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Abstract

We continue the study of n-dependent groups, fields and related structures, largely motivated by the conjecture that
every n-dependent field is dependent. We provide evidence toward this conjecture by showing that every infinite n-
dependent valued field of positive characteristic is henselian, obtaining a variant of Shelah’s Henselianity Conjecture
in this case and generalizing a recent result of Johnson for dependent fields. Additionally, we prove a result on
intersections of type-definable connected components over generic sets of parameters in n-dependent groups,
generalizing Shelah’s absoluteness of G% in dependent theories and relative absoluteness of G% in 2-dependent
theories. In an effort to clarify the scope of this conjecture, we provide new examples of strictly 2-dependent fields
with additional structure, showing that Granger’s examples of non-degenerate bilinear forms over dependent fields
are 2-dependent. Along the way, we obtain some purely model-theoretic results of independent interest: we show
that n-dependence is witnessed by formulas with all but one variable singletons; provide a type-counting criterion
for 2-dependence and use it to deduce 2-dependence for compositions of dependent relations with arbitrary binary
functions (the Composition Lemma); and show that an expansion of a geometric theory T by a generic predicate is
dependent if and only if it is n-dependent for some 7, if and only if the algebraic closure in T is disintegrated. An
appendix by Martin Bays provides an explicit isomorphism in the Kaplan-Scanlon-Wagner theorem.

1. Introduction

A classical line of research in model theory, both pure and applied, aims to determine properties of
algebraic structures, such as groups and fields, that satisfy certain model-theoretic tameness assumptions.
This is analogous to the study of algebraic or Lie groups in algebraic or differential geometry, but
instead of considering groups definable in a specific structure like C or R, one typically considers
groups definable in a class of first-order structures with some restrictions on the complexity of their
definable subsets. Some of the most striking applications of model theory are based on a detailed
understanding of definable groups in certain specific contexts of this kind (e.g. Hrushovski’s proof of
the Mordell-Lang conjecture for function fields [24] is based on the theory of stable groups, applied to
groups definable in differentially closed and in separably closed fields). But even if one is only interested
in abstract classification of first-order structures, the study of definable groups unavoidably enters the
picture (e.g. through Zilber’s work on totally categorical structures [47] or Hrushovski’s theorem on
unidimensional theories [23]). In the case of model-theoretically tame fields, one often expects not
only to deduce some of their general properties, but in fact to obtain an explicit algebraic classification.
Probably the first result of this type is Macintyre’s proof that all 8y-stable fields (roughly speaking,
fields admitting a Zariski-like notion of dimension on their definable subsets) are algebraically closed
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[33], generalized by Cherlin-Shelah to the larger class of superstable fields [9]. Some of the longest-
standing conjectures in model theory that played a fundamental role in the development of the area are
asking for characterizations of this type, such as Podewski’s conjecture whether all minimal fields are
algebraically closed [37], or the stable field conjecture asking if all stable fields are separably closed
(see e.g. [29]), and we discuss some further examples below.

In this article, we continue the study of groups, fields and related structures satisfying a model-
theoretic tameness condition called n-dependence, for n € N, initiated in [22] and continued in [11].
The class of n-dependent theories was introduced by Shelah in [40], with the 1-dependent (or just
dependent) case corresponding to the class of NIP theories that has attracted a lot of attention recently
(see e.g. [42] for an introduction to the area). Basic properties of n-dependent theories are investigated
in [14]. Roughly speaking, n-dependence of a theory guarantees that the edge relation of an infinite
generic (n + 1)-hypergraph is not definable in its models (see Definition 2.1). For n > 2, we say that a
theory is strictly n-dependent if it is n-dependent but not (n — 1)-dependent.

This paper is largely, but not exclusively, motivated by the following conjecture.

Conjecture 1.1. There are no strictly n-dependent fields for n > 2 (in the pure ring language).

We expect that the same should hold for fields expanded with some natural operators such as,
for example, derivations or valuations. We also expect a generalization to type-definable fields: every
field type-definable in an n-dependent structure is isomorphic to a field type-definable in a dependent
structure. Some initial evidence toward Conjecture 1.1 is given by the results in [22]: every infinite
n-dependent field is Artin-Schreier closed (generalizing [31] for n = 1); every non-separable PAC
(i.e. pseudo-algebraically closed) field is not n-dependent for any n (generalizing [19]). In particular, for
fields with (super-)simple theories, our Conjecture 1.1 follows from the well-known conjecture that all
such fields are (bounded) PAC (see e.g. [36]). On the other hand, combined with Shelah’s conjectures
on dependent fields discussed below, Conjecture 1.1 leads to a complete classification of n-dependent
fields.

In this paper, we obtain some new results about n-dependent groups and fields, in part providing
further evidence for Conjecture 1.1 and clarifying its scope, and in part generalizing the known results
about dependent or 2-dependent structures. First, we prove Shelah’s Henselianity Conjecture for n-
dependent valued fields of positive characteristic in Section 3 (this generalizes Johnson [27] for n = 1
and, toward Conjecture 1.1, demonstrates that a known property of dependent fields also holds for all
n-dependent fields). Additionally, we establish a result on intersections of type-definable connected
components over generic sets of parameters in n-dependent groups in Section 4, generalizing Shelah’s
theorems on absoluteness of G% in dependent theories and relative absoluteness of G for 2-dependent
theories. While we do not have any direct application of this result toward Conjecture 1.1 at the moment,
the n = 1 case is a fundamental property of dependent groups and is used extensively in Johnson’s
classification of dependent fields of finite dp-rank [27, 28], so we expect it to be useful in the future
study of Conjecture .1 and its aforementioned generalization to type-definable fields in n-dependent
structures. Second, we provide new examples of strictly 2-dependent fields with additional structure by
showing that Granger’s examples of non-degenerate bilinear forms over dependent fields are strictly 2-
dependent in Section 6 (demonstrating in particular the necessity of the pure ring language assumption
in Conjecture 1.1). Our proof of this relies on establishing some general results on n-dependent theories,
possibly of independent interest: a reduction of the n-dependence of a theory to formulas with all but one
of its variables singletons (Section 2), a type-counting criterion for 2-dependence and the Composition
Lemma showing 2-dependence of compositions of dependent relations with binary functions (Section
5). And third, we show in Section 7 that an expansion of a geometric theory T by a generic predicate
is dependent if and only if it is n-dependent for some n, if and only if the algebraic closure in T is
disintegrated (generalizing the n = 1 case from [6]). While not directly related to Conjecture 1.1, this
gives an example of a class of structures (expansions of geometric structures by a generic predicate) for
which n-dependence is equivalent to dependence, the behavior predicted for fields by Conjecture 1.1,
and the authors hope that some of the arguments might be useful in the future for the original question.
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In the rest of the introduction, we discuss these results in further detail and overview the structure of
the paper.

One of the results in [14] gives a characterization of n-dependence in terms of generalized in-
discernibles (indexed by ordered random partite n-hypergraphs) and demonstrates, using this charac-
terization, that in order to verify n-dependence of a theory it is enough to check that every formula
o(x;y1, ..., yn) with at least one of the tuples of variables x, yy, . . . , y, singleton is n-dependent (gener-
alizing the well-known theorem of Shelah for dependent theories). In Section 2, we refine and generalize
some of these results allowing indexing structures of larger cardinalities and obtaining a better reduction
to singletons: a theory T is n-dependent if and only if every formula ¢(x, y1, ..., y,) such that all but
at most one of the tuples x, yi, ..., y, are singletons is n-dependent (Theorem 2.12).

In Section 3 (which is self-contained except for the results in Appendix A), we obtain further evidence
toward Conjecture 1.1 in the case of valued fields. The question of classifying dependent (valued) fields
is currently an active area of research motivated by various versions of Shelah’s Conjecture, which in
particular predicts that every infinite dependent valued field is henselian. A recent result of Johnson
[27, 28] confirms this for valued fields of positive characteristic. In Theorem 3.1, we generalize this
by showing that every n-dependent valued field of positive characteristic is henselian, for arbitrary
n. As in Johnson’s proof, the theorem is deduced by showing that any two valuations on an infinite
n-dependent field of positive characteristic must be comparable. In the case of n = 1, this lemma
can be quickly obtained using Artin-Schreier closedness of dependent fields and absoluteness of the
connected component G (in fact, an application of Baldwin-Saxl is sufficient). However, replacing
the absolute connected component with a weaker condition for intersections of uniformly definable
families of subgroups available in n-dependent theories (Proposition 3.9) requires a detailed analysis
of the effect that the isomorphism for special linear groups from Kaplan-Scanlon-Wagner [31] has on
multiple valuations. We are able to carry it out, relying in particular on the explicit description of this
isomorphism given by Bays in Appendix A. Concerning the (open) case of characteristic 0, in Section
3.5 we observe that the model completions of multi-ordered and multi-valued fields with at least two
orders (respectively, valuations) as studied in [45, 30] are not n-dependent for any #.

Given a definable group G and a small set of parameters A (see Section 2.1 for the definitions of
‘small’, ‘saturated’, etc.), we denote by Ggo the intersection of all subgroups of G of bounded index type-
definable over A (see Section 4.1 for more details). A crucial fact about definable groups in dependent
theories, due to Shelah, is that for every small set A, one has G = G [39]. This can be viewed as
an infinitary analog of the Baldwin-Saxl condition on intersections of uniformly definable families of
subgroups in dependent theories [2]. In [4 1], Shelah established the following result for groups definable
in 2-dependent theories: let M be a sufficiently saturated model, and let b be a finite tuple in M (and not
contained in M in the case of interest); then Gg\%ub = Gg\?[ NGY, for some small set C € M. In Section
4 (which is self-contained), we generalize this result from 2-dependent groups to n-dependent groups.
Specifically, we show that if 7' is n-dependent and G = G (M) is a type-definable group (over 0), then
for any small model M and finite tuples by, . .., b,_; sufficiently independent over M in an appropriate
sense, we have that

00 _ 00 00
GMUblU---Ubn_l - m GMU”)[U...Ubi_|Ubi+1U...Ubn_] N GCUb]U---Ubn_]

for some C C M of absolutely bounded size (Theorem 4.9 and Corollary 4.10). In other words,
the intersection of all subgroups of G of bounded index type-definable over M U by U --- U b,_| is
already given by the intersection of a (potentially) smaller collection of subgroups containing only
boundedly many groups whose definitions involve all n — 1 of the parameters b1, ..., b,_; at the same
time. Our independence assumption on the parameters holds trivially in the cases n = 1,2 giving the
aforementioned results for dependent and 2-dependent groups, and in general can be achieved assuming
that the b;’s appear as the vertices of an amalgamation diagram with respect to the independence relation
of being a k-coheir (see Definition 4.8 for the precise definition of our independence assumption). While
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this result has no direct applications to Conjecture 1.1 at the moment (in our proof of Theorem 3.1 we
only needed a chain condition for uniformly definable families of subgroups from Proposition 3.9), we
expect that it will be useful in the future, in particular for the aforementioned variant of Conjecture 1.1
for type-definable fields.

Next, we consider the limitations of Conjecture 1.1 (in terms of the additional structure allowed on
the field) and try to place it in a more general model-theoretic setting. In [22], it was observed that the
theory of a bilinear form on an infinite dimensional vector space over a finite field is strictly 2-dependent.
In fact, all of the previously known ‘algebraic’ examples of strictly n-dependent theories with n > 2
tend to look like multi-linear forms over finite fields. For example, smoothly approximable structures
are 2-dependent and coordinatizable via bilinear forms over finite fields [8]; and the strictly n-dependent
pure groups constructed in [11] using Mekler’s construction are essentially of this form as well, using
Baudisch’s interpretation of Mekler’s construction in alternating bilinear maps [3]. In Section 6, we show
that one can replace finite fields by arbitrary dependent fields in these examples. Namely, we investigate
n-dependence for theories of bilinear forms on vector spaces with a separate sort for the field, in the sense
of Granger [21]. We show that all such theories are 2-dependent assuming that the field is dependent,
and that the assumption of dependence is necessary (see Theorem 6.3). Combined with the fact that
the intersection conditions on the connected components discussed above resemble modular behavior
in the 2-dependent case, this leads one to speculate that n-dependence of a theory might imply some
form of ‘linearity relative to the dependent part’. While formulating this precisely appears difficult at the
moment, we view Conjecture 1.1 as a specific instance of this general principle. Our proof of Theorem
6.3 relies on the criterion for n-dependence in terms of generalized indiscernibles from Section 2, and
on some additional purely model-theoretic results contained in Section 5 that we now describe.

In [14], a generalization of the Sauer-Shelah lemma to n-dependent formulas is given, in particular
demonstrating that a formula ¢(x;yy,...,y,) is n-dependent if and only if the number of @-types
over an arbitrary large finite set A of parameters is bounded by 241" for some &£ = &(¢) € Rso.
Concerning the number of types over infinite sets of parameters, a well-known theorem of Shelah [38,
Theorem I1.4.11] shows that if ¢(x, y) is dependent, then the number of ¢-types over an infinite set of
parameters of size « is at most ded(k), where ded(x) is the supremum over the number of Dedekind
cuts in a linear order of cardinality «. In Section 5.1, we show that a theory is 2-dependent if and
only if the following type-counting criterion is satisfied. Let ¢ be a finite tuple and / an indiscernible
sequence of size x. Then the number of types over Ic that are realized cofinally in a sequence mutually
indiscernible to I is bounded by ded (k) (see Proposition 5.6 for details). In Section 5.2, this criterion
is combined with set-theoretic absoluteness to obtain a more general version of the following finitary
combinatorial statement of independent interest, the ‘Composition Lemma’. Let R C M3 be a ternary
relation definable in a dependent structure, and let f : M?> — M be an arbitrary (not necessarily
definable) function. Then the ternary relation R’(x,y,z) = R(f(x,y), f(x,z), f(y,z)) is 2-dependent
(Theorem 5.12). It is interesting to compare this to a line of results around Hilbert’s 13th problem
demonstrating that a function of arbitrary arity can be expressed as a finite composition of binary
functions (in the category of all functions, or of continuous functions on R — a celebrated theorem of
Kolmogorov and Arnold [1]). Our result can be viewed as saying that in such presentations, the outer
relation is necessarily ‘fractal-like’. It is worth mentioning that some other connections of n-dependence
to finitary hypergraph combinatorics are considered in [44] (in connection to hypergraph growth) and
in [17] (which establishes a strong regularity lemma for n-dependent hypergraphs demonstrating that
every n-dependent relation of arbitrarily high arity can be approximated by relations of arity n up to
measure 0). The Composition Lemma is applied in the proof of Theorem 6.3 to conclude 2-dependence
of certain basic atomic formulas involving the ‘generic’ binary function given by the bilinear form.

Finally, in Section 7 (which only depends on Section 2), we consider n-dependence for expansions
of geometric theories by generic predicates and relations of higher arity. In particular, we show that an
expansion of a geometric theory T by a generic predicate is dependent if and only if it is n-dependent
for some n, if and only if the algebraic closure in 7 is disintegrated (Corollary 7.13). This generalizes
the corresponding result for dependence in [6]. In Remark 7.8, we give an example showing that
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geometricity of 7 (or some other additional assumption) is necessary even for n = 1. Our proof for
relations of higher arity relies on an infinitary generalization of Hrushovski’s observation [25] that the
random n-ary hypergraph is not a finite Boolean combination of relations of arity n — 1.

2. Preliminaries and some general lemmas on n-dependence
2.1. Notation

We will be following standard model-theoretic notation; refer to, for example, [43, 34] for an intro-
duction to model theory. Usually 7 will denote a complete first-order theory in a language £ (possibly
multisorted), and M, N will be first-order L-structures. We recall that, given an infinite cardinal «, a
first-order structure M is k-saturated when for every set of formulas with parameters from a subset of M
of size < « in a fixed finite tuple of variables for which every finite subset of these formulas is satisfied
by a tuple in M, the whole set is satisfied by a tuple in M. Given a tuple a of elements in M and a
subset B of M, we denote by tp(a/B) the complete type of a over b (i.e. the collection of all formulas
with parameters in B satisfied by a). We write a =g a” when tp(a/B) = tp(a’/B). A structure M is
k-homogeneous if for any two finite tuples a, @’ and a set of parameters B in M with |B| < « for which
a =g a’, there exists an automorphism o € Aut(M/B) of M fixing B pointwise and sending a to a’.
We let M |= T be a monster model of T: that is, a k-saturated and x-homogeneous model of T for some
sufficiently large strongly inaccessible cardinal x = k(M). Once M is fixed, as usual we will say that a
subset of Ml (or just an arbitrary set/structure) is small if it has cardinality smaller than x(M). Given an
L-structure M = T and a single variable (of a prescribed sort of the language £), we write M, to denote
the corresponding sort of M. If x = (x, ..., x,) is a finite tuple of variables, we let M, := I—[?=1 My,

2.2. N-dependent formulas and their basic properties

We begin with the definition of n-dependent theories and some of the basic properties of n-dependent
formulas and theories.

Definition 2.1. A partitioned formula ¢ (x; yy, ..., y,) has the n-independence property (with respect
to a theory 7T) if, in some model of T, there is a sequence of tuples (al,l-, R an,i)i cw such that for every
s C w", there is a tuple b with the following property:

|: ‘p(bs;al,il"",an,in) 4 (ila*'-7in) €.

Otherwise, we say that ¢ (x, yi,. .., y,) is n-dependent. A theory is n-dependent if it implies that every
formula is n-dependent.

We simply say that a theory is dependent if it is 1-dependent. A structure M is n-dependent if Th(W)
is n-dependent.

Fact 2.2 [14, Proposition 6.5].

1. Let o(x,¥1,...,yn) and ¥y (x,y1,...,Vn) be n-dependent formulas. Then =@, ¢ ANy and ¢ V ¥ are
n-dependent.

2. Let ¢(x,y1,...,Yn) be a formula. Suppose that (w,z1,...,2,) Is any permutation of the tu-
ple (x,y1,...,yn). Then y(w,z1,...,24) = @(X,¥1,...,Yn) is n-dependent if and only if
©(x, Y1, .,Yn) is n-dependent.

3. A theory T is n-dependent if and only if every formula ¢(x, yi1, ..., yn) with |x| = 1 is n-dependent
(see also Section 2.4).

2.3. Generalized indiscernibles

We will often use a characterization of n-dependence from [14] in terms of generalized indiscernibles.

Definition 2.3. Fix a language Lf}pg = {R,(x1,...,Xn),<,P1(x),...,Py(x)}. An ordered n-partite
hypergraph is an Lgpg-structure A=(A;<,R,, Py,...,P,) such that:

https://doi.org/10.1017/fms.2021.35 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2021.35

6 Artem Chernikov and Nadja Hempel

1. A is the disjoint union P{L U...uPt

2. Rf is a symmetric relation such that if (ay,...,a,) € RnA then PI.A N{ai,...,a,} is asingleton for
every 1 <i < n.
3. <’ is alinear ordering on A with PIA <...<Pl

Fact 2.4.

1. [14, Proposition A.5] Let X be the class of all finite ordered n-partite hypergraphs. Then X is a

Fraissé class, and its limit is called the generic ordered n-partite hypergraph, denoted by G .

2. [14, Remark 4.5] An ordered n-partite hypergraph A is a model of Th(G,,,p) if and only if:

) (Pl.A, <) is a dense linear order without endpoints for each 1 <i < n.

o Forevery 1 < j < n, finite disjoint sets Ao, A1 C [1<i<n,izj Plfq and by < by € ij.l, there is
some b € P]A such that bg < b < by and: R, (b, a) holds for every a € Ag and =R, (b, @) holds
for everya € Ay.

We denote by Oy, , the reduct of G, p, to the language £g, = {<, P1(x), ..., Pu(x)}.

Remark 2.5. Itis easy to see from the axiomatization in Fact 2.4(2) that given G, , and any non-empty
intervals I; € P, fort =1,...,n, the set I} X ... X I,, contains an induced copy of G, ;,.

Definition 2.6. Let T be a theory in a language £, and let M be a monster model of T'.

1. Let I be astructure in the language £o. We say thata = (a;);¢;, With a; a tuple in M, is I-indiscernible
over a set of parameters C C M if for all n € w and all iy, . . ., i, and jo,. .., j, from I, we have

qftp, (o, - - -»in) = qftps, (Jo, - -5 Jn) =

tpe (aio,...,a,-n/C) =1tpg (ajo,...,ajn/C).

2. For Lo-structures I and J, we say that (b;);c; is based on (a;);c; over a set of parameters C C M
if for any finite set A of £(C)-formulas, and for any finite tuple (jo, .. ., j,) from J, there is a tuple

(ig, . . . ,ip) from I such that:
o gftps, (jo,---»Jn) =dftps, (o, ..., i) and
o tpp (bj(), cee, an) = tpa ((1,’0, - ,ain).

The following general fact is used to find G, p-indiscernibles.
Fact 2.7 [14, Corollary 4.8]. Let C C M be a small set of parameters.

1. Foranyn € wand a = (ag) , there is some (bg) that is O, ,-indiscernible over C and

geon,p geon,p

based on a over C.

2. Foranyn € wand a = (ag) , there is some (bg) that is G, p-indiscernible over C and

g€Gn p g€Gn p

based on a over C.
Using this, we can characterize n-dependence of a formula as follows.
Proposition 2.8. The following are equivalent, in any theory T.

1. ¢o(x;y1,...,Yn) is not n-dependent.

2. There are tuples b and (ag)geG,, , such that
(a) (ag)ge(;n’p is Oy, p-indiscernible over O and G, p-indiscernible over b;
) FEo(bsag,,...,ag,) & GunpFERy(81,...,8n) forall g; € P;.

3. (2) holds for any small G}, , = G, in the place of G, p.

Proof. The equivalence of (1) and (2) is the equivalence of (a) and (c) in [14, Lemma 6.2], and (3)
implies (2) is obvious. Given a witness to (2), we can find a witness to (3) by compactness as every
finite substructure of G}, ,, appears as a finite substructure of G, O
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Additionally, we have the following ‘formula-free’ characterization of n-dependence of a theory.

Proposition 2.9. Let T be a complete theory, and let M | T be a monster model. Then for any n € N,
the following are equivalent:

1. T is n-dependent.
2. For any (ag)geG,,,p and b with ag, b finite tuples in M, if (ag)geG,,,p
and Oy, p-indiscernible (over 0), then it is O, p-indiscernible over b.

3. For any small G}, , = G, p, (ag)geG;w and b, if (ag)geG;w, is Gy, ,-indiscernible over b and

is G, p-indiscernible over b

O, p-indiscernible, then it is O}, ,-indiscernible over b (where Oy, , is the £j,-reduct of G, ,,).

Proof. The equivalence of (1) and (2) is [14, Proposition 6.3], (3) implies (2) is obvious, and we show
that (2) implies (3). Assume that (3) fails: that is, there exist some G, p = Gup, (a g) and b small

tuples such that (agz)

8€Gh,p
2€Gp is 0, ,-indiscernible, G, ,-indiscernible over b, butnot O}, ,-indiscernible
over b. By definition, this is witnessed by some finite set of formulas and some finite set of indices from
G, p- Restricting all of the a,’s and b to the corresponding subtuples appearing in those formulas, we
may assume that (3) fails with all of b and a, finite. Moreover, we can choose a countable elementary
submodel of G;, ,, containing all of the indices witnessing failure of indiscernibility. It is isomorphic to
Gn,p by No-categoricity of Th(Gp, ), hence restricting (ag)geg;, , to the corresponding set of indices
we get a failure of (2). ]

2.4. Improved reduction to singletons

In this section, we will improve Fact 2.2(3) by showing that T is n-dependent if and only if every formula
in which all but at most one of its variables are singletons is n-dependent (as opposed to ‘at least one of
the variables is a singleton’ as in Fact 2.2(3)).

To do so, we need some auxiliary results. First we refine the equivalence of (1) and (2) in Proposition
2.9, making explicit the correspondence between the variables of a formula that is not #n-dependent and
the sorts of the tuples in a generalized indiscernible witnessing it. In the proof below, we are following
the proof in [14, Proposition 6.3] with some modifications.

Proposition 2.10. Fix n > 1, and let x,yy,...,yn—1 be some fixed finite tuples of variables. The
following are equivalent:

L. There exists some (ag)geG, , With ag € My, forall g € P;, 1 <i <n-1andag € My, for some
finite tuple of variables y, and all g € Py, and b € My such that (ag)gcg, , i5 Gn,p-indiscernible
over b and O, p-indiscernible over 0O but is not O, p-indiscernible over b.

2. There exists some formula ¢(x,y1,...,Yn—1,Y,) that is not n-dependent, with y./ some finite tuple
of variables.

Proof. We obtain immediately that (2) implies (1) by the implication (1) = (2) in Proposition 2.8,
with y;, =y

To prove (1) implies (2), let (ag)gec, , and b be as given by (1). We define a, := a, for all
8 € Ui<i<n Pi and a’g = agb for all g € P,. We have that (a(’g)gecmp is not O, p-indiscernible
but is G, p-indiscernible (over 0), from the corresponding properties of (ag)gec, , over b. Namely,
by assumption, there are some finite subsets V, W C G, ,, with the Lp-isomorphic induced structures
such that (ag)gev #p (ag)gew. Then taking some i € P, above all of the elements of V U W with
respect to the order on P,,, we have that Vi =% Wh. However, since the tuple a ;1 contains b, we have
(aé)gEVh # (aé)gEWh~

Then by [14, Proposition 5.8], there are an Lopg-substructure G’ € G, , a finite set V c G, ,, and
aformula Y (y1,...,Yn-1,¥n,2) € £ such that §, = y,x, z is a finite tuple of variables corresponding
to a fixed enumeration (ag)gey of V, and
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1. G' =fox G, .

2. Gnp F Ra(81,-..,8n) ifand only if |F Y (ag . ..., ag . (ag)gev), for every g; € Pi(G’).

3. For every finite W, W’ C G’, we have WV =%*o W’V whenever W =% W’

Let o(x,y1,...,Yn-1,y,) be the formulay (yi,. .., yn-1,y,x, z) with y;/ := y/ z, and let ag ==agz =ag
for g € Pi(G’),1 <i < n-1,andlet ay := ag(ap)yey for g € P,(G’). Then (ay)gec is Lop-
indiscernible (by Lop-indiscernibility of (ag)geg, , and the choice of V), and ¢ (b, ay,, ..., ag ) holds
if and only if R,(gy,...,gn) does, for all g; € P;(G’). Then ¢ is not n-dependent by (2)=(1) in

Proposition 2.8. O

Lemma 2.11. Let yy, ..., y,—1 be some fixed finite tuples of variables. If the condition (1) in Proposition
2.10 holds for some finite tuple of variables x, then it already holds with x a single variable.

Proof. We assume that (1) fails for |x| = 1 and prove that then it fails for any tuple of variables x by
induction on |x|. So let b € M, with |b| > 1 be given, say b = by b, for some tuples 1 < |by|, |b2| < n.
And assume that (ag)geG, , With a; € My, for g € P;,1 < i < n— 1 is such that (ag)geg, , is
G, p-indiscernible over b and O, p,-indiscernible over 0. We need to show that (ag)seg, , is On,p-
indiscernible over b.

In particular, (ag)geG, , 18 Gy, p-indiscernible over b;; hence it is also O, ,-indiscernible over b,
by the inductive assumption. Let ay, := ag for g € P;,1 <i <n—1,andletay := agh; for g € Py.
Note that (a’g)gggn’p is G, p-indiscernible over by, and is O, ,-indiscernible over @ by the previous
sentence. Applying the inductive assumption again, we conclude that (ag)geG,, is On,p-indiscernible
over by; hence (ag)geG, , is On,p-indiscernible over b = b1 b,. |

n.p

Using this, we can finally strengthen Fact 2.2(3).
Theorem 2.12.

1. Assume that the formula ¢(x,yi,...,yn) is not n-dependent. Then there is a formula
@ (X', Y15 s Yn-1,Y,,) that is not n-dependent, and such that x' is a single variable and y), is some
finite tuple of variables extending y,,.

2. A theory T is n-dependent if and only if every formula ¢(x, y1, ..., y,) such that all but at most one
of the tuples x, y1, . .., y, are singletons is n-dependent.

Proof.

(1) By Lemma 2.11 and the equivalence of (1) and (2) in Proposition 2.10.

(2) Assume that some formula ¢(x, yi,...,y,) is not n-dependent. Applying (1), we find some
formula ¢’ (x’,y1,...,Ys-1,y)) that is not n-dependent, x’ is a singleton, and y) is a tuple of
variables extending y,. Exchanging the roles of x’ and y; by Fact 2.2, we thus obtain a formula
C1(V1, Y] Y20+ s Yn-1s yl) that is not n-dependent and | ¥i| = 1. Repeating the same procedure recur-
sively with y; in the role of yy, for 1 <i < n — 1, we find formulas

‘Pi(yis)’i,~~,yl’-,)’i+1,-~~a)7n—17y£l)

that are not n-dependent, | y;.| = 1forl < j < i and y{f“l extending y{l. Finally, taking
On-1(Yn-1 Y1+ Vi1 y"~1) and applying (1) one more time, we obtain the desired formula with
all but the last variable singletons. O

3. N-dependent valued fields

The main result of this section is the following theorem generalizing a recent result of Johnson [27]
fromn=1toalln € N.

Theorem 3.1. If (K, O) is an infinite valued field of positive characteristic and Th(K) is n-dependent
for some n € N, then K is henselian.

https://doi.org/10.1017/fms.2021.35 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2021.35

Forum of Mathematics, Sigma 9

From now on, let K be an infinite field of characteristic p > 0 and O; a valuation ring on K for
i = 1,2. We additionally fix the following notation:

o Fori = 1,2, let m; be the maximal ideal of O;.
o LetJ :=m; Nmy.

Fact 3.2 [27, Remark 2.1]. Assume O and O, are incomparable (i.e. none of them is contained in the
other). Then
(a+m)N(b+my) #0

foranya € Oy and b € O,.

Definition 3.3. We say that b € K is an Artin-Schreier root of a € K if a = bP? — b. We call K
Artin-Schreier closed if every element of K has an Artin-Schreier root in K.

Recall the following.

Fact 3.4 ([31] for n = 1, [22] for arbitrary n € N). Let K be an infinite field of positive characteristic,
such that Th(K) is n-dependent. Then K is Artin-Schreier closed.

Our main contribution is the following result.

Proposition 3.5. Suppose that (K, Oy, O;) is n-dependent and char(K) = p > 0. Then every element
in J has an Artin-Schreier root in J.

Being able to find an Artin-Schreier root in both maximal ideals simultaneously forces the corre-
sponding valuations to be comparable:

Corollary 3.6. If the structure (K, Oy, ;) is n-dependent and char(K) = p > 0, then Oy and O, are
comparable.

Proof. Assume not; then by Fact 3.2 with a = 0 and b = 1, there exists some w € m; N (1 +m;y). Let
y := wP —w. Now, as val; (w) > 0, we have that

val;(y) = val;(w) > 0.
Secondly, let z € my — that is, valp(z) > 0 — be such that w = 1 + z. Then

valy(y) = vala(w? —w) =valy ((1 +2)” = (1 +2z)) = valy(zP — z) = valp(z) > 0.

Thus y € J. However, the Artin-Schreier roots of y are exactly w,w + 1,...,w + p — 1, none of which
can lie in m; N'my = J. This contradicts Proposition 3.5. O

Then Theorem 3.1 follows from Corollary 3.6 exactly as in the proof of [27, Theorem 2.8] using that
n-dependence is preserved under interpretations. Our proof of Proposition 3.5 is given in Section 3.4,
but before presenting it we have to develop the following three main ingredients:

o A chain condition for intersections in uniformly definable families of subgroups in n-dependent
theories, discussed in Section 3.1

o An explicit version of the isomorphism for special linear groups from Kaplan-Scanlon-Wagner [31]
(see Section 3.2 for a discussion and Appendix A by Martin Bays for the proofs)

o A detailed analysis of what happens to the valuations of certain elements in the field when this
special isomorphism is applied (carried out in Section 3.3)

3.1. A ‘chain condition’ for intersections of definable subgroups in n-dependent theories
Recall the ‘chain condition’ for definable families of subgroups in n-dependent theories.

https://doi.org/10.1017/fms.2021.35 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2021.35

10 Artem Chernikov and Nadja Hempel

Fact 3.7 [22, Proposition 4.1]. Let G be a definable group, and let y (x; yo, . . ., yn—1) be an n-dependent
Sformula such that y(G; by, . . ., by—1) is a subgroup of G for any parameters by, . .., b,_1. Then there
exists some my, € w such that for any d > my, and any array of parameters (b; j : i <n,j < d), there

is some v € d" such that
() Ho= () Hu
nedn ned",n#v

where Hy, :=y(G; bo iy, ... bn-1,i,_,) forn = (io, ... in-1).

We generalize it to simultaneous intersections of several definable families of subgroups. Before we
do so, let us recall the partite version of Ramsey’s theorem.

Fact 3.8.

1. (Infinitary version) For every m,n € w and any function f : w" — m, there exist some infinite sets
50, ..., Sn—1 € w such that f s x.. xs,., IS constant.

2. (Finitary version) For every l,m,n € w, there is some R = R(l,m,n) € w such that for any
function f : R" — m, there are some sets sg, ...,Sp—1 C R with |sol,...,|su-1| = [ and such that

f rS()X“.Xsn,l is constant.

Proposition 3.9. Let G be a definable group, and for t < k let yr;(x; yo, ..., yn—1) be an n-dependent
formula such that (G, by, . . ., by—1) is a subgroup of G foranyt < k and any parameters by, . . ., by,_1.
Then there exists some m = m(Yo, . .. ,¥r—1) € w such that for any d > m and any array of parameters
(bi,j:i<n,j<d), thereisasinglev € d" such that for all t < k,

t _ t
= ()
nedn nedn,n#v

where H§7 =y (G boigs - s bu-tiy ) Jorn = (o, ... in-1).

Proof. We argue by induction on k, the base case k = 1 given by Fact 3.7. Let m; := m(y) and
my := m(Yy, ..., ¥r-1) be given by the inductive hypothesis. Let R := R(m3, m{,n) be given by Fact
3.8(2). We take m = m(¥o, . . . ,¥k—1) := Rm;.

Let an array B = (b;j : i < n,j < m) be given. For each v = (yp,...,¥s-1) € R", consider the
subarray

. — n
By = (b0,7<)m1+770’ s ’bn—1,7n71m|+77n71 i =(170,...,7n-1) € ml) .

By the choice of m, for each y € R", there is some v,, € mﬁ‘ such that

0 0

= . *

ﬂ H(70m1+770,---,7n71m1+77n71) ﬂ H(VOml+770’--->7n71ml+7]n—]) (%)

nemf nemi,n#vy
By the choice of R, there are some sets so, . . ., Sp—1 € R with |so| = ... = |s,—1| = m> such that v,
is equal to some fixed v’ = (V(I), e, V;H) € mﬁ’, forall y € sg X ...X s,-1. Consider the array
7 .
B = (bO,yom1+v(')’ cee ’bn—l,yn_1m1+v;!_l tyesi X, X Sn—l)~

By the choice of m;, there is some y’ € s; X ... X 5,1 such that

t
H =
ﬂ (Yormi+V{,....yn-1mi+v,,_,)
YESOX...XSp-1

N H Jforall 1 <t <k, (x)

(YoM +V{sees Yn-1mi+v,,_|
YESOX...XSp—1,YEY’
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’

Let v := (yjm1 +v{, ..., ¥,_ymi+v,_,). By () and (xx), we have

ﬂHﬁI: ﬂ H%forallOSt<k,

nemn nemn",n+v

as desired. ]

3.2. Special vector groups and their explicit isomorphisms

Let K be a field of characteristic p > 0. We let K be the algebraic closure of K, K a perfect subfield of
K, and let p(x) be the additive homomorphism x +— x” — x on K. We consider the following algebraic
subgroups of (K, +)":

Definition 3.10. For asingleton a in K, we let G, be equal to (K, +), and foratuple @ = (ao, . ..,an-1) €
K™ with n > 1, we define:

Gaz={(x0,...,xn-1) €K": ag-9(x0) =a; - p(x;) for0 <i<n}.

Recall that for an algebraic group G, we denote by G° the connected component of the unit element
of G (in the Zariski topology). Note that if G is definable over some parameter set A, its connected
component G coincides with the smallest A-definable subgroup of G of finite index (in K). We have
the following sufficient condition for connectedness of G ;.

dn-1

Fact 3.11 [22, Lemma 5.3]. Let @ = (ap, .. ., an_1) be a tuple in K* for which the set {alo, L }
is linearly Fp,-independent. Then G is connected.

Moreover, under the same assumption on @, these groups are isomorphic to the additive group of the

field:
Fact 3.12 [22, Corollary 5.4]. Let K be a perfect subfield of an algebraically closed field K, and let
a € X" be such that the set {alo, ey ﬁ} is linearly F,-independent. Then G is (algebraically)

isomorphic to (K, +) over K. In particular, for any field K with X < K < K, the group Gz(K) is
isomorphic to (K, +).

In Appendix A, Bays provides an explicit description of such an isomorphism that we now describe
to set up the notation.

Given arbitrary m € N and x, ..., x,, € K, the corresponding Moore matrix is the m X m matrix
X1 oo Xm
p p
Xy e Xy
M(xy,...,xm) = : . ,
pm—l m-—1
X . X

and the Moore determinant is A(xy, . ..,Xy) := det M (xy,...,x,). By Fact A.1, the set {xq,...,x}
is linearly independent over F,, if and only if A(x1,...,x,) # 0.

Now, fix @ = (ao, . . ., am) € K™ such that the set {al()’ R aL} is F,-linearly independent, and let

L L
A::M(ao”m,...,am”m).

J 1
m

Note that {ao R a;”m} is still an Fp,-linearly independent subset of X; hence A is invertible by
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Fact A.1. We define

[e1)) 0
a=| * [=a4a""],
Am—1
O 1
that is, a; = (A‘l)i’m € X for 0 < i < m. One still has that (ao, ..., @) are linearly F,-independent
(see Claim A.2); hence M (ayo, ..., ay) is invertible. Let 8; ; € X be the entries of the inverse matrix

of M(ay,...,a,;). Then we have:

Fact 3.13. The map f; : G3(K) — (K, +) given by
m
Ja(x0, ...y Xm) = Z @jx;
7=0

is a group isomorphism, and fa_‘1 : (K, +) —» Ga(K) given by

7@ = Zﬁi,j[pj 0<i<m

J=0

is its inverse.

3.3. The effect of the isomorphism f; on the valuation

For the rest of this subsection, we assume that O is a valuation ring on K, m is its maximal ideal, and
val is the corresponding valuation, and we fix some ay, . . ., am € X such that val(a;) # val(a;) for all
0<i#j<m

This implies in particular that {aio, —_—

, E} are F,-linearly independent (as the valuation of any F,-
linear combination is # oo0). Throughout this section, we let f = fz = Z;.":O ajx; be the isomorphism
Gsz(K) — (K,+) given by Fact 3.13. Let ap,...,@, € X be as defined in Subsection 3.2. We
will prove several technical lemmas that allow us to control val( f(xy,...,x,)) in terms of the tuple
(val(xy),...,val(x;)), and vice versa. To motivate this analysis, the reader might prefer to check how it
is used in the proof of Proposition 3.5 in the next section before going into the details of the calculations

here.
Remark 3.14. Assume (xg, ...,x,) € Gg; then
val(a;) + val(x!? — x;) = val(a;) + val(xf.’ - x;)

forall0 <i,j < m.
Additionally note that

val(x;) if val(x;) >0
val(x? —x;) = i
! pval(x;) ifval(x;) <0
and
val(x? — x;) > 0if val(x;) = 0.
Lemma 3.15. Suppose that 0 < val(ag) < --- < val(a,,). Then the sequence (val(a;) :i € {0,...,m})

is strictly increasing.
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In fact, for any 0 < i < m, we have

val(;) = —— val(a) + Z P a1(a,+.) > 0.

Proof. Recall that, by linear algebra, for each 0 < i < m, we have

1
i = A_l) = ——Cp,,
¢ ( im  det(A) ™

where C,, ; is the corresponding cofactor of A. That is,

1 1 1 1
N P T T ~pm
(-1 A(ao sees @ an L a, )

a; =

Now, we compute the valuation of the numerator and denominator separately. First,

. )\ —_
A(ao‘D R ): Z 51gn(7'r)( (0)) ~...-(aﬂ‘£’m))

neSym({0,...,m})

Leti < j; then

L 1 1 1
val (ai Pl'") = —17 val(a;) > —ﬁ val(a;) = val (aj Pl'”) .
1
Thus (val ( ) 0<i< m) is strictly decreasing. Using this, we see that
0

_L\P P _1mP° P
val (ao” ) . ~(amp ) < val (anfo)) -...'(aﬂfm))

for every non-identity permutation 7 € Sym ({0, ..., m}). Thus

L
Val(A(aO”m,...,a —Val(

1
- _ Z o7 val(aj).

7=0

Now we turn to the numerator:

1 1 1 1
pm pm T pm V2
A(“o R e R )_
. pj S p.l'*l
P l_[ P
s1gn( T a . a
en() ( nm) ( n(;))
neSym({0,...,i—1,i+1,..., m}) 0<j<i-1 i+1<j<m
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Again,

0<j<i- i+1<j<m
i—1 m
1 1
— Z pm—j Val(aj) - Z W Val(aj).
j=0 Jj=i+l

L T L L L
val(a;) = val (A (“o P alh a L ay” )) — val (A (“0 L ))

i-1 m m
1 1 1
=— Z pm—j val(aj) — Z W Val(aj) |- Z pm_f Val(aj)
=0 j=itl =0
m m
1 1 1
=- ———val(a;) + - val(a;) + ——val(a;)
m—j+1 J —i t m— J
j;l pmt p" j;l pm
1 SE 1
= pm—i Val(a,-) + Z (pm_l - W) Val(aj)
Jj=i+l
1 N p—1
= o val(a;) + Z P val(a;)
Jj=i+l
1 m-1 p- 1
= pmfi Val(ai) + Z pm*j Val(aj+1).
=i

Remark 3.16. Let 0 € Sym({0,1,...,m}) be an arbitrary permutation, and let a’ :=
(@c():---ao@m) Leta’ := (af,....a,,) be the tuple given in Fact 3.13 with respect to the tuple a’,
so that the map fz : G (K) — (K, +) given by fz (x0, ..., %n) = Z;"zo a}xj is a group isomorphism.
Then val (@) = val (@ (;)) forall 0 <i < m.
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Proof. As in the proof of Lemma 3.15, for any 0 < i < m, we have

- pm

1 | L
A (afr[(,O)” . "aal()i—l)’a(rl(iﬂ)’ . "a(T(m))

_ 1
A (ag?o) e ag?m))

val(e)) = val

1 1 __1 __1
(_])slgn(o' N (aO » a, . ao”()i)—l’ao'l()i)+]’ el )
= val 1 ;
(=1)sign(a) A (ao "o, am’)m )
= val (a(,(i)) .
where 0’ :=0 [ {0,...,0() - 1,0() +1,...,m}.

15

Corollary 3.17. Let 0 < | < m be arbitrary. Suppose that val(a,) < val(a;) forall0 < s # 1 < m;

then val(a;) = val(a;) and val(ay) < val(a;) forall0 < s <m,s # [.

Proof. Since all of the a;’s have different valuations by assumption, reordering and using Remark 3.16
we may assume that 0 < val(ag) < - -- < val(a,,) and [ = m. Then using Lemma 3.15, we immediately

obtain the result.

]

Lemma 3.18. Suppose that 0 < val(agy) < --- < val(a,,), and let y € K be such that val(a,,) < val(y).
Let (x0,...,Xm) € Ga(K) be such that f~'(y) = (xo, ..., Xm). Then val(x,,) = val(y) — val(a,,). In

particular, val(x,,) > 0.

Proof. By the formula for f~! in Subsection 3.2, we have that
m .
J
Y= ) Bmgy” s ()
j=0

where 8, ; is the (m, j)-entry of the inverse of the matrix

D = (arz.’i) ,0<i,j <m.
J ij

S0 Bm,j = 325 Cj.m» Where Cj p, is the (j, m)-cofactor of D. We determine the valuation of each of the

summands in () separately. Fix 0 < j < m; then

val(By,jy7") = val(B,j) + p’ val(y),
and

val(Bm, ;) = val(Cj ) — val(det D).

Again let us compute the valuations on the right hand side of the above equation separately. First,

_ ; P’
val(det D) = val Z sign(m) 1_[ iy
neSym({0,...,m}) i=0
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As val(a;) is strictly increasing with i by Lemma 3.15, note that val (Hﬁo a‘; i(l.)) is strictly minimal if

amapsitom —iforall0 <i < m.So

m ) m
val(det D) = val (l—[ af:i) = Zpi val(m_;).
i=0 i=0

Similarly,

val(Cj ) = Z sign(rr) na”(l) 1_[ an(z )"

neSym({0,...,m—1}) i=j+1

Again, as val(«q;) is strictly increasing with i, we conclude that

val l_[%@ 1_[ “n(z 1)

i=j+1

is strictly minimal if 7(i) = (m — 1) —iforall 0 < i < m — 1. Hence

val(Cj m) = val Ham 1t 1_[ a

i=j+1

~.
|
—_

P’ val (a1 + Z P val(am-i).
i=j+1

I
(=}

Thus

val(Bpm,j) = Val(Cj m) — val(det D)

~.
._.

ME ;M

pival (@n-1-0) + Z pival(am-;) - Zp val(@p-i)

i=j+1

p'val (@17) - (val(am)+2p val(ap-1)

i=0 i=1
j-1 j-1
= > P val (@) = val(am) = > p™ val(@1)
i=0 i=0
j-1
= —val(am) - ) (p™*' = p') val(@-1-0)

i=0

J
= —val(am) = ) p" (p = 1) val(@-).

i=1
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Note that for any 1 < j < m, we have

val (B, j-19"") = val (B j—1) + p’~" val(y)
=val(Bm,;) + p’ " (p — 1) val(am—;) + p/~" val(y)
< val(Bm,;) +pf val(y)
= val(Bym,;y"").

Thus val(B,,,0y) is strictly minimal amongst them, so

val(x,,) = val(Bm.0y) = — val(ay,) + val(y) = — val(a,,) + val(y)

using Lemma 3.15. O

Lemma 3.19. Let (xo, . ..,x;n) € G5(K) be arbitrary.

1.

2.

Assume that for a fixed 0 < | < m, we have that val(a;) > val(ag) for all0 < s # 1 < m and
val(x;) > 0. Then for any 0 < s # [ < m, if val(xg) > 0, we obtain val(asxs) > val(a;x;).

Suppose that 0 < s # t < m are such that val(a,) < val(a;), val(xy) = 0 and val(x;) > 0. Then
val(agxs) < val(a,x;).

Proof. Reordering the a;’s if necessary (relying on Remark 3.16), we may assume that 0 < val(ag) <

1.

2.

- < val(a,), so in particular [ = m, s < t and val(x,,) > 0 by assumption.

By Remark 3.14 and assumption val(xs) > 0, we have
val(xy) = val(a,,) — val(ay) + val(xh, —x,). (1)

Moreover, in general we have

1 p-1
st ;< s 1. (%
s+1<j<m

Then

val(agxs) = val(ay) + val(xy)

3.15 1 S p—1
5 s val(ay) + e val(a;) +val(an,) — val(ay) + val(x}, — xmm)
J=s+1
3.17 ul -1
7= val(a) +val(ely = ) + Y L (val(ay) - val(ay))
(%) ~—— =+l mtl=j

>val(xp,)

>0
> val(a,,) + val(x;,)

= val(@mxm).
By Lemma 3.15 the sequence val(«;)’s is strictly increasing. Thus, if val(xs) = 0, then

val(agxs) = val(ay)

3. 15+
< val(ay) + val(x;)

= val(a,x;).

https://doi.org/10.1017/fms.2021.35 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2021.35

18 Artem Chernikov and Nadja Hempel

Lemma 3.20. Let y € K be such that val(a;) < val(y) forall0 < j < m. Now let (xo, . ..,xm) € Gz(K)
be equal to f~1(y). Then val(x;) > 0 forall 0 < j < m.

Proof. Uptoreordering the a;’s (using Remark 3.16), we may assume that 0 < val(ag) < --- < val(an).
Then, val(x,,) > 0 by Lemma 3.18, and (val(a;) : 0 < j < m) is strictly increasing by Lemma 3.15.
For any 0 < j < m, by Remark 3.14, we have

val(xf —x;) = val(am,) — val(a;) + val(xh — x,) > 0,

and thus val(x;) > 0.
If val(x;) > O for all j, we are done. Otherwise, let / = {1 < j < m : val(x;) = 0} # 0, and let
J« :=min{l}.

Claim 1. val(aj,x;,) is strictly minimal in {Val(ajxj) 1<j< m}

Proof. Assume first j € I'\ {j.}; then val(x;) = 0 and j > j.. Hence
val(aj,x;,) = val(e;,) < val(e;) = val(a;x;).
Otherwise j ¢ I — that is, val(x;) > 0. Then

3.19(1) 3.19(2)
val(a;x;) > " val(@mx,) > val(ejxj,).

O

3.17
Thus val(y) = val (ZT:O a/jxj) = val(ajx;,) = val(ej,) < val(a,) < val(y), which yields a
contradiction. Hence val(x;) > O forall 0 < j < m. |

3.4. Proof of Proposition 3.5

We may assume that (K, Oy, O;) is Ng-saturated. Let K be the algebraic closure of K, and let X :=
Npen K Cd be the largest perfect subfield of K. Let £ be the natural number given by Proposition 3.9 for
the uniformly defined subgroups xq - ... x,—1 - P(K) and xg - ... x,-1 - p(J) of (K, +).

Let y € J be arbitrary. We will show that it has an Artin-Schreier root in J. We stress that this element
y will be fixed until the end of the proof, and several additional parameters depending on this y will be
chosen in the course of the proof.

Claim 3.21. There exists an infinite sequence (d;);en of elements of K such that 0 < k - val,;(di+1) <
val, (d;) < val,(y) holds for all i,k € N and both t € {1,2} simultaneously.

Proof. Let e := y, and we define the elements e; € J by induction on k € N as follows. Assume e
for k € Nis given. As the field K is Artin-Schreier closed by Fact 3.4, we let e € K be an Artin-Schreier
root of i — that is, i = eP —e. For any t € {1,2}, we have val,;(e;) > 0 by assumption, hence

val, (i) < 0. Consequently val; (e? — e) < 0 as well as val,(e) < 0, and so val, (e” — e) = p val,(e).

Hence, letting ey = % we obtain that

e

1 1
val;(ex) = — val; (—) = —pval,(e) = p val, ( ) =pval; (ex41) .
ek

It follows from the construction that for every k € Ny the elements ex € K satisfy 0 < val;(ex) =
# val, (y) < val,(y) for both t € {1,2} simultaneously. Let now m, k € N be arbitrary, and we define
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d; = erm for i € N. Note that

ik+

val, (d;) = Val,(efk+m) = p" valy(€ix+m) = p pikem val; (y)

pk

1 1
= 1717 Pz val, (y) = p*p™ S val; (y)
= p*p" vali(eqirnyiim) = PFvali(ely o)

= p* val; (dis1)
and pF~1val,(d;) = k,kl val,(y) < val;(y) forall i € N . Then:

o d; € KW for all i € N.
o Foreachr € {1,2} and alli € N, we have 0 < p*~! - val, (dj1) < val,(d;) < val,(y).

As m, k were arbitrary and X is type-definable over 0, the claim follows by saturation of (K, 01, 0;). O

Now let (d;);en be a sequence in X given by Claim 3.21. Then we can choose from it elements
{bji1:j<n,l<{}inX suchthat forall j <n,l <{, we have

o val;(by-1,1) < val;(bg,41)
o 0< (j+1)-val(b;;) < val(bj+1)
o n-val (bp-1,.¢-1) < val(y)

for both ¢ € {1, 2} simultaneously. For each (ly, ...,I,-1) € £, we define

,,,,, oy = ]_[b], €X.

Claim 3.22. For each t € {1,2}, we have:

o 0 <val(by,. .1,.,) <val,(y) forall (ly,...,ln—1) €L
o val;(by, ) <val (bp,,....p.y) ifand only if (I-1, ..., lo) <iex (Pn-1,---,Po)

----- n 1
Proof. The first item is clear by the choice of b;;, and we check the second one. Assume

(In-1,.-.,10) <tex (Pn-1,...,p0), and let 0 < j* < n be maximal such that /;«+ < p;«. Then by
the choice of b; ;, we have

n—1 n—1

-
valy (biy....1,) = D valy(byp) =y valy(byp) + Y val(b; )
=0 J=0 =
n—1 n—1

<) val (b )+ > val(by ) <vali(byp )+ Y vali(bj )
Jj=J+1 Jj=i+1

n—1

j=0

By the choice of ¢ and Proposition 3.9, there must exist some (I, . .., l;_l) € {" such that

bl() ..... ln-1 ?’(J) = m bl() ..... [ @(J),

(1g,eevslyo1) €T Uos--sln1) € \{ (g0 )}
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bly....ty, - 9(K) = M byt - 9(K).
(lp,..., lp—1)€ln (ly,..., ln,l)Ef"\{(lg ,,,,, l;—l)}

Let now m := £" — 1. The following is straightforward:

Claim 3.23. There exists a tuple (aj : 0 < j < m) enumerating the set

{blo _____ Ly - (l(),...,ln_l) Efn}
so that the following holds:

L Niyaje(J) = ﬂ]m:_ol ajp(J);
2. Nipa;p(K) = 21:—01 a;p(K);

3. 0 < vali(ag) < -+ < val,(am-1) and (val;(a;)) are pairwise distinct, for both t € {1,2}.

0<j<m

We fix such a tuple (a; : 0 < j < m) for the rest of the proof. Note that we still have a; € X
and 0 < val;(a;) < val,(y) forany O < j < m and ¢t € {1,2} by the choice of the elements by, . ;, ,
and Claim 3.22. Let a := (aq, . ..,a,) and @’ := (ag, . . . , a;u—1); both tuples satisfy the assumption of
Subsection 3.3. Then the following diagram is commutative

G4(K) —— Ga(K)

(K, +) —2— (K, +)
5

(K, +),

where 7 is the natural projection (xg, ..., Xn) — (X0,...,Xmn-1); the maps

m
fa:Ga(K) = (K, 4),% = (x0,...,Xp) — Za’jxj’ and
=0

m-1
far: Gar () = (Ko 4).5 = (30, ot) ) @i
=0

witha = (e;: 0<j<m),a = (a} :0 < j <m-1)in X are the isomorphisms given by Fact 3.13
for a and @’ respectively; p is the algebraic morphism over X that makes the rectangle commute; and
uw,p’ (K, +) = (K,+) is given by

p(t) =am - t, p'(t) = p(amt).

Note that all these groups and morphisms are defined over X C K; hence the diagram still commutes
with K replaced by K.
We recall the following general fact about additive polynomials.

Fact 3.24 [31, Remark 4.2]. Let F be an algebraically closed fields, and g : F — F an additive
polynomial (i.e. g(t +1t') = g(t) + g(t') for all t,t' € F) with ker(g) = Fp,. Then g = c - (t* — t)Pk for
some k e Nand c € F.

Using it, as in the proof of [31, Theorem 4.3], we get the following explicit expression for p’ (we
include a proof for completeness).
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Claim 3.25. p’(t) = c(t? —t) for some ¢ € K.

Proof. We have m [, (k) is onto Gg(K) by Claim 3.22(1); hence p [k is onto as well. From
the diagram, we have |ker(p)| = |ker(x)| = p, and p is an algebraic group morphism of (K, +);
hence an additive polynomial. Note that 0 # a,, € ker(p) as f7'(@m) = (0,...,0,1) € K™ and
7((0,...,0,1)) = (0,...,0) € K™. It follows that p’ : K — K is also an additive polynomial, with
ker(p’) = F,. By Fact 3.24 we have p’(¢) = ¢- (¢¥ —I)Pk for some some ¢ € Kand k € N. In fact, c € X
as @, € K and p is over X. Finally, we must have k£ = 0 as the degree of 7 as an algebraic morphism is
p; hence the degree of p’ is also p as the vertical arrows fz, fz, i are algebraic isomorphisms. O

We fix ¢ € K given by Claim 3.25 for the rest of the proof. The following is a crucial claim relying
on the analysis of the effect of the special isomorphisms f; on the valuation in Section 3.3.

Claim 3.26. Let u € K be arbitrary with val,(u) > max{val;(a;-1), val,(a;,)} for both t € {1,2}.
Then there exists some w € J with val,(w) < val,(u) for both t € {1,2} and such that p’(w) = u.

Proof. Let (xq, ..., Xm-1) := (fr)"'(u) € G&(K). Note that
0 < val,(ag) < ... <val(a;,—1) < val,(u)
for both ¢ € {1, 2} by Claim 3.23(3) and assumption, hence by Lemma 3.20 we have that val, (x;) > 0

forallt € {1,2} and 0 < j < m — 1. Whence x; € J forall 0 < j < m — 1. By Claim 3.23(1) there
is some x,, € J such that a,, (x5, — x,,) = aj(xj.’ —xj) forall 0 < j < m. So there is a preimage of

(X0 - - - » Xm_1) under 7, namely (xq, . . ., Xm—1, Xp), Which lies in J”*!. Now let
m
| s |
w=a,, f(X0, .. s Xme1,Xm) = @, Za'jxj,
j=0

thus w is a preimage of u under p’. Then for each 7 € {1, 2}, we have
val; (w) = val, a/,_nl Z X
=0

m
= —val, () + val, Z a;x;
Jj=0

3.19m —val; (a,) + val; (@) + val; (x,,)  if val;(a;,—1) < val;(a,,)
h —val; () + val; (@m—1) + val; (x,,—1) if val;(a,,) < val;(a;m—1)

>0,

where the last inequality is by Remark 3.16, Lemma 3.15 and Lemma 3.18. Also, by Lemma 3.18 with
respect to a’, we have val, (x,,—1) = val; (u) — val; (a;,-1); hence

val, (u) = val, (a,,—1) + val; (x;,-1) 314 val; (a,) + val, (x,,).

If val, (a,,—1) < val;(a,,), then we have

val; (u) = val,(a,,) + val; (x;,) 317 val; (@) + val; (x,,)

> —val, (a;,) + val; () + val; (x,,,) = val, (w).
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If val,(a,,) < val,(a,,—1), then we have

3.17
val, (u) = val;(am-1) + val; (xpm-1) ~ = val; (@pm-1) + val; (xpm-1)

> —val; (@) + val; (@m—1) + val; (x,,—1) = val; (w).
In either case, we obtain val, («) > val; (w). O

Let now w be as given by Claim 3.26 for u := y. Then for both # € {1, 2}, we have
val,(c) = val,(y) — val,(w” —w) = val;(y) — val;(w) > 0.

Then val, (cy) > max{val;(a;-1), val;(a,;)}. Let w’ € J be as given by Claim 3.26 applied to u := cy;
then

cy =p'(w') =c((W)P —w'),

thatis, y = (w’)? —w’. Thus w’ is an Artin-Schreier root of y in J. As y € J was arbitrary, this finishes
the proof of Proposition 3.5.

3.5. Generic multi-ordered/multi-valued fields

An analog of Corollary 3.6 for valued fields of characteristic O currently appears out of reach. In this
section, we at least provide some evidence toward it by demonstrating that the model-companion of the
theory of fields with several valuations and orderings introduced by van den Dries [45, Chapter III] is
not n-dependent for any n. We use Johnson’s PhD thesis [30, Chapter 11] as our reference.

Fix k € N. For each 1 < i < k, let T; be one of the theories ACVF (Algebraically Closed Valued
Fields), RCF (Real Closed Fields), or pCF (p-adically Closed Fields), and let £; denote the language
of T; and £; N L; = Lyings (i.e. £; additionally contains a binary predicate x <; y if T; is RCF, or
val;(x) < val;(y) if T; is ACVF or pCF). Let £ := U{.‘:l L;,and let Ty := Ule (T7)y-

Fact 3.27 [30, Theorem 11.2.3]. The theory Ty has a model companion T, and K = Ty is a model of T if:

1. K is existentially closed with respect to finite extensions: that is, if L is a finite algebraic extension
of Kand L =Ty, then L = K.

2. For any m, let V be an m-dimensional absolutely irreducible variety over K. For 1 < i < k, let ¢;(x)
be a V-dense quantifier-free L;-formula with parameters from K. Then ﬂle i(K) # 0.
(Where ‘V-dense’ means that ¢;(K) is Zariski-dense in V(K¥2); see [30, Section 11.1.1].)

We use the following result established in the proof of [30, Claim 11.5.2].
Fact 3.28. Let K | T. For each i, let y;(y) be the formula

1. y>; 0ifT; is RCF.
2. val;(y - 1) > 0if T; is ACVF or pCF.

Let x(y) = /\ff:1 Xi(¥). Then x(K) is infinite, and there exists some L-formula W (x,y) such that for
anym € N, any ay, . ..,a, € x(K) pairwise distinct and any A C {1, ..., m}, there exists some b such
that =y (b,a;) & je€ A

This immediately implies that T is not dependent, and we show that the argument can be generalized
to show that T is not n-dependent for any n as follows.

Proposition 3.29. T is not n-dependent for any n > 1.

Proof. Let K | T be a saturated model. Fix n € N. Note that it is enough to find some sequences

(Cin’ .. ,c’én D ay,...,a, € w) of elements in K and e € K such that all elements in the set
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{cbl C...oCh telal,...,a, € w} are pairwise distinct and satisfy x(y), as then the formula

UYL, Yn) =W (XY - ... - vy + ) with Y given by Fact 3.28 is not n-dependent.

Since the formulas vali(é—'t —x) > 0and x >; 0 are V-dense for V = A!, by Fact 3.27(2) we can choose
e € K such that 0 < Vali(}t —e) <ooforall 1 <i < k for which 7; is ACVF or pCF, and e >; 0 for all i
for which 7T; is RCF. Let y; := Vali(}T —e).

By induction on 1 < 7 < n, we choose, using saturation of K, sequences (¢%, : @ € w) in K such that
the following holds foreach 1 <i < k:

1. If T; is ACVF or pCF:
(a) val;(c! ) >n-vali(c},) >y foralll <t <nanda € w.
(b) val;(ctHly > vall-(c;) foralll <t <n-1landa,B € w.
2. If T; is RCF:
(@ ¢, >i(c)">0andforalll <7 <nanda,p € w.
(b) i >; ch foralll <r<n-1landa,p € w.

To choose an element ¢!, € K, we only need to satisfy finitely many quantifier-free formulas with
parameters from {c% s <tV(s=tAB<a)}CK.Allof these are implied by a single condition of
the form val; (x) > val;(c¢) or x >; ¢ for each i and some ¢ € K. Thus they can be satisfied in K by Fact
3.27(2) since these formulas are V-dense for V = Al

Assume first that 7; is ACVF or pCF for some 1 < i < k. Note that in this case, for any
(ar,...,an) € ", we have val; ([T/_, ¢%,) = X, vali(c,) > ¥ = val;(§ — e) by 1(a). Then
1
1

val; ((H;’:] ct, +e) - JT) = val; (H?Zl ch - (le - e)) = val; ( - e) = ¥ > 0, and therefore

Fxi (T2 ¢, +e)-
As in the proof of Claim 3.22, we get that (a1, ...,a,) < (B1,-. ., Bx) in the lexicographic ordering

on w" if and only if
n n
val; (H c’at) < val; (1_[ c’at) ,

t=1 t=1

so in particular [T/, cf, +e # [}, cj; + e; hence all these elements are pairwise distinct.
Otherwise T; must be RCF for all 1 < i < k. Then a similar calculation using 2(a) and 2(b) shows
that [T;_, cf,, + e & x; and that all these elements are pairwise distinct. O

4. Connected components of n-dependent groups
4.1. Connected components of (type-)definable groups

We begin by recalling some facts about model-theoretic connected components of (type-)definable
groups and state the main theorem of the section.

Definition 4.1. Let 7 be an arbitrary theory, G = G(M) an 0-definable group and A C M a small set
of parameters. Then Gg is the intersection of all A-definable subgroups of G of finite index, and G%O is
the intersection of all subgroups of G that are type-definable over A and of bounded index.

As A is small, G% and G% are type-definable subgroups of G of bounded index. In fact, we have the
following standard results (see e.g. [20, Remark 3.5(2) and Lemma 2.2]).

Fact 4.2. If H is a type-definable subgroup of G = G (M) of bounded index, then it can be written as an
intersection of subgroups of G of bounded index, each of which is defined by a partial type consisting
of countably many formulas.

Fact 4.3. Let G = G(M) be a type-definable group, and let H be a subgroup of G of bounded index that
is type-definable over a small set of parameters C. Then [G : H] < 2/T#IC1,
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A fundamental fact about dependent groups is the absoluteness of their connected components:

Fact4.4. [39] Let T be dependent. Then G%O = G%O for every small set A. In particular, the intersection
of all subgroups of G that are type-definable over a small set of parameters and of bounded index is a
normal subgroup type-definable over O and of index < 2'T1.

This does not remain true for 2-dependent groups:

Example 4.5. Let G be the group Féw), where F, is the finite field with 2 elements. Let M :=
(G,F,,0,+,-) be the structure with + the addition in G and - the bilinear form (a;) - (b;) = X; a;b;
from G2 to F,. Then Th(M) is simple and 2-dependent, and Ggo ={geG:g-a=0foralla € A}
(see [22, Section 3]), so the group G%O gets smaller as A grows.

However, in this example, for any small sets A, B, we have G(j‘OB = G(AO N G%O. The following theorem
of Shelah shows that, up to a ‘small’ error, this holds in an arbitrary 2-dependent group:

Fact4.6 [41]. Let T be 2-dependent, G = G(M) an A-type-definable group, « := Zr(|A|+|T])*, M 2 A
a k-saturated model, and b an arbitrary finite tuple in M. Then

00 _ ~00 00
Gis =0 NG
Sfor some C € M with |C| < «.

In this section, we generalize this result to n-dependent groups for arbitrary n. In order to state our
generalization, we need to introduce an appropriate notion of independence.

Definition 4.7. («-coheirs) For any cardinal x, any model M, and any tuple a, we write
a 3B
if for any set C ¢ BU M of size < «, tp(a/C) is realized in M.

When « = Ny, we get a \L;’f" B if and only if tp(a/BM) is finitely satisfiable in M. In this case, we
simply write a \ngi/[ B (the usual notation for coheir independence).

Recall that for an infinite cardinal x and n € w, the cardinal 3,,(«) is defined inductively by Jy(«) = «
and J,,11(x) = 222(®)_ Then the Erds-Rado theorem says that (3, (x))* — («")r*! for all infinite «
and r € w.

Definition 4.8. (Generic position) Let M be a small model, A a subset of M and by, ..., b,_; finite
tuples in M. We say that (M, A, bi,...,by_1) areina generic position if there exist regular cardinals
K1 < kp < ...< kp_1 and models My < M; < ... < M,_1 = M such that A C My, To(|M;])* < ki
fori=0,...,n—2and

b; \L';Vé‘ biMu-

foralll1 <i<n-1.
One general method to find elements in a generic position is given in Remark 4.14. But first let us

state the main result of the section.

Theorem 4.9. Let n > 1, T an n-dependent theory, A C M | T a small parameter set and G = G (M)
a type-definable group in T over A be given. Let M 2 A be a small model and by, . .., b, finite tuples
in M such that (M, A, by, ..., b,_1) are in a generic position.
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Let (Hq @ @ € 1) be any family of subgroups of G of bounded index, with each H o, type-definable

over Mby . ..b,_1. Then there is some J C I with |J| < 35(|T| + |A|) such that
ﬂ Ho 0 ﬂ GMUhlU Ub;1Ubi1U...Uby
acl  i=1,...,
00
ﬂ H n ﬂ GMUB]U...UB,‘-]UEH]U...UI;n_]'
ael =1,...,n-1

Before we prove Theorem 4.9, let us observe the following corollary for the connected components
of n-dependent groups.

Corollary 4.10. Let T be a n-dependent theory, A C M | T a small parameter set and G = G(M) a
type-definable group in T over A be given. Let M 2 A be a small model and by, . .., b,_; finite tuples
in M in a generic position. Then there is some C C M with |C| < Z,(|T| + |A|) such that
00 00
GMublu Uby_y ﬂ GMublu .Ub;_1Ubj41U...Ub,_, GCublu Ub,_1"

.....

Proof. By Fact 4.2, we have

00 B B —
MUbU---Uby,_

00 00
_ o _ c
ﬂ GMublu...ubi,lubmu...ub,, 1 ﬂ {GBublu DBy :BCM countable} .
= 1

By Theorem 4.9, it is already given by some sub-intersection of size at most 2, (|| + |A]). Letting
C € M be the set containing all of the sets B appearing in this sub-intersection gives the desired
result. O

Remark 4.11. Some variant of Corollary 4.10 is alluded to in [4 1, Discussion 2.14(2)], but we are not
aware of any follow-up.

Remark 4.12.

1. For n = 1, the assumptions of Corollary 4.10 are trivially satisfied by any sufficiently large model
M = My, and the conclusion gives G(J)\(/)[ = G(g) for some small subset C of M (since the first
intersection on the right-hand side is over the empty set). This easily implies absoluteness of G%.

2. Forn = 2, the assumption b; \I/gft’j‘ M is clearly satisfied by any «-saturated model M; 2 A (taking

A C My < M, arbitrary), and the conclusion gives G® _ = G% NG — hence Fact 4.6 follows.
M b My b C

Problem 4.13. In order for our proof of Theorem 4.9 to work, we had to assume that the tuples
bi,...,b,_1 are in a generic position (which we think of intuitively as ‘sufficiently independent from
each other over NU’). On the other hand, in the extreme opposite case when one of the tuples is in the
algebraic closure of the other ones, the result holds trivially. Thus we ask if any hypothesis on the tuples
bi,...,bu_1 is needed for the result to hold.

The following remark provides a general method for finding tuples in a generic position.

Remark 4.14. Let T be an arbitrary £-theory, A a small subset of M and G = G(M) a group type-
definable over A. Let 77 := TSX be a Skolemization of 7 in a language £’ 2 £,|L’| = |£|. Let

0 = |A| +|£| and ki1 = J (x;)*, a regular cardinal, for i = 1,...,n — 2. Next, choose mutually
L’(A)-indiscernible sequences J; = (151,1- cjexi+l),. . Jhm = (bn .j - J € kn+1) in some monster
model M’ of T’. Thenfori =1,...,n—1,1let I; = (Bi,j j€xi), b =b; +1 (i.e. the last element in
the sequence J;), and M; := Sk(AI| ... I;) (where Sk is the operation of taking the Skolem hull). Thus
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ACMy =M = ... =M,y and M| = |A U Uy <5<; Is| + |£7] = ki3 hence Tp (IM;])™ < k41 holds
forall0 <i<n-2.

We claim that b; \Lbjlv[',(' b<iM,_; for every 1 < i < n— 1. To see this, fix i, and let C € M,,_;
with |C| < «; be arbitrary. By construction, there exist some S; C «; with [S;| < k; such that
C Cdclg (A(b1,j)jes, - - - (bn-1,j)jes,)- As k; > |S;] is regular, there exists some j* > S; in ;. But
then by mutual £’(A)-indiscernibility of Jy, ..., J,—1, we have that

bi, - S A1) jesy - (bno1.f)jes,,_, b<i bi,
hence b; j- =¢j_, bi and b; j- is in M.

Thus (A, M,_1,b1,...,bn1) areina generic position (both in the sense of 7" and 7).

4.2. Proof of Theorem 4.9

We are ready to prove the main theorem.

Proof (Proof of Theorem 4.9). Assume that the conclusion fails, and let A € My <= M; < ... =
M,,—1 = M witness the generic position as in Definition 4.8. Then, using Fact 4.2, we can find inductively
a sequence of (M,,_; Uby U ---U b,_;)-type-definable subgroups H,, @ < k := Zo(|T| +|A|)* of G of
bounded index such that Hy = (<, ¥ 3 (G C o, bi,...,b,_1) for some countable &, from M,,_1, and
elements (dy)qa<x in G such that

L do € iz, n-1 G(J)\?[n_lUI;IU...UI;,-_lLJE,-HU...UI;,,_l N Mp<a Hp,

2. dy ¢ H,.

Using compactness, and possibly replacing each g by a finite conjunction of ¢ *’s, we may assume
additionally that the following hold:

3' ': _'w(()l(da;c_'a, El, ceey En—l)’
4. For all m € w, we have

{t//;:l.;.](x;éa’l_)lw~-vl;n—l)al//,c,l1+1(y;6(l7l_71,~~-’l;n—l)} F
lﬁr(:L(x‘y;C_(I’l_)h""l;n*]) A w;:l(x_l;c_‘a”l_)la""l;l’lfl)/\
wr(rll(x’y_l;c_aagl,-u’];n—l)-

As there are only |7|<N0 many formulas and cf(k) > |T|™, by the pigeonhole principle and after
dropping some of the H,’s, we can find (¥,,)mec such that for all @ < «,

U =Y.
Claim 4.15. In addition to (1)—(4), we may assume that for all i, j € w, we have that
di € Hj S0+ ]

Proof. By Fact 4.3, for each 8 < «, there is a partition {gg,Hg : v < 0g} of G, where 05 = [G :
Hpg] < 2% Therefore, considering d,, for some @ < k, there is vo 5 < 6 such that

da € gﬁ,Vn,ﬁH,B'

As k = Zo(|T| + |A|)* by assumption, by Erdés-Rado we can find an infinite subset J of x and v < 280,
such that for all @ < S8 in J, we have that

da (S gﬁ,VHﬁ.
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We may assume that J = w. Now leti < j < m € w. Then by the above we have that
di € gm,va and dj € gm,vaa

or in other words

di = gmyhi and dj = g vh;

for some h;, hj € Hy,. Thus

d'd;=h;'g,! gmvh;=hi'h; € Hy. (%)

Now fori € w, let

-1 =
e; =dy; doiy1, Ki=Hoi, ¢m=Yme1, and f; = ;.

Then, after replacing d; by e;, H; by K;, ¥; by ¢;, and ¢; by f;, (1) and (4) are still satisfied. To show
that condition (3) remains true, assume the opposite — that is, |= ¢g(e;; f,-, bi,...,bn1), which is
equivalent to | ¥ (e;; €2i, b1, ..., bn_1). By (1), we know that |= 1 (dais1; Eain by, ... byt). Now,
using that dy; = d2i+1ei‘1 and (4), we can conclude that |= yo(da;: €, b1, . .., b,_1) — contradicting

(3) for the original sequence. Finally,

o Ifi # j, then
_ by(1) if j<i
e; = d2[1d2i+1 ' € Hy; =K;.
by (%) ifi<j
o Ifi = j, then by (1) and (2), we have that dy; ¢ Hp; but dp;1 € Ho;, so e; € Hp; = K;. This also
shows that condition (2) is still satisfied.

This finishes the proof of the claim. Oclaim
Letc:= (¢; : i € w).
Claim 4.16. There are sequences (151,7 fy < w), (132,y Y < w),..., (13,,_1,y ty < w) in M,,—1 and
elements (d; y, ... .y, - (5, Y15+ .,Yn-1) € W") in G such that

ivyrreims € Hjoprins = | ¥m(Gi8jbrsys s buots, )

m<w

< (i9715"'77n—1) i (j9615"',6n—1)

4 |= lﬁn—l(di,yl ..... yn_l;c_'j’ l_)l,(Sp LILEL ] bn—l,én_l)'

Proof. We will prove the following claim by reverse inductionon/ =1, ..., n.

There are sequences (byy : ¥ < ), (bir1,y 1 ¥ < @)s...,(by_1,y : ¥ < w) in M,,_; and elements
(disypriyms 2 @ Yis oo ¥nm1) € ") in G such that (11)—(F4) below hold:

divyciyu €EHj oy, 6, = ﬂ Ym(G;Cj, b1, b1, b1sp, o buts,,)

m<w
S (LY Yn-1) # (J,005 -5 0n1) (1)
< |: l//n—l(di,yl ..... ‘yn,|;Ej951,-"9El—1,51,5l7"'aEn—l,én,]) (T2)
and
00
. e _ _ _ _ _
diyeees s ﬂ ‘ GMl—lébl---br—lbt+1---bl—lbl,6[---bn—l,é'n_l (f3)
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forall y;,...,¥Yn-1,015---,0n-1,i,J € w (Where My < --- < M,,_; are given by the assumption), and

(//m+1()‘:; Ei’blv .. "bl—lsbl,’yl’ e 9bn—l,’yn,1) A
lﬁm+1(y;c_la bl?' . 'abl*hbl,’yza .- "bn*l,)’n_l)

F ll’m(-x - }7§C_i’l_71, e ’51—29 El—l,’yl,l’ e 9bn—1,yn,1) A (T4)

-1. = 7 7 7
l!/m(x 9Ci,bl9--~,bl—19bl,’yls-~~sbn—1,’yn71) A

YUm(x -y VG, b1, ..., by, l_)lm, coosbnot,y, ) foralli,m € w.

For [ = 1, this completes the proof of Claim 4.16.
For [ = n, this is Claim 4.15 together with (1), (3) and (4).
Now suppose the claim is true for 1 < [ < n, and we want to prove the claim for [ — 1. First, as

1. Uu,Ki—1 1. 7 . . .
b1 \LMH b<;-1M,,_1, we can choose sequences (b;_1, : v < k-1) in My_1 and (di y, ..y, :

(i, Yi-1s -+ Yn-1) € W X kj—1 X w"7") in G such that for any y < k;_;:

(El—w, Aiyyieoynot - Vs oo Yno1) € w"’l”) has the same type as
(Bl—l’di,w...,yn_l (Y1 Ynel) € w"‘”l) over (%)
M2, & b1,....bi2U{bi_1s : 6 <ytU{bjs:j=1....n—-1,6 <w}.

Then

5. By (f3) fort =1 — 1 and (%), using that Bl_l,y € M;_ forall y < k;_1, we obtain

L =l+1
di»')/l—ly---")’n—] € m {Hj,5l,|,...,t§n,] . (]a619 oo ,6n_1) € wl’l 75l—1 < 7[—1}

foralli € w.

6. By (71) and (x)

di,)/1_1,)/1,...,)/,,_] € ﬂ {Hj,yl,l,él...,é,,,,l) : (la )’l, L ,)’n—]) :lt (J7 615 M 6}171)} .

7. By (1) and (%)
di,)’l—l,---v’}’n—l ¢ Hi»')’l—l»---s')/n—l’

in particular by (f,) and (%)

I: _‘lpn—l(di,yl,l,...,yn,] 9 Ei’ b19 MR bl—29 bl—l,yl,l 9ty bn—l,ynq )a

8. By (f4) and (x) the formula

lpm+1 (-x; C_i’ bla ccc bl*Z’ bl*],’yl_19 ccc bn*l,)’n_l)/\

l!/m+l (y, Ei’ blv ceey bl—27 bl—l,’yl,l’ LRI bn—l,’y;«k])

implies the formula

ll/m(x . y§C_i,bl, e ’bl—27 bl—l,’yl,li o 9bn—1,7n,1)/\

-l 5 7 h A
lpm(x ’Ci’bh-~~’bl—27bl—l,7[_1v--~’bn—l,yn_|)/\

Lo g T .
wm(x cY 5Ci, b13 o 9bl—2’ bl—l,’yl,]’ o ’bn—l,yn,])’
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9. By (f3) and (%), and as 1_71—1,6,_1 are all in M;_y,

d; € 0o _ )
LYi-15---5Yn-1 MZ—ZCbl~~btflbt+l~~b172b1—],6l,1~~bn71,6n,1

Consider the sequence of countable tuples

(51—1,‘}” (di,y,yl...,yn,l : (l, Yis. - s)’n—l) € wnil+l))

Y €KI-1

Note that for any ¢ < «;_1, the group

Ks:=G% _ _
s Ml—20bl~~vbl—2bl—1,6{bl,5l~~-bn—l,6n,] HE T (5,,_1)6(4)"’1}
is type-definable over a set of size | M;_;| + 8o = |M;_>| and has bounded index in G; hence by Fact 4.3,
its index is at most 2M2l Let (gsv:v< 21Mi2l) be a set of representatives of its cosets in G. For
eachy < ¢ < kj_1, consider a countable tuple

= R N 21 .z
Vy,5 = (Vi,éz,'..,énfl 10,00,...,04-1 € a))

listing cosets of the elements (d; .y, ..y, & (s Vis---»Yn-1) € ")

There are at most (2|Ml-2|)NO = 2Mi2l possible choices for this tuple. As k-1 > Jo(|M;_a|)* by
assumption, applying Erdds-Rado, there is an infinite subsequence such that ¥, s is constant for all
v < ¢ from this subsequence. As in the proof of Claim 4.15, restricting to this subsequence, we have
that (5)—(9) still hold, and for any fixed (i,y;, ..., ¥n_1) € @ '*, we have

with respect to the group K.

. 00
LY S Viseens )’n—ldl’y"yl""‘y"*I € GMI,zél;]...51725171,5{51,51.~-5n71,§n,1 1(5l,~~-’6n—1)€wn_l} (TT)

forally <y <6 < w.

n—I+1

Next, for (i, y;,...,Yn-1) € W and y;_1 < k-1, let

— g1 )
€iyig.s Yn-1 — di,zn_l,yl.._,yn_ldl,27171+1,71---,7n71’

Ji-ty = bi-12y,4

Kiyiivieoyn = Hizy vy -

We will show that replacing

© di,yiyseynat BY €iiyiiiieyars D=1y BY fi-10

© Hiyp iyt OY Kiyp i iy

and restricting to the first countably many elements gives the desired sequences for / — 1.
Note first that

00
€yt € ﬂ G (%)

My2€hy...by1bisi..biabi 126, b1, -Pno1s,,_,
S1-1<Y1-1, (6150 6p1) €
by (9).
Now let (, yi-1,---»>¥n-1) # (i,01-1,-..,0,-1). We consider two cases:

Case 1: y;-1 = ;1.
In this case, (J,vs,...,Yn-1) # (i,6;,...,0,-1). Thus

di,271-1,71 ----- Yn1 € HJ',271-1,51 ----- On-1 by (6)
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and
d[’27171+]’71’~~"7’n—1 €Hjoy 1,60,000 by (5).

So

1

10 €iyiiynn = di,271-1,71,v..,7n-1

di,27171+1,’}’1---,7n71 € Hj,27171,51,---,5n71 = Kj,5171,51,---,5n71’

and in particular

1L E Wi (€iyprsynss € fim1, 6105 D161+ - s Dnt,6,,) -
Case 2: y;_1 # 0/-1.

61 <y, theneiy, .y, = i_,;yl_l,yl,_,,,yn_ldi,27171+1,71---,7n71 € Hj261.6.....6,1 bY (5)- So
without loss of generality y;—; < 6;-1. Then (f7) implies in particular that

— -1 . .
iVt Ynl di,2’y;4+l,’y1,...,7,,,1dl»zyl—laylu's?/n—] €Hjo5 1,600,601

and

00

My—2€by...be-1bys1...bi2bi—1 25, bi,s;_ ---bn-1,5,,_,

€I Yty Ynei
t=1,...,1-2;
S1:1>Yi-15 (615...,6p1) €™

Together with (sx), this gives

12. e; € _ . G o _ , .
LYt Yn-l (5],] ﬂt;li])’é;);wn_l MI_zc by...bi_1bsyy ...b1_2f1_1,514 blyfslil "'b"_ly‘sn—l

On the other hand, for given (7, -1, ..., ¥vn_1) € @" 2, by (7) we have

di,27171,71---,7n,71 € Hiy 1y ynrs

and by (5) we have
di,271+1,71~~-,7n71 € Hi’zylfl’ylun,)’n—l'

Hence

. =471 . . - K.
13. eiyoiyp = d[,zy,_l,y,,,,,yn_ldl,27171+1,71---,7n71 & Hi2y i yieovna = Kiyipcyor -

Suppose toward a contradiction that

'= lI/Vl—l+1 (ei,yl,l,...,yn,l 9 C_i’ f_l—l,’yl,] ) bl,)/] LRI bn—l,'yn,l )

By (5), we also have that

I: lpl’l*l+1 (di,Z)/l_l+1,)/1,..,,’yn_1+1 ; C_l" ﬁ*l,)ll_l B bl,yl ] bnfl,’yn_l )‘

-1

€ ity USING (8), we conclude that

Since di’zylfl,u-syn—] = di,27171+1,71-~-,7n71

': wn—l(di,Zyl,l,yl...,y,,,l ’ Ei7 ‘fl—l,’yl,l £ bl,'yl LS ] bn—l,y,,f])

= anl(di,z)q,l,yl...,yn,l 5 C_i» bl*],2yl,1 DR bnfl,ynq )5

contradicting (7). Thus

14, ¥ dnin (ei’YI—lw-an—l 3 Cis ﬁ’IJ’l—l > le’l S bn*],)’n—l )-

Now, for / — 1, we obtain (1) from (10) and (13), (f2) from (11) and (14), (f3) from (12), and

(F4) from (8) by replacing L 7 PR VA by di,'}’l—l,---v'}’n—l’ fl—l,’}’l—l by bl—l,’}/l—l’ and Kia'}/l—la---,)’n—l by
Hi,_,.....y,, - This finishes the proof of the claim. Oclaim

https://doi.org/10.1017/fms.2021.35 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2021.35

Forum of Mathematics, Sigma 31

Claim 4.17. For any I C (w)", there is some d € G such that

|: l,bn+1(d, Ei9 bl,’yls D) bn—l,y,,,l)

l.fandonly l..f(i»’yl’ e 7')’n—1) ¢ I

Proof. Suppose first that [ is finite, and let ((i7,y14,...,¥Yn-17) : | < s) be an enumeration of the
elements in 1. Define d = diy,y, 4,....yn-10 "+ - * Digsyi g0 ymots -
If (j,01,...,0n-1) € I, thend;, 5, ;. .y, 1, € Hjs,....6, for all [ < s by Claim 4.16, and hence

.....

de€H;s,, s, andin particular = ¥,41(d; ¢}, b1,6,5 .- s bn1,6,.,)-
On the other hand, consider (i, y1.1,...,¥n-1,1) € I. Let
€= diO»)’l,Oa---"}’n—l,O et dil—l»71,/—1,---5711—1,/—1
and
€2 = dil,)’l,m ----- YVn-1g41 " dis,)’l,.s,---,)’n—l,s'
) 1,1
Then d;y y,,,....y,.1, = €] de; . Observe that
|= W (dilJ’l,l,-v-aYn—l,l’ C_iz’ bls)’l,l’ ] bnfl,)’n-l,l)’
L -1 = A
ey i biyys - bnot,y, ) and
-1 = T
|= ¢n+1 (el ’ cip bl,)’]y[a ey bn_lﬂ’n—l,l)

by Claim 4.16. Using (8), we conclude that

|: Wn-1 (dil,’}’l,l,---v')’n—l,l’ C_il’ bl,)’l,l’ s bn_l»')’n—l,l)
— | Wnler'd, Ciobiys- s Bactiynrs)
— W1 (d, €y by s ooy ity )
The claim follows by compactness. Oclaim
Finally, Claim 4.17 contradicts n-dependence of .., which finishes the proof. O

5. 2-dependence for compositions of dependent relations and binary functions

The aim of this section is prove the following Composition Lemma (Theorem 5.12 below): a composition
of a relation (of any arity) definable in a model of a dependent theory with arbitrary binary functions is
2-dependent. This result is crucial in our proof of 2-dependence of non-degenerate bilinear forms over
dependent fields in Section 6. Toward this purpose, we first develop a general type-counting criterion
for 2-dependent theories in Section 5.1 and then apply it along with the set-theoretic absoluteness to
deduce the Composition Lemma in Section 5.2.

5.1. Characterization of 2-dependence by a type-counting criterion

We first recall a type-counting criterion characterizing dependent theories. For the following two facts;
see for example [16] or [13, Section 6] and references there. We recall that for an infinite «, ded « is the
supremum of the number of Dedekind cuts among all linear orders of cardinality «.

Fact 5.1 (Shelah). Let T be a theory in a countable language, and for an infinite cardinal «k, let
Jr (k) = sup{|S1(M)| : IM| =x, M =T}

1. IfT is dependent, then fr(«) < (ded k)™ for all infinite cardinals «.
2. If T is not dependent, then fr (k) = 2* for all infinite cardinals k.
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In a model of ZFC satisfying the Generalized Continuum Hypothesis, ded k = 2* for all infinite
cardinals «. However, there are models of ZFC in which these two functions are different:

Fact 5.2 (Mitchell [35]). For every cardinal k of uncountable cofinality, there exists a cardinal pre-
serving Cohen extension such that (ded k)0 < 2.

The combination of Facts 5.1 and 5.2 tells us that it is possible to detect whether a theory is dependent
by counting types using that dependence of a formula is a set-theoretically absolute property.

We want to provide a formula-free characterization of n-dependence of a theory that does not include
any assumption of indiscernibility of the witnessing sequence over the additional parameters (unlike
the characterization in Proposition 2.9, where additional indiscernibility over the parameter needs to be
assumed). We achieve it here for 2-dependence by providing an analog of Fact 5.1 in this case (which
characterizes 2-dependence of a theory when working in a model of ZFC with ded(«x) < 2“ for some
cardinal k > |T|).

Given a set X and a family J of subsets of X and Y C X, one says that Y is shattered by J if for
every Z C Y, there exists some S € J such that Z =Y N S. In what follows, T is a complete theory in a
language £, and we work in a monster model M = T.

Lemma 5.3. Let ¢ (x;y1,y2) € £ be 2-dependent. Then there is some n € N such that for any ¢ € My,
any I € M,,,J € M,, endless mutually indiscernible sequences, and any A C I of size > n, there is
some b s € J such that A cannot be shattered by the family {¢ (c,y1,b) : b € J,b > ba}.

Proof. Assume that I, J are endless mutually indiscernible sequences and c is such that the conclusion
is not satisfied for any n € w. Let D C I X J be any finite set. Leta; < ... < ay and by < ... < b, list
the projections of D on I and J, respectively. By assumption, there is some A C [ of size n such that for
any b’ € J, A is shattered by the family {¢ (¢, y1,b) : b € J,b > b'}. ListAasa| < ... < a,. Then we
can choose some b{ <...<b), eJsuchthat= ¢ (c, aj, b;) — (ai, bj) € D. As I,J are mutually
indiscernible, taking an automorphism of M sending al’. to a; and b} tobj,foralll <i<n,1<j<m,
¢ is sent to some ¢p such that = ¢ (cp,a;,b;) & (a;,b;) € D. This implies that ¢ (x; y, y2) is
not 2-dependent, a contradiction. Hence the conclusion holds for c, 7, J for some n.

By compactness, we conclude that n can be chosen depending only on ¢ (and not on 1, J, ¢). O

We will need the following fact (originally due to Shelah, with simplifications by Adler and Casanovas;
see e.g. [10, Lemma 2.7.1]).

Fact 5.4. If « is an infinite cardinal, ¥ C 2* and |F| > ded «, then for each n € w, there is some S C k
such that |S| =nand F 1 S =25.

Definition 5.5. Givensets B C M, A € M, and a formula ¢ (x, y) € £, we denote by S, p (A) the set
of all p-types over A realized in B, where by a ¢-type over A, we mean a maximal consistent collection
of formulas of the form ¢(x, a), ~¢(x, a) witha € A. And Sg (A) denotes the set of all complete types
over A realized in B.

Proposition 5.6. Let T be 2-dependent, let k > |T| be an infinite cardinal, and let 1 > « be a regular
cardinal. Then for any mutually indiscernible sequences I = (a; :i € k),J = (b; : j € A) of finite
tuples and a finite tuple c, there is some B € A such that

|7, (Ix {c})| < (ded k).

Proof. Let 1,J and c be given. We will show that for each ¢ (x; y1, y2) € £, there is some 3, € A such
that |Sg .4, (Ix {c})) < ded k. This is enough, as then we can take any g € A with 8 > g, for all
¢ € L (possible as A = cof (1) > |T]), and |SJ>B (I x {c})\ < ‘]—I‘peg Se.tep, (IX {eD)| < (ded )T
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So let ¢(x; y1,y2) € £ be fixed, and assume that for any 8 € 1,
|Sg.s, (I x {c})| > ded k.

Then by Fact 5.4, considering F = {f,, : p € Sy, (I X {c})} (where f, € 2% is given by f, (@) =
1 = ¢(x;aq,¢) € p, forall @ € k), for any n € w, there is some S C I, |S| = n such that § is
shattered by the family {tp (bjsyi,c) i jeAj> ,8}. Using regularity of A, by transfinite induction we
can choose a strictly increasing sequence (8, : @ € 1) with 8, € A such that for each a € A, there is
some Sq C 1,|Sq| = n shattered by the family {¢ (b;;y1.¢) : j € 1,Ba < j < Ba+1}. ASA > k = K"
is regular, passing to a subsequence, we may assume that there is some S C 7, |S| = n such that S, = S
for all @ € 1 — that is, this set S can be shattered arbitrarily far into the sequence. Now, by Lemma 5.3,
this contradicts 2-dependence of ¢ if we take n large enough. m}

Lemma 5.7. For any cardinal « and any regular cardinal 1 > 2%, there is a bipartite graph G, a1 =
(k, A, E) (where its parts are identified with the cardinals k and A, and E C k X A is the edge relation)
satisfying the following: for any sets A, A’ C k with AN A’ = Q) and any b € A, there is some b* € A,
b* > b satisfying \gea E (a,b*) AN Nyen E (a’, b%).

Proof. Let A > 2 be any regular cardinal. Let

D:={(A,A,b) : A,A"Ck, ANA"=0,b e }.
Then |D| < A by assumption; we enumerate it as ((Aq, AL, bo) : @ < A). We define E, C k X A by
transfinite induction on & < A. On step @, we choose some ¢, € A such that ¢, > {bg,cp: B < a} —
possible by regularity of 1 — and we take E, := {(a,cq) : a € Ag}. Let E := | |1 Eqo — it satisfies
the requirement by construction. O

Proposition 5.8. Assume that ¢(x,y, z) is not 2-dependent. Then for every regular A > 2¥, there exist
mutually indiscernible sequences I = (a; : i < k) in My, (b; : j < A) in My and ¢ € M such that for
every B < A, we have Sy j_,(I X {c})| =2~

Proof. By assumption, for any «, A, we can find some mutually indiscernible sequences /, J such that the
family {¢ (x,y,¢) : ¢ € M.} shatters I X J. In particular, we can find ¢ such that M [ ¢ (b}, a;,¢) <
Sk, E E (ai, bj), and we can conclude by Lemma 5.7. O

Propositions 5.6 and 5.8 together provide an analog of Fact 5.1 for 2-dependent theories that will be
used in the proof of the Composition Lemma in Section 5.1. We conclude this subsection with a brief
discussion of some questions arising in connection to this criterion (and not used in the rest of the paper).

Definition 5.9. We say that a theory T is globally 2-dependent if there are a cardinal « and a regular
cardinal 4 > 2% such that for ¢ and G, , given by Lemma 5.7, the following holds: for any mutually
indiscernible sequences I = (a; : i € k) ,J = (bj 1J € /1) of finite tuples there are i € x and j, j’ € 1
such that ca;b; = ca;bj but E (i, j) A =E (i, ).

So the idea is that T is globally 2-dependent if on mutually indiscernible sequences we cannot
distinguish the edges from the non-edges of a random graph by a complete type (as opposed to
witnessing the edges with realizations of a single formula). We have the following connection between
2-dependence and global 2-dependence.

Proposition 5.10.

1. If T is globally 2-dependent, then it is 2-dependent.
2. Let T be a countable 2-dependent theory, and assume that there exists a cardinal k such that
(ded k)™ < 2% Then T is globally 2-dependent.
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Proof.

(1) If ¢ (x, y1, y2) is a formula witnessing failure of 2-dependence, then the proof of Proposition 5.8
shows that 7T is not globally 2-dependent.

(2) Fix «, and let A be any regular cardinal > 2%. Let G, 1 be as given by Lemma 5.7. Moreover, let 7, J
and c be as in Definition 5.9. By Proposition 5.6, there is some 8 € A such that |S1>ﬁ (I)| < (ded K)NO. On
the other hand, by definition of G, ., we still have |S E{acta>B) (K)’ =2 > (ded k)™ by assumption.
Then we can find some j, j* € A such that tpg (j/«) # tpg (j'/k) buttp (b;/Ic) =tp (b /Ic). In other
words, there is some i € « such that E (i, j) <> =FE (i, j’) and still b;a;c = b a;c, as wanted. O

Problem 5.11. Is there an analogous type-counting criterion for n-dependence, n > 37? Is it true that
n-dependence implies global n-dependence (defined analogously), in ZFC, or at least consistently for
n>2?

Concerning this problem, we remark that at least n-dependence implies global n-dependence when
T is Np-categorical (since every type in finitely many variables is equivalent to a formula).

5.2. The Composition Lemma
All of the variables below are allowed to be tuples of arbitrary finite length.

Theorem 5.12 (Composition Lemma). Let My be a dependent structure in a language Lo, and let M
be an arbitrary expansion of M in some language £ 2 Ly. Let ¢(x1,...,xq) be an Lo-formula. For
each i € {1,...,d}, fix some s; < t; € {1,2,3} and let f; : M, x My, — My, be an L-definable
binary function. Then the L-formula

Si

Y132, 53) =@ (fiss Y0)s oo s fa(Vsas Yia))

is 2-dependent (with respect to Th ; (M)).

Proof. We work in a monster model M of T := Th (M). Note that then the Ly-reduct My of M is a
monster model of Ty := Thg,(My), and Ty is dependent. Assume that the formula ¢ (y1;y2,y3) as in
the statement of the theorem is not 2-dependent. Let I = (ao : @ < k) witha, € M,,,J = (bg : f < A)
with bg € M, and c € M,, be as given by Proposition 5.8 with 4 > 2“ > |T'|: that is, for every y < 4,
we have [Sy 5. (I X {c})| =2".

LetVipi={i<d: (t;,s5:)) = (L2}, Vizg={i<d:(t;,s;)) =(1,3)}and Vo3 :={i < d: (t;,5:) =
(2,3)}; then Vi 5,V13,V23 is a partition of {1,...,d}. Let f(bg,aq) = (fi(bg,as) : i € Vi),
f(zﬁ,c) = (fi(c,bg) i €Vi3)and f(aq,c) := (fi(aq, bg) : i € V2 3). Then we have

Ev(bgiaa.c) = F ¢'(f(bg.aa), f(bp,c), f(aq.c)),

where ¢’ € L is obtained from ¢ by regrouping the variables accordingly.

Let A := {f(aq,c) : @ < «}. Consider the rectangular array (f(bg,aq) : @ < k,8 < A). Itis an
indiscernible array by mutual indiscernibility of the sequences (a,) and (bg). In particular, the sequence
of rows ((f(bg,aq) : @ < k) : B < A) is O-indiscernible. As Ty is dependent, |A| < kand A > (|T| +«)
is regular, there is some y < A such that the sequence of columns ((f(bg,as) i@ < k) :y < < A)is
Lo-indiscernible over A.

Fix y < < A. For any tuple e € My, .icv, 5), let

S5 = {a <k :E @ (f(bg aa), e, f(aa, )} C K,

and let Fg := {Sf : € € M(y;:iev; ;) } be the collection of all such subsets of « that can be realized by
some tuple.
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We then have that 3 = Fp for any y < 8,8 < A. Indeed, by the Ly-indiscernibility observed
above, there is some o € Aut(IMy/A) sending (f(bg,aq) : @ < k) to (f(bg, ae) @ @ < k). But then for

any e, we have that Sf = S/i(e) (recalling that f(a,c) € A for all @ < «); hence Fg C Fp/, and vice

versa, exchanging the roles of 8 and 8. So let I := J for some (equivalently, any) 8 > . Note that Sf
is determined by the Lo-type tp, (e/(f(bp,aa) : @ < k)A). As |f(bp,ae) : @ < k)A| < k and ¢’ is
dependent, we get that |F| < ded(k) by Fact 5.1.

Now we estimate [Sy, ., (Ix{c})| (see Definition 5.5). Giveny < 8 < A, wehave thattp, (bg/Ix{c})
is determined by the set

S ) = 1@ < K2 @' (f(bp.aa). f(bp,€). f(aa, )} € F.

But as |F| < ded(«), there are only ded(«) choices for this set; hence |Sy. ., (1 X {c})| < ded(«).

This would imply a contradiction in a model of ZFC with ded(«) < 2* (which exists by Fact 5.2).
But the property of a given formula y being 2-dependent is arithmetic; hence set-theoretically absolute,
so we obtain the result in ZFC. O

Example 5.13. Let f : C> — C be an arbitrary function, and let p(x, y,z) be a polynomial over C.
Consider the relation E C C* given by

E(x,y,2) &= p(f(x,y),f(x,2), f(y,2) =0.

Then there is some finite 3-partite 3-hypergraph H such that £ does not contain it as an induced tripartite
hypergraph.

Remark 5.14. We will see in the proof of Theorem 6.3(3) that we cannot relax the assumption M
is dependent to just 2-dependent. Generalizations of Theorem 5.12 for n-dependence and functions of
arbitrary arity will be investigated in [12].

6. 2-dependence of bilinear forms over dependent fields

In this section, we consider certain theories of bilinear forms on vector spaces, in a language with a
separate sort for the field. Their basic model theory was studied by Granger in [21] and, more recently, in
[15, 18] from the point of view of generalized stability theory. Here we investigate n-dependence in these
structures. As it was already mentioned in the introduction, all currently known algebraic examples of
strictly n-dependent theories for n > 2 are closely related to bilinear forms over finite fields. For example,
smoothly approximable structures studied in [8] are 2-dependent and coordinatizable via bilinear forms
over finite fields (see [14, Example 2.2(4)] for a discussion of their 2-dependence); and the strictly n-
dependent pure groups constructed in [ 1 1] using Mekler’s construction can be interpreted in alternating
bilinear maps over finite fields as demonstrated in [3]. Here we show that a more general situation
is possible: every non-degenerate (symmetric or alternating) bilinear form on an infinite dimensional
vector space over an arbitrary dependent field is strictly 2-dependent (and the assumption that the
field is dependent is necessary; see Theorem 6.3). Our proof of 2-dependence relies crucially on the
Composition Lemma (Theorem 5.12) from the previous section. We view these examples as clarifying
the scope of Conjecture 1.1 (namely, how much algebraic structure is required for the collapse of the
n-dependence hierarchy) and guiding toward a correct formulation of its abstract counterpart (‘every
n-dependent theory is linear over its 1-dependent part’).

We begin by recalling some definitions and results from [21]. In this section, we consider structures
in the language £ consisting of two sorts V and K, the field language on K, the vector space language
on V, scalar multiplication function K XV — V and the bilinear form function [x, y] : VXV — K. The
language L is obtained from £ by adding for each n € w a (definable) n-ary predicate 6,,(xy, ..., Xy),
which holds if and only if x;,...,x, € V are linearly independent over K. Let L',Ig be a language
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expanding Ly by relations on K",n € w definable in the language of rings such that K eliminates
quantifiers in ng (e.g. we can always take Morleyzation of K).

Definition 6.1. For K afield, F € {A, S} and an arbitrary m € NU {co}, let .TX denote the £ -theory
expressing that the sort corresponding to K is a field that is moreover a model of Th(K); V a K-vector
space of dimension m; [x,y] : V XV — K is a non-degenerate bilinear form of type F, where a form
of type S is a symmetric form, and a form of type A is an alternating form; and the predicates 6,, define
linear independent tuples of length n over K.

Fact 6.2 [21, Theorem 9.2.3]. Let F € {A, S}, and let K be an arbitrary field if F = A, or a field closed
under square roots if F = S. Let m € NU {oo} be arbitrary if F = A, or evenifm € Nand F = S. Then
the theory FTﬁ is consistent, complete and has elimination of quantifiers in the language ng .

We are ready to state the main result of this section.
Theorem 6.3. Let T := FTfl be as in Fact 6.2.

1. If m < oo, then Th(K) is n-dependent if and only if T is n-dependent, for any n € N5 ;.
2. If m = oo and Th(K) is dependent, then T is strictly 2-dependent.
3. Ifn € Ny, Th(K) is not n-dependent and m = co, then T is not 2n-dependent.

Corollary 6.4.

1. The case of a finite field K corresponding to extra-special p-groups was treated in [22, Section 3].

2. In [4], for each n € N and p, Baudisch constructs a structure D(n) in the language of groups
with n additional constant symbols, with D (1) corresponding to extra-special p-groups. Since all
these examples are interpretable in the bilinear form with additional constant symbols, they are all
2-dependent.

The rest of the section constitutes a proof of this theorem.

6.1. Proof of Theorem 6.3(1)

If m < oo, then K is n-dependent if and only if T is n-dependent, for any n > 1. This follows from
the fact that any model of FTﬁ can be interpreted in K using the isomorphism K" = V for some
m € N as follows. Interpreting the vector space structure is obvious. Now, let B = (ey, ..., e;,) be the
standard basis of K”. Then the bilinear form is completely determined by fixing k; ; = [e;, e;] for all
1 <i,j<m.Letn; : K — K be the projection map onto the i-th coordinate. Then for v,w € K™, we

have that [v, w] = Zl'.f’jzl m;(v)m;(w)k; j, which is definable over {k; ; : 1 <i,j < m}.

6.2. Proof of Theorem 6.3(3)

Assume that K is not n-dependent; then by Theorem 2.12, it must be witnessed by some £ -formula
@(X;¥1,...,yn) with each y; a single variable. Then by compactness for 1 < k < n, we can find
sequences (c’(‘ik’jk) 2 (ix, Jk) € w X w) with w X w ordered lexicographically and all cf.‘k _j, pairwise
distinct elements in K, such that for every A C (w X w)", there is some &4 satisfying

|: ‘P(e_A;Czil’jl),- . "c’(lin,jn)) — ((i19j1)7' . -v(in’jn)) € A

As m = oo, we can choose (af.‘ : 1 < k < n,i € w) atuple consisting of linearly independent elements

inV.Foreachl < k <nandj € w, let f/‘ : V — K be a linear function satisfying fj(‘(a{.‘) = c’(‘i P for
all i € w. Since the bilinear form is non-degenerate, there exist some bf € V such that f;‘ (x) =[x, bf.]

for all x € V. But then, identifying (w X w)" with w*"*, for any set A C w”", we have

'z‘/’(e_A, [al!l’b}l]""’ [a:ln?b;ln]) — (i17j]5'-'7il’l’jn.) GA’
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hence the formula ¥ (X; y1, Y2, ..., Yan—1>Y2n) = ¢ (X, [y1,y2], -+, [Yan-1, Y2n]) is not 2n-dependent,
witnessed by the sequences

1 1 n n . . . .
(a;,bjs--ovap b tins jis . sins Jn € ).

6.3. Proof of Theorem 6.3(2)

Let M | T be a monster model. If 7" is not 2-dependent, by Proposition 2.8 there exists tuples Go, 15/;

and an LIH{ -formula ¢(X; ¥, z) without parameters such that (G, bg : @, € Q) is O p-indiscernible

over () and it is shattered by ¢. More precisely, for every A C Q X Q, there is some ¢4 such that
E¢(Casdae, bp) & (a,p) € A.

K~ \%4

We write ¥ = XK ~xV, 5 = 3573V, 7 = ZK~zV for the subtuples of the variables of the correspond-
ing sorts, where tX = (xX : i € XX)andxV = (x) :i € XV)and XK uXV isapartitionof {1, ..., [%|}.
We proceed similarly for j and . Let a, = ak~aV, l_)ﬁ = Bg "BZ for the corresponding subtuples in
the K-sort and the V-sort, respectively. Let ¥, = (aZ’i cieYV),bY = (bV’i cieZV), etc.

As afirst step toward obtaining a contradiction, we will show that all of the elements of the sort V in the
configuration witnessing the failure of 2-dependence chosen above may be assumed linearly independent
over K. This is achieved by modifying the initial configuration and the formula as demonstrated in the
following four claims.

Claim 6.5. There exist a finite tuple ¢ in 'V, a formula e(x,w,3,7) € ng and sequences of tuples
(da,bp : @, B € Q) such that:

1. (dq, 155 ta, B € Q) is Oy p-indiscernible over é;
2. Forany a* € Qandi* € YV, we have that

ay. ;- & Span ((aZ*,,» Hie YV \{i')), (ay e eQ\{a")), (b : B e Q),e‘) ;
3. Forany 8* € Qand j* € ZV, we have that
by ;- @ Span (b ;7€ ZY \ D, (BY - B Q\{B')), (@4 @ € Q),é);

4. p(x,e;y,72) sha_tters (@, Z_)/; ca, B € Q) — that is, for every A C QZ, there is some C4 such that
Eo(ca, e dn,bg) = (a,B) € A

Proof. Assume that (d,, Eﬁ) chosen in the beginning of the proof do not satisfy (2) with ¢ = 0. Then
there are some a* € Q,i* € YV and finite sets I, J C Q, a* ¢ I such that

a¥. ;- € Span ((@¥. ;11 € YV \ ("D, (@)aer (B Jpes. ).
Then there is an 0-definable function f and some finite tuple & in K such that
a‘(;’i* =f (IE, (aZ*,i i e YV AL, (@) ger, (Bg)ﬁgj,é) .
We let
vyt i=min{feel:a>a*},y =max{ae€l:a<a’},d :=max(J),
@i (@),, " 0),, e
@)y = (al i eV \ (1))
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Then
(a5~ @) Bp e (r7.7") B e (6.+00)

is O, p-indiscernible over e'.Asa* € (y ,v"), it follows that for every a € (y~, y*), there is some
tuple ko in K such thata’ .. = f (ka, (@)Y, &’). Let

@ (& .5) = (m’i O herv seies £ (FE O ey ) O Deyv ie.7)

where 3 = (3)%7(3)Y, (3% = 3F 755 and (3)¥ = (3} i € YV \ {i*}). Letay, = ag ™ (a)y
(so the tuple k7, a’, corresponds to the Varlables ).
Restricting to the set (y7,y*) x (6, ), we may thus assume:

(a) (d W Bﬁ a, B €Q)is Oy, p-indiscernible over ¢ (follows by the choice of y~, v*, 8, definition of
a’, and 02 ,p-indiscernibility of (@, bg : a, B €Q)),
(b) ¢ (x é¢’;y’,7) shatters (kg aa,b/; a,B € Q) (as for any ¢ and a, 8 € Q, by the above we have

F¢(C.da,bp) = F ¢'(¢, &' kg al, bp)).

By Fact 2.7, let (h; "ﬁ;,b’ ta,B € Q) be an O, ,-indiscernible over &’, based on (E;&;, Eﬁ :
@, B € Q) over &’. We still have that ¢’ (¥, &’, ¥, 7) shatters (h, a’., b’ a, B € Q). Replacing ¢ by ¢’,
€ by &’ and the sequences (Ao bp = a,B € Q) by (h; a’, b’ D a, ﬁ € Q), we have thus reduced the
length of the tuples a¥ (at the price of increasing the length of ak). Repeating this argument for both
de’s and bg’s at most finitely many times (as the variables y and Z have finite length), we obtain the

conclusion of the claim. O

Claim 6.6. There exist finite tuples € in'V and ¢, a formula (X, w,y,7) € L’g and sequences of tuples
(@a,bp : a,B € Q) satisfying (1)~(3) and

@) E e(c, E,a_w,l; ) & G2, ERxa,pB) foralla,f € Q.
v v 5 SV
¢/ ¢ Span ((c cj#i), (@ )GGQ,(b’B)BEQ,e)foranylEX )

Proof. We start with &, ¢ and (a4, l_)ﬁ)a”geQ satisfying (1)—(4) of Claim 6.5. By (4), there exists a tuple
¢ such that

'= (p(c', e,dq, l_)ﬁ) — GQ»P |= Rz(a’,ﬂ) for all a,B € Q.

We write & = ¢K ¢V . Assume that there is some i* € XV such that c}f is in the span of the tuple

(] cie€ XY \{i'Y) T (a@)aer " (b)Y )pes @
for some finite sets 7, J € Q. Then
c=f (C_f (e Viexv\ iy (@4 aer (Bg)ﬁej,e_)

for some 0-definable functionfand some tuple ¢f inK.Leta* := max(1UJ). Weleté’ := (¢)%~ (&)Y,
where (¢/)X := c{( cKand (¢")V = (c i1 e XV\{i*}).Lete’ := (a¥)aer A(bl‘;)ﬁg ~eé.Restricting
to a copy of G»,j, contained in (@, 00) X (a*, c0) (Remark 2.5), we thus have:

Garp ERy(a.B) &= ¢ (C.¢,d4.bp) &=
E o (65, (@ iz £ (@)Y, (&) Vinirs 6,000 )

= E ¢ (¢,&,da,bp)
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for an appropriate ng -formula ¢’. Replacing ¢ by ¢’, € by &’ and ¢ by ¢’, this shows that (4') is still
satisfied. And (1), (2) and (3) still hold as well (follows as & satisfies (1), (2), (3) and all the new elements
in ¢’ are from (a/,, E;g t @, < a*)). We have thus reduced the length of the tuple ¢ (at the price of
increasing the length of ¢). Repeating this argument finitely many times if necessary, we obtain the
claim. O

Claim 6.7. There exist finite tuples € in'V and ¢, a formula ¢(X, w, y,Zz) € ng and sequences of tuples
(aq,bp : a,B € Q) satisfying (1)—(3), (4'), (5) and

6. e; ¢ Span(e; : j #1) foranyi € |e|.

Proof. Start with ¢, ¢ and (ﬁa,[)’g)a"ge@ given by Claim 6.6. As in the previous two claims, if
e;+ € Span(e; : i # i*), then e; = f(k, (é;)izi+) for some 0-definable function f and a tuple k in K.
Replacing é by (&;);»i+, adding k to ¢X and modifying the formula accordingly, the condition (4") is still
satisfied. And (1), (2), (3), (5), (6) still hold as we only pass to a subtuple of é. Repeating this finitely
many times, we obtain the claim. O

Lete, ¢, p(X,w,¥,7) € Lg and (dg, Elg :a, B € Q) be as given by Claim 6.7. By (2), (3), (5), (6)
and linear algebra we get that all elements in the tuple

-V ~(=V ~ (Vv ——
by
¢ (aa)aeQ ( B BeQ ¢

are linearly independent. Hence adjoining ¢¥ to ¢V and regrouping the variables of ¢ accordingly,
we get:

Claim 6.8. There is an L’(j -formula ¢(X,y,7) and tuples €, a 4, 13/; such that:

1. (dq, 155 ta, B € Q) is Oy p-indiscernible;
2. All elements in the tuple ¢V ™ (d‘(i)aEQ - (Eg )BGQ are linearly independent;

3. |= 90(6_‘,(30,!_)3) — GQ,p |=R2((l,ﬂ).

By quantifier elimination (Fact 6.2), every ng -formula is equivalent to a Boolean combination of
atomic ng-formulas. Since 2-dependence is preserved under Boolean combinations (Fact 2.2), it is
sufficient to check 2-dependence for atomic L’g -formulas, which by the definition of the language L’(j
fall into one of the following three cases.

Case 1. The formula ¢(X, y, 7) is of the form ¥ (¢, (%, ¥,2), .. .,t4(X, y,2)) for some ¢ € Lk and some
terms #;(X, ¥, 7) taking values in K and 1 <[ < d.
In this case, for each /, we have the following possibilities:

o The term #;(X, ¥, Z) has height 1 — that is, it is one of the variables in ¥~ X~ zK;

o (X, ¥,2) =1} (X, 5,2) +k 17(x,,2) or 1y (%,¥,2) =1, (%, ¥,2) ‘k 17(X, 3, 2), for some terms 1], 17 of
smaller height taking values in K;
o 11(X,y,7) = [tl1 (%,¥,2), t*(%, 7, 7)] for some terms tll, tl2 of smaller height taking values in V, but then:
— Either tll is of height 1 — that is, it is one of the variables in xV“yV“zV;
- Or tl1 (%,9,2) = sll (x,9,2) v sl2 (x, ¥, z) for some terms sll, sl2 of smaller height taking values
in K and V, respectively, in which case 1;(%,¥,2) = s} (X, 3,2) -k [s}(%,5,2).17 (%, 7,2)];
- Ort/(%,5,2) = 5, (X,5,2) +v 57(%, , Z) for some terms s;, 57 of smaller height taking values
in V, in which case

1(%,5,2) =[5 (%, 5,2), 11 (£, 9, 2)] +k [s](X,5.2), 7 (%7, 2)].
And similarly for tlz.

https://doi.org/10.1017/fms.2021.35 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2021.35

40 Artem Chernikov and Nadja Hempel

Applying this for each / and iterating by recursion on the height of terms, we thus conclude that the
formula ¥ (¢ (X, ¥,2), . . ., ta(X, ,2)) is equivalent to

v .V v Vv v Vv
() ¥ ([x; »Yj ])iEXV,jEYV’([xi L ])ieXV,jeYV»([yi % ])ieYV,jeZV’

v .V vV .V vV _V -K -K =K
([xi X ])i,jeXV’([yi Y ])i,jeYV’([Zi 2L ])i,jeZV’x Y 5%

for some L g -formulay’. As Th(K) is dependent, Theorem 5.12 implies that this formula is 2-dependent.
This concludes Case 1.
Case 2. The formula ¢(%; y, 7) is given by

04(t1(%,5,2)s...,ta(X,7,2))

for some d € N and terms #;(x, y, 7) taking values in V.
In this case, by a simple recursion on the height of the terms, we see that for 1 </ < d, the term #;
must be of the form

D@yl + Y @Y+ Y @5

ieXV jeyv kezV

for some terms thl., tle, tlzk taking values in K.

Using linear independence of the set of elements of the tuple ¢ ~aY, ~ I_JX forany «, 8 € Qestablished
in Claim 6.8, for any «, 8 € Q, we have

Gap E R, B) & E ~0a(11(¢,darbp), ..., 14(C,dq, bp)) &

d
E@er,....eac K)(er,..oea) #(0,...,00 A /\ (Ze,wl’;(e,am;}ﬁ):o)/\

iexV \l=1

d d
/\ (ZEI'tlY:j(C_',a_Q,BB)ZO)/\ /\ (Zez'tfk(c_ﬁml;ﬁ)=0) =

jeyv \i=1 kezv \I=1

Fy ((tl),(i(é’ das Eﬁ)) ’ (tl}jj(c_’ da; Eﬁ)) ’ (tfk(é, as Eﬁ))1<l<d,keZV)

1<i<d,iexV 1<i<d,jeyV

for an appropriate formula ¢ € Lg. But this is impossible by Case 1.
Case 3. The formula is of the form 7(X%, ¥, Z) = O for some term.
As in the previous case, then ¢ must be of the form

DK ET D + Y &R+ )t (E5. D

iexV jeyVv kezV

for some terms ¥, ¥, 17 taking values in K. Using again linear independence of c‘V“dXAE/‘; for any
a, 3 € Q established in Claim 6.8, we have that

Gap E R, f) & 1(¢,dq,bp) =0

N 5 aabp) =0n N 11(6,dabp) =0A N\ (G darbp) =0

iexV jeyV kezV

= 0 (5 Bp)iexv (1 (Coa b)) ey, (F(E i Bp)ier
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for an appropriate £ g -formula  and any «, 8 € Q — which is impossible by Case 1.
This finishes the proof of Theorem 6.3(2). ]

7. Expansions by generic predicates and n-dependence

In this section, we will show that an expansion of a geometric theory T by a generic predicate, in the sense
of [6], is dependent if and only if it is n-dependent for some n, if and only if the algebraic closure in 7T is
disintegrated (Corollary 7.13). In fact, we prove that any expansion of an n-dependent geometric theory
with disintegrated algebraic closure by generic relations of arity at most n is n-dependent (Proposition
7.12). While these results have no direct implication for Conjecture 1.1, the authors view it as providing
some further evidence toward it. Namely, we view it as a ‘toy example’ of a situation in which failure
of 1-dependence implies failure of n-dependence for all n, utilizing the geometric complexity (non-
disintegration) of the algebraic closure, similar to the behavior expected in fields.

We begin by recalling some basics of geometric theories and expansions by generic predicates from
[6]. A theory T is geometric if it eliminates the 3*-quantifier and the algebraic closure operator acl
satisfies exchange in every model of 7. In this section, we denote by dim the acl-dimension in a geometric
theory, and by | the corresponding algebraic independence relation (see e.g. [6, Section 2] for details).

Definition 7.1. Let T be an arbitrary theory.

1. An element a € M is non-trivial if there exist elements b, ¢ € M and a small set B € M such that
a € acl(beB) \ (acl(bB) U acl(cB)).
2. A theory T is non-trivial if there exists a non-trivial element in M; otherwise we call T rrivial.

Remark 7.2. It is immediate from the definitions that a geometric theory T is trivial if and only if it
has disintegrated algebraic closure — that is, if acl(A) = (J,e4 acl(a) for any set A € M.

Letnow T be an arbitrary £-theory with quantifiers elimination (for the questions considered here, we
may always assume it replacing 7" by its Morleyzation) and also eliminating 3. Let S be a distinguished
L(0)-definable set in 7. We denote by Tp s the theory in a language Lp := L U {P(x)} given by
T U {P(x) — S(x)}. When working in an £ p-structure, we will write tp, and acl, to denote the type
and the algebraic closure of a tuple in the £-reduct (as opposed to its £ p-type tp,,, and its algebraic
closure acl; ,, obtained using all £ p-formulas).

Fact 7.3.

1. [6, Theorem 2.4] The theory Tys has a model companion Tp s with the following axiomatization:
M | Tp s if and only if
(@ MET;
(b) For every L-formula 6(X,7) withX = (x1,...,x,) and every I C {1,...,n}, M satisfies

vz(((axa(x,z) A (ZNaclg (Z) =(2))) A /n\S(xi) AN ;exj)
i=1

1<i<j<n

- 3;(9(;, 2 A /\(xi €P)A A(x,. €S\ P))).

iel igl

2. Let M |= Tp_s. Assume that a, b are tuples from M and A C M is a set of parameters. Then the
Jollowing are equivalent:
(@) tpg,(a/A) =tps,(b/A); )
(b) There exists an A-isomorphism of L p-structures from acl; (A, a) to acl (A, b) which carries
atob.
3. fMETps,ae Mand A C M, thena € acl;(A) & a € aclg,(A).
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One typically refers to Tp s as an expansion of T by a generic predicate on S. If the predicate S is
equivalent to x = x in 7, we simply write 7p instead of Tp 5.

Our first aim is to show that if 7 is a non-trivial geometric theory, then its expansion by a generic
predicate is not n-dependent for any n. In order to produce a definable relation witnessing failure of
n-dependence for an arbitrary n, we consider certain algebraic configurations of ‘higher arity’.

Definition 7.4. [5, Definition 2.6] Let T be a geometric theory and B C M. We say that a tuple
a=(ay,...,a,) € M"is an algebraic n-gon over B if dim(a/B) = n—1, but any subset of {ay, ..., a,}
of size n — 1 is independent over B.

Note that any tuple obtained by permuting the elements of an algebraic n-gon over B is still an
algebraic n-gon over B (by exchange of acl). Due to the following fact, starting with a non-trivial
element, we can find an algebraic n-gon for any #.

Fact 7.5 [5, Lemma 2.7]. Suppose that T is a geometric theory and a € M is non-trivial. Then for every
n > 3, there exist some finite set B C M and an algebraic n-gon (ay, . . ., a,) over B such that a,, = a.

Proposition 7.6. Assume that T is a geometric theory and there exists a non-trivial element in S. Then
Tp_ s is not n-dependent for any n > 1.

In particular, if the algebraic closure in T is not disintegrated, then Tp is not n-dependent for any
n> 1.

Proof. Fix n > 1, and let M be a monster model of Tp s. Note that the £-reduct of M is a monster
model of 7. By Fact 7.3(3), we have acl;,, = acl; in M, so we will just write acl in the rest of the proof.
By assumption, there exists a non-trivial @ = S(x) in M.

By Fact 7.5, let ay, . .., dn+1, any2 and a finite set B be such that a4, = a and (ay, ..., a,42) is an
algebraic (n + 2)-gon over B. So in particular, a,4+> | S(x). Naming B by constants, without loss of
generality, we may assume that B = (. Then {ay,...,an+ 1} is an | -independent set. Using extension,

symmetry and transitivity, we can choose inductively sequences a; = (a{ tjew)forl <i < nsuch
that:

1. a{ \quafjam o apy foralll <i<nmandall j € w;

2. al =a,. i aim..any aiforalll <i<nandall j € w.

In particular, by basic properties of | and exchange, (1) implies that
3) {a{ :1<i<n,jewlU{au}isan | -independent set,

and (2) implies that

4) a{‘ ...a{[’anH =aqaj...azapy forall ji,..., j, € w.

By assumption, we have a,.; € S(M) N acl(aj...an+1). Then we can choose a formula

@(x1,...,xp42) € Land 1 £ k € w such that:
(5) p(aj,....a,, > Xns2) —> S(xp42) forany aj,...,a’ , € M;
(6) ¢(ai,...,an+1,xn42) isolates tpy (an+a/ai .. .ans1);
(D le(ar,...,an1,M)| = k and |p(a],...,a, ., M)| € {0,k} forany a},...,a, € M.
Claim 7.7. The following holds:
(8) Forany (ji,...,Jn) € W", we have

|<,0(a{], .. .,aﬂ",anﬂ,M)l =k and go(a{l, Al ape, M) Nacl(a . .. an) =0,
) Forany (ji,...,jn) # (J{s-...J;) € W", we have

%) (a{', .. .,a‘,’;"',anﬂ,M) N (a{‘, ... ,af;'/‘,a,Hl,M) =0.
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Proof. Proof of (8). Let (ji,...,jn) € w" be arbitrary. By the first item in (7), let b be the tuple

listing all k-realizations of ¢(ai, ..., dn+1,Xn42). By (4), we can choose some tuple b’ in M such that
a{‘ ... ala, b’ =ay...apan.b. Then each of the k pairwise-distinct elements in b’ is a realization

of <p(a{1, e, a{;" , dn+1,Xn+2), and these are all possible realizations by the second item in (7).
Assume now that b € go(a{‘ ..., a,,1, M) is arbitrary. By (3) and basic properties of algebraic
independence, we have d;.i J,a-]fl_._a;‘!n al’'...a;’. Hence if b € acl(a...d,), then already b €
acl(a{l ...aim). But a{' c.alanab = ay...apansan by (4) and (6), and an € acl(ay .. .ay)
since (ay, ..., an4+2) is an algebraic (n + 2)-gon — a contradiction.
Proof of (9) Let (ji1,...,jn) # (J{>--.,J,) in " be given, and let J := {1 <t < n: j, = ji}. Thus

|/] < n. By (3) and basic properties of algebraic independence, we have
(aj"teéJ)J/ ; (aj‘,'tqél)
- u,ﬁ.](ut”:te‘l) r ’

Using this and the second item in (7), if

be go(a{], e ,a,j;",anﬂ,M) N go(a{‘, coalt ane, M),
then
b € acl ((a{’ ite J)an+1)) .
Additionally, by (4) and (6), we have a{] . a{l" an1b = ay ...azans1a,42; hence ayyn € acl((a; : t €
J)an+1). This is a contradiction since (ay,...,ax+2) is an (n + 2)-gon and |J| < n and concludes the
proof of the claim. O
Now, consider the formula
WXL, Xnat) 1= Txpa2 € PO(X1, ..., Xnal s Xna2).

We will show that ¢ is not n-dependent. For this, we show that for an arbitrary m € w, ¥ shatters
(a{ 21 <i < n,j e m). Toward this, let I C m" be fixed. Set a@ := (a{ 1 <i<nl<j<m),with
a‘; as chosen in the beginning of the proof, and consider the £-formula

9()?,&):0((x;:f€m",l <t < k),d) =

jemmistsk 7
where p is a formula expressing that all of the elements of the tuple (x} :j €em", 1 <t < k) are pairwise-
distinct. By the first item in (8), for each j € m", we let l_); = (b} : 1 <t < k) be atuple of length &
enumerating the set ga(a{', cee, af;", @n41, M) in an arbitrary order, and let b := (b; cjem', 1<t <k).
Then we have:
b C S, by (5). .
All elements of the tuple b are pairwise-distinct, by (9).

b N acl(a) = 0, by the second item in (8). )
E 6(b,a), with 3x,,,| realized by a4 by the choice of b.

O O O O

Hence, applying Fact 7.3, there exists some ¢ = (c; cjemt 1<t < k) C S such that
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e}

= 0(c,a);
o ¢ji= (C}Z 1 Stgk) C Pforevery j € I;
o ;NP =0forevery j em"\ I

As [ 0(¢, a), all elements of & are pairwise distinct as it realizes p, and there exists some a! , € M

n+l

such that

— J Jn 1 t

= /\ /\ w(all,..,,an s 1> CGy jn)) :

jemn 1<t<k

In particular, for every j = (ji,..., jn) € m", every element of the tuple ¢ 7 of length k is in the set
") (a{ L, af;”, afl L M) Hence, by the second item in (7), the tuple ¢ b lists all of the elements of the
set ¢ (a{‘, cees a{,”, a}’Hl, M). By the choice of ¢, it follows that for every j € m",

J J I .
|=z,0(a1 ,...,an",an+1) = je]l.

As m and I were arbitrary, we conclude that y is not n-dependent by compactness.
Finally, the ‘in particular’ part of the proposition is immediate by Remark 7.2. O

Remark 7.8. The case of n = 1 of Proposition 7.6 is claimed in [6, Proposition 2.10] without the
assumption that 7" is geometric. However, their proof contains a gap, and the claim is false as witnessed
by the following example. Let T be the theory of the infinite branching tree — that is, the theory of an
infinite graph (G, R) such that

1. For every vertex a € G, there are infinitely many b such that aRbD,
2. There are no cycles.

It is not hard to see by back-and-forth that 7" is complete and admits quantifier elimination after adding
distance predicates (which are definable in the graph language using quantifiers). Then Tp is stable, for
example, since by [26, Theorem 1.4], every expansion of a planar graph by unary predicates is stable.
However, acl is not disintegrated (for any a € G and two elements b, ¢ connected to it, we have that
a € dcl(bc), but a ¢ acl(b) U acl(c). Note that acl doesn’t satisfy exchange in this example since
b ¢ acl(ac).

Remark 7.9. In a recent erratum [7] to [6], it is observed that Tp s is not dependent assuming the
following stronger variant of the failure of disintegration of aclin 7': there existasmallmodel M < M =T
and tuples a, b such that acl(M,a,b) NS ¢ acl(M, a) U acl(M, b), and moreover tp(a/Mb) is finitely
satisfiable in M.

Next we will show a converse to Proposition 7.6: if the algebraic closure in a geometric theory
is disintegrated, then n-dependence is preserved after adding a generic predicate. More generally, we
consider expansions by ‘generic’ relations of arity at most n.

The following is an analog of Fact 7.3 in this more general setting. It is essentially from [46], though
we refer to [32] here. Namely, let 7 be a complete theory in a language £ with a distinguished £(0)-
definable set S(x), and let £’ 2 £ be a language such that £\ £ = {R; : i € I} only contains relational
symbols. Then we let £ := LU{S*(x)}, where S*(x) is a new unary predicate symbol, and let T be the
(complete) Ly-theory axiomatized by T U {S(x) < S*(x)}. Let T, be the reduct of Ty to the language
Ln :={S8"(x)} (so a complete theory of a unary predicate). And fori € I, we let £; := {S*(x)} U {R;},
and let 7; be the model companion of the £;-theory {Vxi...Vx,Ri(x1,...,xXn) = Aicj<n ST(x))}
(which exists by [46, Theorem 5] or by [6, Remark 2.12.2]). In the next fact, the existence of a model
companion 7" of the theory Ty, := | J;¢; T; is given by [32, Theorem 5.50], the description of types in 7’
by [32, Proposition 6.11] and the description of the algebraic closure acly: = acly by [32, Theorem 6.3]).
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Fact7.10. Let T be a theory in the language L eliminating quantifiers and 3%, and fix an £(0)-definable
predicate S. Let L' 2 L be a language such that L'\ L only contains relational symbols, and consider
the L'-theory

T, ::TU{R(xl,...,xn) - /\ S(x;) : REL'\L}.
1<i<n
Then T admits a model companion T', and working in a monster model of T', we have the following:
for any tuples a, b and a subset A,

(1) tper(a/A) =tpg, (5/A2 if and only if there exists an A-isomorphism of L'-structures from
aclg (A, a) to aclg (A, b) which carries a to b.

We sometimes refer to T’ as the expansion of T by generic relations in L'\ L.

In [25, Lemma 2.1], Hrushovski observes that the random n-ary hypergraph is not a finite Boolean
combination of relations of arity n — 1. In order to demonstrate preservation of n-dependence in
expansions of disintegrated theories by generic n-ary relations, we will use the following infinitary
generalization of this fact.

Proposition 7.11. For each n € w,n > 1 and an infinite cardinal k, there exists some cardinal 1 > k
satisfying the following: let G, |, be a A-saturated model of Th(Gn,p), let £ be an arbitrary relational
language with |L| < «k containing only relations of arity at most n — 1, and let O}, |, be an expansion of
0;, ,, obtained by adding arbitrary interpretations for all the relations in L. Then the following holds:

’

Gn 2 .
there are g;, h; € P, ™", 1 <i < n, such that

qftpz (g1,-..,8n) =qftpz (A1, ..., hy)
and G, , E Ru(g1,---,8n) A =Ry (h1,..., hy).

Proof. We show this result by induction on 7 (the base case n = 1 obviously holds with A := k). Now
fix n > 2 and a cardinal x. Let = A,,_; satisfy the proposition for n — 1 and x. We will show that
A=Ay =Ty (240 )+ satisfies the proposition for .

Toward a contradiction, assume that some A,-saturated G, ,, = G, p, some language |£] < « and

.o . - . Gn .
some expansion Oy, ,, do not satisfy the proposition — that is, for all g;, h; € P, ™", 1 <i < n,

(*) Iqutpﬁ(gl’,gn) zqftpz,(h]’7hn) /\G,,,l’p |: Rl’l(gla-‘-’gn)athen G;l,p ':Rn(hh,hn)

n-1
By the choice of 4,, and Erdés-Rado, we have 4,, — ((2’1"*1 )+)2/l ; hence we can find some sets
n—-1

A; C PG;"" 1 <i <n—1suchthat |A;] > (2%1)" and qftpz (g1,...,8n-1) = qftpz(hl,...,hn_l)

for all g;,h; € A;,1 <i < n— 1. Next, we can find a A,,_{-saturated structure G’ = G,_1., With
n—-1,p P
G, _, pl < 24n-1 and such that P; Cnetp CA;,1<i<n-1.AsGy , is A,-saturated and 4, > 241 by
G
the axioms of Th(G, ), there exists some ¢ € P,, np such that for all g; € P; "l <i<n-1,we
have
G;L—l,p |= R, (gl, . ,gn_]) — G:l’p |= Rn(gl, - ,gn_1,c).

Without loss of generality, we may assume that all relations in £ are of arity exactly n— 1. We consider the
language £,,_; containing, for each F € £ and Y € P({1,. —1}P)\0,an (n—1-|Y|)-ary relational
symbol Fy. We define an expansion 0’ 1 of 0/, 1, In Wthh we interpret each such Fy € Lny
as F with each of the variables x;,i € Y fixed by ¢ and restricted to the universe of Gn Lp (e.g. if

Y = {2,n - 1}, then Fy is interpreted as F(x1,¢,X3,...,%2-2,¢) N [licqi2, no1p\y Pl. ~7). Hence
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|Ln 1| < k, and all relations in £,_1 have arity at most n—2. Note that by the choiceof A;,1 <i <n-1,
we automatically have that for any F € £ and any g;, h; € P, -1 Po1<i<n-—-1,
p EF(g1,....8n1) & O, , EF(hi,.... 1)
By the choice of the Fy’s, we have that for any g;, h; € Pl.G;'_l”’, 1<i<n-1,
aftpz  (81,---.8n1) =dftpg  (hi,... hpy) =

qftpz(gh...,g,,,l,c) =qftp£(h1,...,hn,1,c).

Since () holds for O/, , by the choice of ¢ this implies

n,p>
qftpz,  (81,---.8n-1) =dftpz, (A1, hu1) NGy E Ruc1(g15- -0, 8nm1) =
n]p|_ I’L](h]9'-"hl’l—1)'
That is, 0;_1 » and £,,_; satisfy (x) for n — I — contradicting the induction hypothesis. O

Using Proposition 7.11, we can prove preservation of n-dependence.

Proposition 7.12. Let T be a theory in the language L eliminating 3% (not necessarily geometric),
and assume that all elements in S are trivial. Fix n > 1, and let T' be a generic expansion of T in a
language L' such that L'\ £ only contains relational symbols of arity at most n living on S. Then T’ is
n-dependent if and only if T is n-dependent.

Proof. Assume that the theory T is n-dependent, but there is some £’-formula ¢(x;yy,...,Yy,) thatis
not n-dependent in T”. Let 5% be a Skolemization of 77 with a distinguished constant symbol 0, in the
language £3% D £7,|£5%| = |£’]. Let k := |£’|, and let A be as given by Proposition 7.11 for n and .

Let G;, , be a A-saturated model of Th(G,,p). Working in a monster model M of 75K (which we
may assume to be |G, ,|*-saturated in particular), ¢(x; y1,...,y,) is still not n-dependent; hence by
Proposition 2.8(3), there exist tuples (ag)g <G, , and b such that:

1. (ag)gea,,, is Oy, p-indiscernible over @ and G}, ,-indiscernible over b, both in the sense of TSk,
2. Eo(bsag,,....aq,) & G, , ERu(g1,....8n), forallg; € P;.

First we would like to replace each a, and b by their algebraic closures. In order to preserve
indiscernibility, we have to enumerate these algebraic closures in a coherent manner, which can be done
as follows. Let (fo (7o) : @ € k) be an arbitrary enumeration of all £3¥(0)-definable functions. Given
an arbitrary tuple ¢ = (c;)jer in M, we let J, := kX I=% be ordered lexicographically with respect to the
ordering on the ordinal k and the ordering on 1. Then we consider the tuple Sk(c) = (Sk jle):je Je),
where for j = (a,8) € k X I*“, Skj(c) is fo ((c; : t € B)) (or O if the sort of the parameter doesn’t fit
the sort of the variables of the function).

’
n,p

Now for each 1 < i < n, we fix an arbitrary g; € P, ™”. The set of elements appearing in the tuple
Sk(ag,) is an elementary LSk submodel of M by Tarski-Vaught. In particular, we can choose some
Ji € Ja,, so that the tuple ag, = (Sk; (agl) J € J;) enumerates acl g (ag,) without repeated elements.

Now for an arbitrary 1 <i <nand g € P , we let ay == (Skj(ag) : j € J;). Similarly, we choose
some Jo C J, so that the tuple b” := (Sk; (b) J € Jo) lists acl ¢ (b) without repeated elements. Since
we have both indiscernibilities in (1) in the sense of 75X, it follows that:

3. b’ enumerates acl (b) (by definition);

=L5K

4. Forany g € G, ,, the tuple ag, enumerates acl; (a ) without repetitions (as g € P; n.p = ag =
r =L

Wby () = a, =5 al, )
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b, lag| < k3
6 (ag)gea;,, is Oy, p-indiscernible over @ and G, p-lndlscernlble over b’, both in the sense of 75% (and
hence in the sense of T as well; again by (1) and definition of ag and b").

As T is n-dependent, it follows from (6) by Proposition 2.9(3) that
7. (ag)gea,,, is Oy, p-indiscernible over b’ in the sense of 7.

Next we consider the £’-isomorphism type of the structure induced on the tuple b’ay, ...a, asg
varies, and demonstrate that it cannot reflect exactly the hyper-edge relation R, of G, ,. Without loss
of generality, we may assume that all relations in £\ £ are of arity exactly n. By O}, ,-indiscernibility
in T’ in (6), for any F € £’ \ £, we have

G
8. F F(ag,,....aq,) &= FE F(ap,,...,ap,) forallg;,h; € P,"",1 <i<n.

We consider an expansion G’ of G’ where for each F(xy,...,x,) € L'\ L,eachl <i <n
and each j; € J;,t € {0,...,n}\ {l} we add anew (n—1)- ary relatlon Rp ;7 S Ilieqt,onh iy PG" ’

defined as follows: for any (g:)re(1,...n\(i} € [Lreqi,..np\ (i} P; P we have

(gt)te{l ----- ni\{i} € RFJ,J_' : FF ( gLji1> a;i—l»fi—l’ b}o’ a:%'m,jm’ T a:(s'rujn,) >
where ag ;s the jth element of the tuple ay (i.e. a = Sk;(ay)).
Note that taking

L:={Rp,j:Fel'\L,1<i<nj el for0<t<n}UL,

we have |£| < « by (5). Then, by Proposition 7.11 and the choice of 4, there exist some g;, h; € Pl.G"”’
for 1 <i < n such that:

9. qftpz (g1, 8n) = qftpz (M1, ..., hn),
10. G, , F Ra(g1,---,8n)s
11 Gl n.p |_ —|R (hl,...,hn).

&n
left-hand side to the right- hand s1de over b’, we have:

By (7) ag, .. .aj; :bL, a, I a;ln. Taking any L-automorphism o of M sending the tuple on the

12. o fixes b’ pointwise, and o (ay,) = a;_(preserving the ordering of the tuples) forall 1 <i < n.
13. o (acl/;,(b’ag,] ...aén)) = aclg(b’a;l1 ...a;ln) setwise.

14. o (aclL(b’aé] cenlg )N S) =aclg (b’a,’ql . a;;,,) N S setwise.

Let now an element e € aclg (b'ag, ...a,, ) N S be arbitrary. As all elements of § are trivial (in
T) by assumptlon we have e € aclL(b) = b’ or e € aclg (ag) = ag for some 1 < i < n. Hence
aclg(b’ag, ...ap ) NS C blag, ...ag , and so also aclg (b'a ay, ah )NS C blay h . Given
any tuple ¢ of elements from aclg (b'ay, ... ay, ), by definition of T’ it can satisfy a relatlon Fel'\L
only if c is entirely contained in S, hence only if ¢ is contained in the tuple b’ag . But by (8)

’

and (9) (unwinding the definition of £ and using (12)), for any tuple ¢ in b’ay, ...a,, and Fel'\L,
c satisfies F if and only if o(c) satisfies F. And of course ¢ and o (c) agree on all £-formulas. We
thus conclude that o Tue, (bl ...l is an automorphism of L’-structures acl (b’ agl ...agn) and

) ’ : ! - ’ [
aclg (b ay, ...ahn) sending b'ay, ...ag tob'a) ...a} .
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Hence by Fact 7.10(), we have

tpo(ag, ...ag,/b) =tpg(ap, ...an,/b).

But this contradicts the choice of ¢ in view of (10) and (11).
Finally, the converse implication of the proposition is obvious. O

Combining Propositions 7.6 and 7.12, we thus have the following ‘baby case’ of the relationship of
the collapse of n-dependence to dependence and complicated geometry of algebraic closure that we
expect to happen for fields.

Corollary 7.13. Let T be a geometric theory. The following are equivalent:

1. Tp is dependent.
2. Tp is n-dependent for some n € w.
3. T has disintegrated algebraic closure.

Problem 7.14. It should be possible to generalize these results on preservation of n-dependence to
interpolative fusions of theories as studied in [32].

Appendix A. An explicit isomorphism in Kaplan-Scanlon-Wagner,
by Martin Bays

Let k be a perfect field of characteristic p > 0. Let ¢ be the Frobenius automorphism, ¢(x) := x?,
and let ¢ be the Artin-Schreier map, p(x) = ¢(x) —x = x? —x. Let @ = (ao,...,a,) € k"
Let Gg = {x | app(x0) = ... = amp(x,)}, considered as an algebraic subgroup over k of the
Cartesian power of the additive group G”*!. A crucial step in the proof in [31] of Artin-Schreier
closedness of dependent fields is to show that if @ is an algebraically independent tuple — that is,
trd(F, (a)/F,) = m + 1 — then Gz is isomorphic over k to the additive group, as algebraic groups.
Hempel [22] improves this by showing that the same holds when the assumption is weakened to F,-
linear independence of (aa1 ,...,a,). Inboth cases, the proof is rather indirect, going via showing that
Gy is connected and then referring to some standard theorems characterising vector groups in positive
characteristic. The purpose of this appendix is to exhibit such an isomorphism. Thanks to Mohammed
Bardestani and Pierre Touchard for helpful discussion.

First we need the following fact about the Moore matrix, being the analogue of the Wronskian matrix
with Frobenius in place of differentiation. For completeness, we include a proof.

Fact A.1. Let k be a perfect field of characteristic p > 0. Let ¢ = (cq, . . ., cm) € k™. Then the Moore
matrix M := (¢'(c;))o<i,j <m is singular if and only if  is F,-linearly dependent.

Proof. Suppose ¢ is F)-linearly dependent, say »';4;c; = 0 with 1€ IF;’,‘” \ {0}. Then
Yt aj¢'(cj) = 0foralli, so M is singular.

The converse is clear for m = 0. So suppose m > 1, and ¢ is IF,-linearly independent but M is singular,
say No<i<m 21720 uj¢i(cj) =0withg € k\ {0}. Since (cy,...,cpm) is F,-linearly independent, we
may inductively assume that the m X m matrix M’ := (¢'(c;))o<i,j<m is non-singular. It follows that
o # 0. Now, let o := % # 0. Then for 0 < i < m, we have

S(H0)¢' (co) + Y ()¢ (c)) = > du)¢i(c))

j=1 j=0

=¢ Zﬂj¢i_1(cj)
70
=0
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=a- Zﬂj¢i(cj)

70

= (H0)¢' (o) + ) apjd'(c).

i1

Consequently ijlqﬁ(uj)(pi(cj) = ijlangﬁi(cj). By non-singularity of M’, we deduce that
No<j<m $(1;) = ap;. Let B (in an extension of k) be such that (B)P~! = @ and set A; = % Then
either 4; = u; =0 or

p-1
/lp—l _ /Jj _ ¢(ﬂj)

S = = =1.
oot ap;

Hence 1; € Fr+l {0}. But 2jsodjcj = /%ijo ujc;j = 0, contradicting F,-linear independence
of c. o

Now let @ = (aq, ..., am) € k*', and suppose b := (a(;l, cooayl)isE p-linearly independent.
Write ¢; ; for the Kronecker delta. By Fact A.1 applied to ¢~ m(p), ((b"(b )o<i,j<m i non-
singular. Since k is perfect, ¢™'(b;) € k. So there exists @ = (@, ...,am) € km+1 \ {0} such that

/\OStSm Z]ZO ¢ (b )a'] - 60,1
Claim A.2. @ is F),-linearly independent.

Proof. Suppose not, so (permuting if necessary) we have @g = ;> 4;a; with 1; € F),. Then for
1 <i < m,wehave ¢~ (by) 21 i+ s q’)"‘(bj)a/j =00,; =0,andso 3’ ;5 aj¢_i(bj+/ljbo) =0

But a; # 0 for some j > 1, since @ # 0. So by Fact A.1, (b; + 4,bg);>1 is Fp-linearly dependent,
and consequently so is E, contrary to assumption. O

We proceed to define an algebraic isomorphism over k of G4 with the additive group. So let K > k

be an arbitrary field extension, and let X € Gz (K): that is, agp(xg) = ... = amp(xy). Set
t:= Z @jx;.
j>0

Claim A.3. Fori > 0, we have ¢ (t) = 250 ¢ (a;)x;.
Proof. This holds by definition for i = 0. For i > 0, we have

Z‘” o) o' D07 (bpaj| = ¢(S0.) =0

j=0 j=0

Using this, induction and the equations of G4, we find

$'(1)=0| > ¢ (a)x;

j=0

= 9" (@)e(x))

720
= Z ¢ (@) (p(x)) +x;)
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= Z ¢ (O‘lj)ajgo(xj) + Zgbi(a'j)xj
J

Jj=0 a Jj=0
=Z¢l((¥j)Xj.
Jj=0

O

Now by Claim A.2 and Fact A.1, the matrix (¢'(@;))o<i, j<m is non-singular, so say (8;)o<i, j<m is
the inverse, where §;; € k.

Then by Claim A.3, x; = ;5 Bijd’ ().

So we have defined an isomorphism over k of affine varieties

GE - GIa
= 250 @)X

X
(X j20Bijd! (1)) t

between Gz and the additive group G,; since the polynomials involved are additive polynomials, this is
an isomorphism of algebraic groups.
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