M = H.Thisis only
possibleif L = S,, and L = M = H = A,,, and then itemv holds. -

COROLLARY 5.26. Let N and G be groups as in items (i)—(v) in Theorem 5.24. Let
us assume that N <\ G and G* # Sym(Q). Then |G : N| is isomorphic to one of the
following groups: Z, 725, Z3, Zr X Zr,Z3 X Z5 ~ Zs.

PrOOF. We have seen already that |L: H| € {1,2,3}. Thus, the statement of
corollary follows from Lemma 5.9. -

The results of this section are summarized in the following theorem.

THEOREM 5.27. Let N and G be permutation groups with the same domain, and let
d € NU {oc}. Then the following are equivalent:

(1) e N.G € FNS,,
e N G, and
o N and G have the same fibers.

(2) The size of fibers of N and G is at most d . and we can rename the elements of
Dom(G) = Dom(N) such that both N and G are as in one of the items (i)—(v)
of Theorem 5.24 and one of the items (i)—(v) of Lemma 5.25 holds.

5.4. Finite homogenizability of finite covers. We finish this section by showing that
all finite covers of reducts of Q are finitely homogenizable. By Lemma 2.35 we can
translate this fact to finite sensitivity of groups in F.

We first show that for groups in F finite sensitivity already follows from a
seemingly weaker condition.

LemMa 5.28. Let G,G*, L, H, F be as in Theorem 5.2, and let m > 4|F|. Then G
is m-sensitive if and only if the following condition holds:

() For all u,v € (F x Q)" with (1) = my(v) if for all p: [m] — [n] we have
up, =g v, then u =g v.

PrOOF. The forward direction is clear. Now let us assume that (x),, holds, and
let u,v € (F x Q)" be arbitrary such that u, ~g v, holds for all p: [m] — [n].
We have to show that u ~¢; v. We can assume without loss of generality that the
tuples u and v are injective, i.e., their entries are pairwise distinct. Since m > 2
it also follows that 72 (u;) = 72(u;) if and only if 72 (v;) = m2(v;) for all i, j € [n].
Let U= {uj.....u’.} = m({ur.....u,}) and V = {o}..... v} } = m({v1. ..., 00 }).
Then by rearranging the tuples u and v we can assume without loss of generality
that

u=(uiy. ... Uy Un1. ..o Udgy. o Upeg ). and

U = (011, e V1 V21 e, V2t e U )
where 7 (u;;) = uf and 7p(v;;) = vf forall 1 <i <n* 1< j <. We show that
the tuples u* = (uf.....u*.) and v* = (v}.....v%) are in the same orbit of G*.
Recall that G* is the automorphism of some structure (Q:R) with R € {<,
Betw, Cyc, Sep, =}. Note that all these structures are homogeneous. Therefore, by

: * * * * * * * * * * :
Lemma 2.35if u* g+ v* then (uf . uj. uf. u}') %6+ (v} . v}, v, v}). However, this
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is impossible since by our choice the tuples

(uill, vess u,-lgl.l s Uil eens uizgiz, Uizls -en s u,~3gi3 s Uiglseens u,-4gl.4),
and

(Uill-, ey 'U,'lgl.l sUiglsenns Uiszz’ Vizgls +ee s Ungis > Vigls +en s 1),'451,4)

are contained in the same G-orbit, and the arity of these tuples are at most 4| F| < m.
Now let a* € G* such that a*(v*) = u*, and let @ € G with p,,(a) = a*. Then the
tuples u and a(v) are as in (x),,. Hence, by our assumption, we have u ~g a(v),

and thus u ~g v. -
LEMMA 5.29. Let G,G*.L,H, F be as in Theorem 5.2. Then G is 4|F||L : H|-
sensitive.

Proor. Let d := |F| and m :=4d|L : H|. We prove that G is m-sensitive by
showing that it satisfies condition (x),, from Lemma 5.28.

Case 1. G =K ({d(F)1Sym(Q)) = H1Sym(Q). In this case m =4d. By
Lemma 5.28 it is enough to check condition (x),,. Let u.v € (F x Q)" be as in
(%)m. We use the notation u*,v*, and u;; as in the proof of Lemma 5.28. By our
assumption, it follows that the tuples (71 (u;1). .... 71 (uy;)) and (71 (vi1). ... 71 (v, )
are in the same H -orbit. This implies that u and v are in the same K4 -orbit, so in
this case we are done.

Case 2. G = KL (id(F) 1 Sym(Q)). Let N := H 1 Sym(Q). Then N <1 G and |G :
N|=|L: H|by Lemma 5.9, and we already know by Case 1 that N is 4d-sensitive.
Therefore, by Lemma 2.38 we obtain that G is 4d|L : H |-sensitive.

Finally, for the general case we check the condition (x),, again. Let Gy :=
KE(id(F) 1 Sym(Q)). Let u.v be as in the assumption of (x),. We claim that
for all p: [m] — [n] we have u, ~¢, v,. Indeed. by our assumption. we already
know that u, ~¢ v,. and thus in fact u, NGy ) VP Since m > 2d., it follows that

|72(up)| > 3. Thus, by Lemma 5.6 it follows that G,,,,) = Gr,(,) = (Ki)zy(u,)
which in particular implies that u, ~¢, v,. By Claim 2 we already know that Gy is
m-sensitive. Therefore, u ~¢, v. in particular u ~¢ v. and this is what we needed to
show. o

COoROLLARY 5.30. Every finite cover of a reduct of Q is finitely homogenizable.

PrOOF. Theorem 5.2 and Lemma 5.29 together imply that every finite cover
of Aut(Q) is finitely sensitive. Then the statement of the corollary follows from
Lemma 2.36. 4

Let 2 be a homogeneous structure in .%. By Theorem 5.2 we know that in this
case U is multichainable in the sense of [50]. Then by Theorem 39 in [50] we know
that 2l is in fact finitely bounded. Combining this fact with Corollary 5.30 we obtain
the following.

LemMmaA 5.31. % C A.

§6. Finite covers of hereditarily cellular groups. In this section we describe all
pairs (G, G*) where G* is hereditarily cellular and G is a finite cover of G*. We first
show that in case G is also hereditarily cellular.
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LemmA 6.1. The classes H, are closed under taking closed finite covers.

ProOF. We show the statement by induction on n. For n = 0 the statement is
trivial. For the induction step let G* € H,,, and let (G. G*, ) be a finite cover. In
this proof we use the recursive description of the classes #,, given in Theorem 2.19.

So let P* := (K*, V*, A*) be an w-partition of G* with components contained in
H,_1. Let

K=n'(K*).V:=1"(V*).A:=a'(A"),P:= (K. V.A).
Then it is clear from the definition that P is an w-partition of G. It remains to

prove that the components of P are contained in H,,_;. We put X := Dom(G) and
X*:=Dom(G*). Let Y be a A-class, and let Y* := n(Y). Let

N* = (G*)((y*)),N = ,u;l(N*)
Then N is a finite cover of N* witnessed by the map z|y. Since N* is a component
of P* we know that N* € H,, ;. Thus, by the induction hypothesis N € H,, ;.
By an abuse of notation we write N for the group
{gly: g € Gr Apg(g) € N7},

where F is any subset of X. We claim that for every finite set ¥ C X \ Y the group
Nr is a finite-index closed subgroup of N. The fact that Nr is closed follows from
Lemma 3.5 (see the proof of Lemma 3.4). Now let aj, ..., a; be an enumeration
of F. Then the orbit of a; with respect to the group u,'((G*) x*\y+) is contained in
the ~, class of ;. in particular it is finite. Therefore,

foralli =1, ..., k. This in turn implies that
(17 ((G*) xev ) = (! ((G*) o y))F | < 0,

and thus |N : Np| is finite.
We obtained that for every finite subset F of X \ Y we have Ny O Ng,. On the
other hand, by definition we have

Gyy=( |{Nr: FCX\Y

Therefore, G((y)) O Nga. Then by Lemma 2.25 we can conclude that G((y)) € H, 1.
and this is what we needed to show. -

F| < oo}

Next we give a recursive description of all closed finite covers of hereditarily
cellular groups up to isomorphism.

DEFINITION 6.2.  We denote by A the minimal class of finite covers which contains
all finite covers of finite degree groups and which satisfies the following condition.

Let us assume that (H,H*.p)€ A, let Ny.....,N; groups such that
|[Dom(Np)| < 0o, Ny = id(Dom(Ny)), N; € H,and N; := ]_[f;o N; <H.Let N} :=
iz (N;). Then (G, G*, ) € A where

e G =G(H:Ny...., N;) (see Definition 2.15);

e GF = Q(H*:N(;“, ,N]j);

o n((a.n)) = (p(a).n).
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LemMA 6.3. Let (G, G*, n) a finite cover. Then the following are equivalent:

(1) G e H.
(2) G* € H and G is closed.
(3) (G, G*.n) is isomorphic to some element in A.

PrOOE. The implication 3 —2 is clear from definition, and the implication 2 —1
follows from Lemma 6.1.

It remains to show that item 1 implies item 3. Let us assume that (G. G*, ) is a
finite cover, and G € H,,. We show by induction on rk(G) that (G, G*, n) is as in item
3. For tk(G) = 0 there is nothing to prove. Otherwise, we can rename the elements
of Dom(G) such that G = G(H; Ny. .... Ny) for some H, Ny. .... Ny € H,_1. Then
since G D id(Dom(Ny)) x ]—[i;l(id(Dom(Ni)) ! Sym(w)) it follows that for all
(a,m), (b,n) € Dom(H ) \ Dom(Ny) with n # m we have (a.m) #, (b,n). Indeed,
if (a, m) ~, (b.n) would hold for some n # m then we would have (a, m') ~, (b, n)
for any m’ # m, n, and thus the ~,-class of (a,m) would contain infinitely many
elements. Using the fact that ~, is a congruence of G it also follows that
(a.0) ~, (b,0) if and only if (a,n) ~, (b.n) for all n € w. Let us define ~' on
Dom(H ) such that a ~' b if and only if (a,0) ~, (5,0). Then ~' has finite classes,
that is, H is a finite cover of H* := H/~. Let p: Dom(H) — Dom(H*),a — [a]:.
Then by the induction hypothesis we can rename the elements of Dom(H)
and Dom(H*) such that (H, H*,p) € A. We obtain in particular that H* € H.
Let N := N;i/~'|pom(n;)- Then similarly we have N € H. It is also clear from
the definition that [Dom(Ny)| < oo, Ny = id(Dom(Ny)), and N* := Hf:o Niisa
normal subgroup of H*. In this case the map p := (a.n) — (p(a). n) defines a finite
covering map from G to G(H*; Ny .... N;*). Itis also clear from the definition that 7
and p have the same fibers. This implies that G* is isomorphic to G(H *; N§. ..., N,j)
and thus the cover (G, G*, ) is isomorphic to some cover in A. =

Lemma 6.3 has the following consequence which we will need later.

LeEMMA 6.4. Let (G, G*, 1) be a finite cover with G € H. Then there exist Gy < G
and G§ < G* with Gy € H such that (Go, G§. n) is strongly trivial.

ProoOF. By Lemma 6.3 we can assume that (G, G*, ) € A. We show the statement
by induction of rk(G). If tk(G) = 0, that is, Dom(G) is finite then we can take both
Go and G to be the identity group. Otherwise, let us assume that i, H*, p, N;, N} :
i €{l,...k} are as in Definition 6.2. We can assume without loss of generality
that H = N = ]_[f;o N;and H* = N* = ]_[f.;o N;. By the induction hypothesis, we
know that there exist some Hy < H, Hy € H and Hj < H* such that (Hy, Hy.p)is
a strongly trivial cover. Let

Go :=G(Ho: (H0)|Dom(No)* e (HO)|D°m<Nk))’
GJ Z:g(H()*; (H(;k)lDom(NJ)" e (HJ)‘Dom(Nk*))'

Then it is easy to check that the groups Gy and G are as stated in the lemma. -

§7. Finishing the classification. In this section we put together the pieces from
the previous sections and present a classification of groups in all the classes
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Sy d € NU{oo}. We start with a necessary condition which follows directly from
the results of the previous sections.

LemMA 7.1. Let d € NU {oo}. Then every permutation group in Sy is isomorphic
to some group G = L(G, G*, D) where

(1) the triple (G, G*, D) is as in Definition 3.1,
(2) (G.G*.my) is isomorphic to some finite cover in A (see Definition 6.2),
(3) foralla € X* we have D(a) = (B,, F,. ¢.) where either |Dom(F,)| = 1 or
() B..F, € FNS,.
(ii) B, and F, have the same fibers, and
(iii) B, <1 F,.

Proor. The statement of the lemma essentially follows from Theorem 4.4 and the
discussion in Section 3. The only thing we have to check is that if G = £(G. G*, D)
and G € S; then for the groups B, and F, as above we have B,, F, € S. Since
|F, : B,| < oo it is enough to check that B, € S. The finiteness of |F, : B,| also
implies that there exists some finite subset S of Dom(G) \ 75! () such that G ‘nil (@)

is isomorphic to B, (see for instance the proof of Lemma 4.5). On the other hand,
clearly un(GS\nil(w) is at most u, (G ). Therefore, B, € S. -

REMARK 7.2. Note that in the construction of the group G (see the proof of
Lemma 3.3) the fibers F of G can be chosen arbitrarily as long as F, /B, embeds
into Sym(F). On the other hand. we know by Corollary 5.26 that all these quotient
groups are isomorphic to Z; fork € {1,2,3,4,6} or Z, x Z,. Since all these groups
embed into Ss. this means that we can always choose the group G above so that all
of its fibers are of size at most 5.

Next we show that the converse of Lemma 7.1 is also true: every group G =
L(G,G*, D) as described above is contained in the class S;. We will show this
via a third equivalent description of the classes S; analogous to Theorem 2.21.
Namely, we show that S, is exactly the smallest class of permutation groups which
contains (S; N F) Uid({0}) and is closed under taking finite direct products, wreath
products with Sym(w), finite-index supergroups, and isomorphisms. We present a
slightly stronger formulation of this statement in Theorem 7.10 below.

We start by showing that the classes S, are in fact closed under the aforementioned
constructions. By definition, this is clear for taking supergroups and isomorphisms.

LEmmA 7.3. The classes S;: d € N are closed under taking finite direct products
and wreath product with Sym(w).

Proor. We first show that S; is closed under taking finite direct products.
For this, it is enough to show that if G|, G, € S, then G| X G, € S;. Let X; :=
Dom(G;). X := X; U X,. Let 4 € (¥). Then the orbit of 4 is uniquely determined
by |4 N X;| and the G;-orbit of AN X; for i = 1,2. For |4 N X;| we have n + 1
choices, and if k := |4 N X, | is given then we have u; (G ) choices for the G-orbit of
AN X, and u, «(G>) choices for A N X,. Therefore, u,(G) = Y} _o ur(G)uy 1 (G2).
Let € > 0. Then by our assumption we have u,(G;) < c¢(y; +¢)" for some ¢ € R
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(which depends on ¢). By the formula above we obtain

uy(G) = Zuk(Gl)un—k(GZ) < (n+1)c*(ya +e).
)

which is clearly smaller than (y; 4 2¢)" if n is large enough.

For the second part of the lemma let us assume that G € S;. We show that
G1Sym(w) € Sy. Let X = Dom(G). and let 4 € (). We can assume without
changing the orbit of A that

AN X x{0P] = [AN (X x {1} = = [4N (X x {n})| =

We put k; := |4 N (X x {i})|. Then Z?;i) k; = n. Observe that the (G ! Sym(w))-
orbit of 4 is uniquely determined by the sequence (k. ... k,_1) and the G-orbits of
the sets 4; := {a: (a.i) € A}. The number of choices for the sequence (ko. ...k, 1)
is p(n), that is, the number of partitions of n. The asymptotic behavior of the

partition function p(n) is well-known: p(n) ~ - fexp( ) (see for instance

[46, Section 16.4]). In particular, for all ¢ > 0 we have p(n) < ¢" if n is large enough.
By our assumption, we know that u,(G) < ¢(y; + €)" for some ¢ € R. Then based
on our argument above we can give the following upper bound on u, (G { Sym(w)):

n—1 n-1

un (G 1 Sym(ew Z{]’[uk ~Zk,,,1/\Zki:n}

— n—1
< Z{]_[c’(yd +e)i ko> >k AY ki = n}
i=0 i=0
=c"p(n)(ya +e)".
which is smaller than (y,; + 2¢)" if n is large enough. —

REmMARK 7.4. Note that for d = oo our proof above does not work. However, as
we will see, S = JEN S, so the statement of the lemma is still true in this case.

Now let us assume that (G.G*.n) where G € H. Then by Lemma 6.3 we can
find a finite cover (H, H*, p) € A and groups Np. ..., Ng. Ng..... N} such that after
renaming the elements of the domains of G and G* we have

° ]:I, H* € H;

e [Dom(Ny)| < oo

o N;eH:

']Yi* = ’uf(]\ii); 3

e G =G(H:N,.... . NL):

e G* = Q(H*;Ng, N

o n((a.n)) = (p(a).n).

Now let G = £(G.G*, D) be as in the conclusion of Lemma 7.1. Note that
in this case D is constant on elements of the form (a,n): n € w. Moreover, the
map a — (a.n) gives rise to a bijection between the fiber groups of H* and G*.
Thus, fora € Y* := Dom(H*) we can define B, := By Fo:=F, yand ¢,: y —
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1 (P(a0)(7)) wherey: (a.n) — (y(a).n). Finally, we put D(a) := (Bq. Fy. o). Then
it is easy to check that the triples (H, H*, D) and (N;, N, D) also satisfy the
conditions in Definition 3.1. Let H := L(H.H*,D). N; := E(N,-,Nl.*,D). As in
Section 2.7 we write

e X := Dom(G),

e Y; := Dom(N;).

e Y :=Dom(N)=J", V.
and we also use the analogous notation with tildes and asterisks.

LemMaA 7.5. With the above notation N <\ H and the group G is isomorphic to
G(H: Ny.....Ng).

PrOOF. Letn € Nandh € H,and letrn € ]S’ ansi heH witnessing this fact as
in Definition 3.1. Then since N <« H we have 4 '7ih € N which witnesses the fact
that 4 -'nh € N. Therefore, N < H.

The isomorphism from right to left is induced by the bijection : ((u,a).n) —
(u,(a.n)). Let G’ := G(H: Ny, ..., N).

We introduce the following notation:

o T :=id(Yy x {0}) x [T, (id(Y;) : Sym(w))

o N,;:={k(a,n):0 € N;}

o K :={k(o,w):0€ H},

and we also use the analogous notation with tildes and asterisks. Then we know
that G is the closure of the group generated by 7. N,,;. and K, and G is the closure
of the group generated by 7. N,,;, and K.

Let us fix for all @ € Y a map w, which is a right inverse of ¢, such that

e ¢,(id) = id, and

e ¢, only depends on the orbit of a.

Then we define a map y by the formula y(g) := (u.a) — (¢ (174)(10). iz, (a)).
This definition works on all groups H. N;. G. and for all g in any of these groups
we have y(g) = g.

Let B be the kernel of the homomorphism G — G.g — g. Then B is equal to
the direct product of the groups {(u.(a.n)) — (f(u).(a.n)) : p € B, ,)0}. Since
B, = B, this implies immediately by the definition of 7 that B C u,(G’).

Using the description of the group B above one can check easily that

o 1, (T) = y(T); _

hd V(Nn,i) C ,ul(NnJ) - V(Nnxi)BQ

e y(K) C u(K) Cy(K)B.
Therefore, we have
w(G") = (u(T). 1,(Nyi) : (n.i) € 0 x {0. ...k}, u,(K))
= ((T),y(Nps) : (n.i) € w x {0, ....k}.yK)B = 7(G)B = G. B

LEMMA 7.6. With the above notation |G(H:; Ny, ..., Ny) : G(N; Ny, ....Ny)| is
finite.
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ProoF. Let G = G(H: Ny, ....Ny) and Gy = G(N:Ny.....N;). Then the map
homomorphism g — g defined on G and Gy have the same kernel and they are
equal where both of them are defined. Therefore, |G : Go| = |G : Go| which is finite
by our argument in Lemma 2.25. -

LemMa 7.7. Let d € NU {oo}, and let G € S;. Then G can be constructed from
the following groups by taking isomorphism, finite-index supergroups, finite direct
products, and wreath products with Sym(w).

(1) id({0}).

(2) G = H Aut(Q; <) where H is a finite-degree highly set-transitive group with

degree at most d.
(3) G = (H 1 Aut(Q; <), Og ) where H is a highly set-transitive group with degree
at most d and H <1 Ho .

ReEMARK 7.8. Clearly, the “finite-degree” condition is only needed if d = oo.

ProOF. We can assume that G = £(G ,G*. D) as in Lemma 7.1. We prove the
statement by induction on rk(G*).

We first show the induction step. By defining the groups H, H*, Ny, ..., N,
as above we know by Lemma 7.5 that G is isomorphic to G(H:Nj. ..., Ny)
where H. Ny.....N; €S, and rk(H*) <rk(G*). By Lemma 7.6 and Corol-
lary 5.16 we can conclude that G(N; Ny, ..., Ny) € S;. Clearly, u,(N;),u,(H) <
u,(G(N: Ny, .... Ni)). Therefore, all the groups Ny. ..., Ny, N, H are contained in
S4. Then the induction step follows from Lemma 7.6 and the definition of the group
Q(H;N(),...,Nk). B

By our argument above it is enough to show the lemma in the case when G and
G* have finite domains. Let B be the kernel of the natural homomorphism G — G.
Then |G : B| is finite and B is isomorphic to the direct product of the groups
B, : a € Dom(G*). By our construction all groups in B, are either isomorphic to
id({0}) or it is contained in F N S. In the latter case it follows from Theorem 5.24
and Lemma 5.25 that B, has a finite-index normal subgroup as in items 2 or 3. It
remains to show that the fiber size of B, is at most d. By using Corollary 5.16 we
know that B, € S;. and clearly u,(B,) < u,(B) for alla € Dom(G*). Thus, we are
done by Lemma 5.21. -

LEMMA 7.9. Letd € NU{co}, and let G € S;. Then G is isomorphic to a closed
supergroup of a finite direct product of groups of the form I' { N where N € ‘H and
I =1id({0}) or T = H 1 Aut(Q: <) where H is a finite-degree highly set-transitive
group with degree at most d.

ProoF. We can assume that G = L(G, G*,D) as in Lemma 7.1. Let Go < G
and Gj < G* as in the conclusion of Lemma 6.4, and let Gy be the set of
those permutations in G which are witnessed by some permutation g € G as
Definition 3.1. Then (Gy. G, 72) is still a cover and since (Go. G. m2) is strongly
trivial it follows that for all a € Dom(G*) both the pointwise binding group and the
fiber group of (Go. G§. m») at a is B,. This implies that G, can be written as a direct
product of the wreath products B, ! (G;)|o where O goes through the orbits of G
and a € O. Since G is hereditarily cellular, so are the groups (Gj)|o. Finally, by
the same argument as in the proof of Lemma 7.7 we can conclude that each B, is a
closed supergroup of some I, as described in the lemma. =
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We summarize the results of this section in the following theorem.

THEOREM 7.10. Let d € NU {oo}, and let G be a permutation group. Then the
following are equivalent:

(1) GesS,.
(2) G is isomorphic to some group L(G, G*, D) where
o the triple (G, G*, D) is as in Definition 3.1,
o (G.G*,m) is isomorphic to some finite cover in A,
e forall a € X* we have D(a) = (F,, By, ¢a) where either |Dom(F,)| = 1 or
(1) By. F, € FN Sy,
(ii) B, and F, have the same fibers, and
(i) B, < Fy.
(3) G can be constructed from the groups
(1) id({0}).
(2) G = H 1 Aut(Q; <) where H is a finite-degree highly set-transitive group
with degree at most d,
(3) G = (H 1 Aut(Q: <), Oy) where H is a highly set-transitive group with
degree at most d and H < Ho
by taking isomorphism, finite-index supergroups. finite direct products, and
wreath products with Sym(w).
(4) G can be constructed from the groups
(1) id({0}).
(2) G = H 1 Aut(Q; <) where H is a finite-degree highly set-transitive group
with degree at most d
by taking isomorphism, closed supergroups, finite direct products and wreath
products with Sym(w).
(5) G is isomorphic to a closed supergroup of a finite direct product of groups of the
Jorm T U N where N € Hand T =id({0}) or T = H ! Aut(Q; <) where H is a
finite-degree highly set-transitive group with degree at most d.

Note that all possible pairs (B,.F,) as in items (i)—(iii) are classified in
Theorem 5.24 and Lemma 5.25 up to renaming the elements of Dom(F,). This
finishes the classification of all classes S; : d € NU {o0}.

ProOF. We prove the theorem by showing the implications 1—2—3—4—1 and
2—5—4

The implication 1—2 is Lemma 7.1. The implications 2—3 and 2—5 are shown
in Lemmas 7.7 and 7.9, respectively. The implications 3—4 and 5—4 are obvious.

Finally, we show the implication 4—1. Let us first assume that 4 € N. By
Lemma 7.3 we know that the class S; class is closed under taking finite direct
products and wreath products with Sym(w). Also, clearly S, is closed under
isomorphisms and taking closed supergroups. Finally, by Lemma 5.21 we know
that the groups listed in item 4 are all contained in S;. Now for d = oo if G as in
4 then since the construction of G is finite, it follows that it also satisfies item 4 for
some d’ € N. Then by the argument above we can conclude that G € S;» € S.

CorOLLARY 7.11. 8 = ¢, Sa- that is. for all G € S we have u,(G) < c" for
some ¢ < 2 if'n is large enough.
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Proor. Clear from the equivalence of items 1 and 3 (or 4) of Theorem 7.10.
The following is a straightforward consequence of Theorem 7.10.

THEOREM 7.12. Let d € NU {oo}, and let A € ;. Then the following hold:

(1) 2 can be constructed from the one-element pure set and finite covers of (Q; <)
and (Q; Cyc) of fiber size at most d by taking isomorphism, finite index reducts,
finite disjoint unions, and wreath products with the pure set.

(2) 2 is bidefinable with a reduct of a finite disjoint union of wreath products of
the from §1 $) where each $) is hereditarily cellular and each § is either the
one-element pure set or a finite cover of (Q; <) of fiber size at most d.

Moreover, if d = 1 then either of the items above implies A € 7.

REMARK 7.13. Note that in general items 1 and 2 above do not imply 2 € .%;
since not all finite covers of (Q; <) are in ..

Note that the equivalence of 2 € .#] and item 2 of Theorem 7.12 in the d = 1
case confirms Conjecture 1 in [26]. Indeed. in this case we can choose < to be the
union of the orders {((s.a),(t,a)):s<t}:a € H.

COROLLARY 7.14. . C A, i.e., every structure in .5 is interdefinable with a finitely
bounded homogeneous structure.

Proor. Follows from Lemmas 2.40 and Lemma 5.31 and item 1 of Theorem 7.12.
_{

§8. Orbit growth analysis. By taking a closer look at our calculations on the
unlabelled profile in this section we obtain the following.

THEOREM 8.1. Let G be a permutation group acting on a countable set. Then one
of the following holds:

(1) u,(G) < ¢ for all ¢ > 1 if n is large enough, and u,(G) = u,(G,) for some
G, € H.

(2) There exists some d > 2 and ¢ € RT such that oy < u,(G) and for all e > 0

we have u,(G) < (yq +€)" if n is large enough.

(3) u,(G) > I%for some polynomial p.

ProoF. We can assume without loss of generality that G is closed. If G ¢ S then
by definition, item 3 holds, so let us assume that G € S. Let G, G*, D be as in item 2
in Theorem 7.10. We can assume without loss of generality that G = £(G.G*. D).
Let d be the largest fiber size of the groups F, = (D (a)) : @ € Dom(G*). Then
by Theorem 7.10 we know that G € S; which gives us the required upper bound for
u, (G).

If d =1 then it follows from [52, Corollary 5.5] that u,(G) = u,(9M,) for some
stable structure 91,. By Theorem 2.27 we know that in this case 9, is monadically
stable, and thus it is hereditarily cellular. Then G, := Aut(90,) € H. so in this case
we are done.

Now let us assume that d > 2. Then we show a lower bound as stated in item 2.
Let us pick some ¢ € Dom(G*) such that for the fiber group F, = n;(D(a)) has
fiber size d, and let C := 7' (a). We claim that u ~ v some tuples u,v in C then

https://doi.org/10.1017/js1.2026.10239 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2026.10239

STRUCTURES WITH NOT TOO FAST UNLABELLED GROWTH 43

m1(u) =~¢ m1(v). Indeed. if g(u) = v for some G then g fixes the whole fiber C., and
thus ur, (g|c) € F,. This implies immediately that u,(G) > u,(F,). Together with
the “moreover” part of Lemma 5.21 this gives us the required lower bound. -

Note that Theorem 8.1 immediately implies Theorem 1.5 which confirms
Conjecture 3 in [26].

THEOREM 1.5. Let A € .. Then there exists some d € w,d > 1 such that
lim,,_, o (14, ()" = py where yy denotes the largest real root of the polynomial
d_ vd-l
x4 —x - =1

By following the proof of Theorem 5.1 in [52] we can describe the group G, in
the d = 1 case in the proof of Theorem 8.1 as follows. Let us assume that G =
L£(G.G*.D) as in item 2 in Theorem 7.10, let Y* := {a € X* : |Dom(F,)| # 1}.
Then clearly Y* is an invariant subset of G*. Let X, :==w x Y* U {0} x (X*\ Y*).
Then G. can be described as the set of permutations ¢ € Sym(X*) for which there
exists a o* € G* such that 7;(c(n.a)) = 6*(a). Note that in this case the second
projection defines a covering map from G, to G*. It is easy to see that in this case
we have

rk(G*) :maX(rk(G*h/*),rk(G*Ix*\Y*))’
rk(G*) :max(rk(G*|Y*) + l,rk(G*|X*\Y*)).

In particular rk(G,) > 1 ifand only if tk(G*) = 1 and Y* is a subset of the union
of finite orbits of G*. Combining this with Theorem 2.30 we can give a description
of closed groups with at most polynomial unlabelled growth using our notation.
This classification is also given in [34] but our presentation is different.

THEOREM 8.2. Let G be a permutation group acting on a countable set. Then the
following are equivalent:

(1) G is P-oligomorphic.
(2) G is isomorphic to some group L(G,G*, D) where
o the triple (G, G*, D) is as in Definition 3.1;
o (G.G*, ) is isomorphic to some finite cover in A with tk(G*) < 1
e foralla € X* we have D(a) = (F,, By, ¢4) where either |Dom(F,)| = 1; or
a € aclg«(0) and one the following holds:
(i) B, = F, = Aut(Q: R) where R € {<, Betw, Cyc, Sep}:
(ii) B, = (Q: <) and F, = (Q: Betw);
(iii) B, = (Q:Cyc) and F, = (Q: Sep).

Proor. Note that condition 1 implies that G € S;. Therefore, it is enough to show
that a group G = £(G. G*, D) as described in item 2 of Theorem 7.10 for d = 1
satisfies the conditions specified in item 2 of this theorem if and only if u,(G) has
a polynomial upper bound. First, let us notice that by Lemma 2.46 the conditions
described for a pair (F,. B,) : |Dom(F,)| # 1 in the d = 1 case holds if and only if
one of the conditions (i)—(iii) above holds.

Since the largest fiber size of the groups F, is 1, the groups G and G, have
the same unlabelled growth profile where G, is the group as described above. By
Theorem 2.29 this holds if and only if rk(G,) < 1. As we have seen, this hold if and
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only if rk(G*) < 1 and for all @ € Dom(G*) which has an infinite orbit we have
|Dom(F,)| = 1. .

REMARK 8.3. By taking a closer look we can give a more detailed description of
the finite covers (G, G*. ;) showing up in item 2 of Theorem 8.2. Let (H ., H*, 7,) €
A and Ny. .... N, N§..... N be as in Definition 6.2. (The case when Dom(G*) is
finite can be covered by the case when k = 0.) Then since rk(G*) < 1 it follows that
all groups N/ and H* and therefore also N; and H; must be finite. Moreover, if
u € Dom(H*) \ Dom(N{) then the groups in D((«.0)) must be trivial, therefore
in this case we can assume that |75 ((1.0))| = |n;!(u)| = 1. On the other hand., if
u € Dom(N;) then |F(, ) : B(,0)| < 2. so we can also assume that all fiber sizes
175! ((1.0))| = |n5' (u)] are at most 2.

ExamMPLE 8.4. Let us consider the groups Z, C Sym({0,1}) and Z; C
Sym((0,0), (0,1).(1,0), (1, 1)) generated by the cycle ((0,0) (0, 1) (1,0) (1,1)). Then
(Z4.Z5, 1) is a finite cover which corresponds to the homomorphism 7 : Z; —
Z>,1+ 1. Clearly, this cover is non-split. Now let F := (Q; Betw), B := (Q; <),
let ¢ be the only isomorphism from B/F to Sym({0,1}) ~ Z,. and let D be the
constant map on {0, 1} with value (B, F.¢). Then by Theorem 8.2 the group
G := L(Z4,Z,. D) is P-oligomorphic. This group is isomorphic to the group
generated by Aut(Q: <)?> < Sym(Q)? and some operation ¢ (which corresponds
to the generator of Z,) that flips the two copies of Q and on one side it is an
isomorphism and on the other side it is an anti-isomorphism (i.e., it reverses the
order). Note that in this case o> preserves the two copies of Q but it reverses the
order on both.

Next we show that if we are allowed to add finitely many constants then closed
P-oligomorphic groups have a much simpler description.

THEOREM 8.5. Let G be a permutation group acting on a countable set. Then the
following are equivalent:

(1) G is P-oligomorphic and closed.
(2) There exists a finite set F C Dom(G) such that Gr is isomorphic to a direct
product of finitely many copies of Aut(Q; <) and some cellular group.

PrOOF. The implication 2— 1 follows directly from Theorem 8.2 considering that
P-oligomorphic groups are closed under taking supergroups.

Now let us assume that 1 holds. Then we can assume that G = £(G., G*, D) as
in item 2 of Theorem 8.2. Let X* := Dom(G*), and let Y* be the union of finite
orbits of G*. Since G* is oligomorphic it follows that Y* is itself finite. Let

Z ={ac X" :|n'(a) £ 1}

Then by the conditions listed in item 2 of Theorem 8.2 we can conclude that
Z* C Y*, and thus Z* is also finite, and for all « € Z* we have

Aut(@; R) X ld({a}) < G((nfl(a))) < G(n*'(a)) < (Aut(@; R)(—)) X 1d({a})

for R € {<. Cyc}.
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Now let H* := (G*)z~ and let H be the intersection of the setwise stabilizers
of m'(a):a € Z*. Then H is a cover of H*. Let 5.t € Q with s < ¢. and let
F :={s.t} x Z*. Then F C X := Dom(G) is finite. For all « € Z* we have the
following inclusions:

(Ba)se x id({a}) < (Hp)|10) = (Hpyo oo (@) et @) < (Fa)se < id({a}).

We have seen that |F, : B,| < 2and |F, : B,| = 2is only possible if <+ € F,,. Note,
however, that <> cannot be contained in the stabilizer of two different elements of
(Q: <) therefore in either case (B, ), = (F,)s,. and therefore the equality holds
everywhere in the chain of inclusions above. This implies that the group Hp can
be written as the direct product of the groups (B, )s, x id({a}) and (Hr )|\, 1(z+)-
By definition 7 is one-to-one outside 7' (Z*) so the latter group is isomorphic to
G*|y»\z+ which is an invariant subset of a cellular group, so it is cellular. On the
other hand, by Lemma 2.46 it follows that the groups (B, )|, must be isomorphic
to either Aut(Q; <)* x id({0, 1}) or Aut(Q; <)? x id({0, 1}). This implies that H |
is isomorphic to a direct product of finitely many copies of Aut(Q; <) and some
cellular group. Finally, let us observe that if a permutation in G fixes an element of
7 !(a) then it also fixes the whole class 7! (a). This implies that in fact Gy = Hp
which finishes the proof of the theorem. -

REMARK 8.6. It follows from an easy calculation that G is P-oligomorphic then
so is G for every finite F C Dom(G).

As usual Theorem 8.5 can also be formulated in terms of structures which gives
us exactly Theorem 1.6.

THEOREM 1.6. Let 2 be a countable structure. Then the following are equivalent:

(1) u,(2) is at most polynomial.

(2) There exists an expansion of 2 by finitely many constants which is bidefinable
with a disjoint union of finitely many copies of (Q; <) and some cellular structure.

The relevance of Theorem 8.5 (or Theorem 1.6) in the context of CSPs is as
follows. We say that a countable w-categorical 2l is a model-complete core if the
closure of Aut(2) (in the set of all functions 4 — A) is equal to its endomorphism
monoid. We say that two structures 2l and B are homomorphically equivalent if
there exist homomorphisms between them in both directions. Note that in this case
CSP(2() = CSP(*B). By the results of [5] we know that every w-categorical structure
is homomorphically equivalent to a model-complete core which is unique up to
isomorphism and is also w-categorical. We also know that this model-complete
core always has at most as fast as the unlabelled growth profile of the original
structure (see for instance [24, Lemma 3.16]). For this reason in order to solve
the infinite-domain CSP dichotomy conjecture for structures with P-oligomorphic
automorphism groups it is enough to solve them for the ones which are model-
complete cores. We also know that for w-categorical model-complete cores adding
constants does not change the complexity of its CSP up to LOGSPACE reductions
[3]. Combining the argument above with Theorem 8.5 we obtain that every CSP over
a structure with P-oligomorphic automorphism group is LOGSPACE equivalent to
a CSP over a model-complete core whose automorphism group is a direct product
of finitely many copies of Aut(Q; <) and some cellular group.
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§9. Counting structures with not too fast unlabelled growth. In thissection we show
that Thomas’ conjecture holds for structures with not too fast unlabelled growth,
that is, every structure in .¥ has finitely many reducts up to interdefinability; or
equivalently every group in S has finitely closed supergroups. The idea of our proof
is similar to the one given in Section 5 of [24] where the statement is shown for
the special case of hereditarily cellular structures: we define some parameters such
that they never increase when taking a reduct, and such that up to bidefinability
there are only finitely many structures in . with any given finite upper bound on
these parameters. As a byproduct of our argument we also obtain that .# contains
countably many structures up to bidefinability; or equivalently S contains countably
many groups up to isomorphism.

DEFINITION 9.1. Let G be a permutation group. Then we write
e ¢(G) for the number of congruences of G, and
e w(G) for the supremum of the set
{laclg, /()] : x € Dom(G), E is a congruence of G, }.

OBSERVATION 9.2. The following are clear from the definition:

e If G is oligomorphic then e(G) and w(G) are finite.
o If E is a congruence of G then ¢(G/E) < ¢(G) and w(G/E) < w(G).
e IfG < H thene(H) < ¢(G).

We know the following from [24].

THEOREM 9.3. For all n,m € w there exist finitely many groups G € H, with
w(G) < m up to isomorphism.

Our plan in this section is to show an analogous statement for the whole class S,
and thereby show that every structure in . has finitely many closed supergroups.
By using the following observation it is enough to check the finiteness “up to
isomorphism.”

LEMMA 9.4. Let G be a closed oligomorphic group. Then the following are
equivalent:

(1) G has finitely many closed supergroups.

(2) G has finitely many closed supergroups up to isomorphism.

Proor. We know that G is the automorphism group of some w-categorical
structure 2. Then item 1 is equivalent to 2 having finitely many reducts up to
interdefinability and item 2 is equivalent to 2 having finitely many reducts up to
bidefinability. The equivalence of these conditions then follows from Proposition
6.37 in [8]. .

We start by a couple of easy observations about the functions w and e.

LemMma 9.5. Let (G.G*.xn) be a cover. Then ¢(G*) < &(G). Furthermore, if all
binding groups of (G, G*, rt) are transitive then w(G*) < w(G).

Proof. The first claim is clear since for every congruence £ of G* the relation
7 '(E)isacongruence of G. For the other claim, let us pick an x € X* := Dom(G*),
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and a congruence of E* such that G /E* has w(G*) many finite orbits. Let 4 :=
7 '(x) and pick an element a € 4. We claim that u,(G,) = p(Gy4y). Clearly,
we have G, C Gy4y. and thus u;(G,) C uz(G4y). For the other containment, let
us assume that g € Gy4,. Then by our assumption we know that there exists a
h € ker(u,) such that 4#(g(a)) = a. Then hg € G, and u,(hg) = u.(g). Now let
E be the inverse image if £* on X := Dom(G). Then clearly E is a congruence
of G, and thus it is also a congruence of G, C Gy). Since u(Ga) C tz(Gyay)
and ~,C E we obtain that G, /E ~ G, /E ~ G/E*.Inparticular. |aclg, £ (0)| =
|laclg, /g+(0)] = w(G*), and thus w(G) > w(G*). .

PROPOSITION 9.6. Let G € H. Then ¢(G) > rk(G).

ProoF. We show this by induction on rk(G). For tk(G) = 0 there is nothing
to show. Otherwise, tk(G) can be written as G(H: Ny..... N;) with tk(H) =
tk(G) — 1. Thus, by the induction hypothesis we have ¢(H) > rk(G) — 1. Let us
observe that for all congruences E of H the relation E' = {((a.n). (b.n) : (a.b) €
E} isacongruence of G. Since none of these congruences include the full congruence
Dom(G) x Dom(G) we have ¢(G) > ¢(H) + 1 > k(G). .

Next we show that for a fixed group G* € H and a d € N there exist only finitely
many non-isomorphic groups G = £(G, G*, D) where the triple (G, G*, D) is as in
item 2 of Theorem 7.10.

Note that by Remark 7.2 we can always choose the group G such that all of its
fibers have size at most 5. We first show that under these constraints there are finitely
many options for G up to isomorphism.

LemmA 9.7. Let n € w. Then every hereditarily cellular group has only finitely
many covers with maximal fiber size at most n up to isomorphism.

ProoF. We prove the lemma by induction on the rank. For finite-degree groups
there is nothing to prove. Now let us fix some group G* € H of rank at least
1, and let (G.G*.n) be a finite cover of G*. By Lemma 6.3 we can assume
without loss of generality that (G, G*, ) € A. This means that we can find some
groups H.....No. Ni..... Ny, H*. N§. ..., N and a finite cover (H. H*.p) € A as
in Definition 6.2. By the definition of the rank we know that ranks of all groups
H* N{..... N} are at most rk(G*). Clearly, all the fibers of all the covers (H. H*, p)
and (Ni. N;*. plpom(y;)) have size at most n. Thus, by the induction hypothesis there
are only finitely many options for the cover (H, H*, p) and the groups Nj. .... Ny up
to isomorphism. Since these groups determine the cover (G, G*. ) we obtain that
G* has only finitely many finite covers with maximal fiber size at most 7. —

LemmA 9.8. Let G* € H, and d € N. Then up to isomorphism there exist finitely
many groups G € Sq which are isomorphic to some group L(G.G*,D) where
(G.G*, D) is as in item 2 of Theorem 7.10.

ProOF. As we argued above, we can assume that the maximal fiber size of the

cover (G, G*, m») is at most 5. Since G* is oligomorphic, and D must be constant on
each orbit it is enough to show that D(a) = (F,. B,. ¢.) can only take finitely many
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values for a given @ (up to renaming the elements of Dom(F,)). By Theorem 5.27 we
know that there are only finitely many possibilities for the pair (F,, B,). and since
|F, : B,|isfinite there are also only finitely many options for the homomorphism ¢,,.

_{

LEMMA 9.9. Letd,n,m € w.d > 1. Then there exist finitely many groups G € S
with e(G) < n and w(G) < m up to isomorphism.

PROOF. Suppose that G satisfies the conditions of the lemma. Let (G, G*, D)
be as in item 2 of Theorem 7.10. Since G is a cover of G* with transitive binding
groups we have ¢(G*) < ¢(G) < n and w(G*) < w(G) < m. Combining this with
Proposition 9.6 and Theorem 9.3 we obtain that there are finitely many possibilities
for the group G* up to isomorphism. Then the statement of the lemma follows from
Corollary 9.8. o

The following is a direct consequence of Lemma 9.9.

COROLLARY 9.10. S contain countable many groups up to isomorphism. Equiva-
lently . contains countably many structures up bidefinability.

Now we are ready to prove Thomas’ conjecture for the class .7.

THEOREM 9.11. Every group in S has finitely many closed supergroups. Equivalently,
every structure in . has finitely many reducts up to interdefinability.

Proor. Let G € S. Then by Corollary 7.11 we know that G € S; forsome d € N.
Now let G be a closed supergroup of G. Then G " is also contained in S;. Moreover,
we have ¢(G1) < &(G) and w(G*) < w(G). Therefore, by Lemma 9.9 there are
finitely many possibilities for the group G+ up to isomorphism. The statement of
the lemma then follows from Lemma 9.4. -

Note that since every structure in . is finitely homogenizable (see Corollary 7.14),
it follows that all these structures indeed fall into the scope of Thomas’ conjecture.

§10. Interpretation of structures with not too fast unlabelled growth. In this section
we show that all structures in .# are interpretable in (Q; <). Our strategy is to use
Theorem 7.12 by showing that all constructions listed in the theorem preserve
interpretability in (Q; <).

DerINITION 10.1. Let 2 and 93 be structures. We say that I is an interpretation of
% in A if there exists some d €  such that / is a partial surjective map from 4 to

B such that for every atomic formula ¢ (x. ..., x; ) in the signature of 98 the relation
I''(R) :={(a].....a".....a}.....al") B = p((a]....al)....1(a].....al))}
is definable in 2I.

We say that 21 interprets B, or B is interpretable in 2, if there exists an
interpretation of 98 in 2. For a fixed structure 2 we write 1(2() for the class of
structures which are interpretable in 2.

Let us consider some interpretation / as in the definition above. By applying
the definition for the formula (x = x) we see that the domain set of I needs to be
definable. Moreover, by applying the definition for the formula (x = y) we obtain
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that the kernel of the map I : Dom(/) — B also needs to be definable in . This
means essentially that the domain set of B can be thought of as a definable quotient
of some definable substructure of some power of 2 and every relations of 8 needs
to be represented by some set of tuples which are also definable in 2.

We start with some easy observations about interpretability in a given structure.

LemMMmA 10.2. Let A, 58, € be relational structures such that A has at least two
elements, 6. ¢ € 1(A) and B and € have disjoint signatures. Then B W € and B €
are interpretable in 2.

Proor. Let I: 49 - B and J:A4° — C be interpretations of B and ¢,
respectively. We can assume without loss of generality that d = e and that B and C
are disjoint.

Let us define the partial map

I(al, ,ad) ifad+1 =dg42

[+J:A4? 5 BUC (ay,....aq.0) — ,
* I(al, ,ad) 1fad+1 7é agjy2

wherever it is defined. Then it is easy to see that / 4 J is an interpretation of 8 & €
in 2A.
For the other claim we simply consider the partial map

IxJ: A% 5 BxCl(a,...a00) — (I(ay.....as). J(agii. ... azq))

wherever it is defined. Then it can be checked easily that / x J is an interpretation
of B in 2. !

COROLLARY 10.3. Let us assume that 2 has at least two elements, and B € 1(2).
Then every strongly split finite cover of B is interpretable in .

Proor. Clearly. every structure interprets the one-element pure set as witnessed
by the constant map. Itis also clear that 1(2() is closed under taking reducts, therefore
it is enough to show that every strongly trivial finite cover of ‘B is interpretable
in 2, ie., for all finite subsets (F;=)1% € I(A). This follows directly from
Lemma 10.2. -

THEOREM 10.4. . C I(Q: <) and 7 C (w: =).

ProOF. By Theorem 5.2 we know that all finite covers of reducts of (Q; <) are
reducts of some strongly split finite cover of (Q: <). Therefore, by Corollary 10.3
all these structures are interpretable in (Q: <). Then the statement of the theorem
follows from Theorems 7.12 and 2.22 and Lemma 10.2. -
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