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and for various natural algebraic, geometric, ordered theories and models. The origins
for the description are based on known model-theoretic operations of Morleyzation, or
Atomization, and Skolemization, allowing to preserve or naturally extend formulaically
definable sets of a given structure, and obtain a level of quantifier elimination, where
formulaically definable sets are represented as Boolean combinations of definable sets
specified by quantifier-free formulae. The operations of Shelahizations, or Namizations,
produce both extensions and expansions of a structure giving names or labels for definable
sets. In the paper, we introduce and study some general principles and hierarchical
properties of expansions and restrictions of structures and their theories. These prin-
ciples are based on upper and lower cones, lattices, and permutations. The general
approach is applied to describe these properties for classes of w-categorical theories and
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AnHoTaiug: V3yyenne n onucanue BO3MOXKHOCTENH 00OTAIEHN U 00eTHEHUI CTPYKTYP
W WX TEOPUH WCHOJIb3YeTCsl JJIsT TMOJYUIEHUsl CTPYKTYPHOUM HWHQOPMAIUU KaK B IEJIOM,
TaK U JUI Pa3JIUYHBIX €CTECTBEHHBIX aJreOpamvdecKux, FeOMeTPUIECKUX, YIIOPSI0I€eH-
HBIX Teopuil U Mojesieit. VIcTokr TaKoro OnmucaHusi OCHOBAHBI HAa U3BECTHBIX TEOPETUKO-
MOJIEJIbHBIX ONlepalysaX MOPJINU3AIUN, WX aTOMU3AlUN, U CKOJIEeMU3allui, ITO3BOJIAIONINX
COXPaHSATHb WU €CTECTBEHHBIM OOPA30M PACIIUPSTH CUCTEMY (DOPMYJIBHO OMPEIETUMBIX
MHOXKeCTB [JIaHHOI CTPYKTYpPBbI U IOJy49aThb YPOBEHb IJIMMHUHAIMN KBAHTOPOB, IIPU KO-
TOpOM (DOPMYJIBHO OMPENE/IMMbIE MHOXKECTBA MPEICTABJICHBI KaK OyIeBbl KOMOWHAITUN
OIPEeJIEJIMMBIX MHOXKECTB, 3aJaHHBIX (opMmysamMu 6e3 KBaHTOPOB. Ouepamyu Ieaaxu-
3aIuu, WIN HEHMU3AIuU, MPOU3BOAAT KaK OOOTAIeHWs], TAK M PACIIUPEHUS CTPYKTY-
Pbl, IPU KOTOPBIX 33JIaI0TCA UMEHA WM METKU JJIs ONPEIEIUMBIX MHOXKECTB. BBOsITCS
¥ U3y9IAIOTCS HEKOTODPBbIe O0Ire IPUHIIANBI U HePAPXUIeCKrne CBOMCTBa OOOTAIleHUuN U
0beTHEHNIT CTPYKTYp W MX TEOpHil. DTHU MPUHIUIBI OCHOBAHBI HA BEPXHUX W HUMKHUX
KOHyCaX, pelleTkax u nepecraHoBkax. OOmuil moaxo | NIpUMeHsIeTCs JJIsl OIIMCAHUS ITUX
CBOWCTB /I KJIACCOB W-KATETOPUYHBIX TEOPHUl U CTPYKTYP, SPEeH(POUXTOBBIX TEOPHI U
UX MOJesell, CUIbHO MUHUMAJIBHBIX, W1-KATETOPUYIHBIX U CTAOMJIBHBIX TEOPHUIl U CTPYK-
Typ. Ilpm 3TOM BCe THM KIacChl 3aMKHYTHI OTHOCHUTEIBHO MEPECTAHOBOK. J/lokazano, 1To
JIIO0OBbIe CIIMSIHUS CHJIBHO MHUHUMAJBHBIX CTPYKTYDP TaKKe SBJISIOTCH CHJIBHO MHHUMAJIb-
HBIMH, TOTJIa KaK CBOWCTBA W-KATETOPUIHOCTH, IPEHMONXTOBOCTH, W1-KATETOPUIHOCTH
U CTabMJIBHOCTH MOT'YT HAPYIIATbCSl MPU CAUSHUAAX. Tak»Ke MOKA3aHO, YTO KJACCHI W-
KaTEerOPUYHBIX, CUJIBHO MUHUMAJIBHBIX U CTAOUIBHBIX PETYISPHBIX CTPYKTYD 3aMKHYTHI
OTHOCHUTEJIbHO HUYKHUX KOHYCOB BCEX WX JIEMEHTOB, TOTJIa KAK KJIACCHI 9PEH(ONXTOBBIX
¥ W1-KaTErOPUYIHBIX CTPYKTYP 9TUM CBOICTBOM He O0JIa/Iai0T, IpUYEM HEKOTODbIe Oec-
KOHEYHBIE IETIOYKN PACIIUPEHUN 9epeyoT SpeH(pONXTOBOCTD U HEIPEHPONXTOBOCTD, a
IpyTrue OeCKOHEYHBIE IETTOYKU YePEeIYIOT W1-KATErOPUIHOCTD U HE Wi-KaTErOPHIHOCTb.

KuroueBrnle ciioBa: nepapxusi, CBOUCTBO, 0OOTallleHNe CTPYKTYPbI, 00€/THEHIE CTPYKTY-
PBI, Teopust
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1. Introduction

The study and description of possibilities of distributions of expansions
and restrictions of structures and their theories is of interest both in general
and for various natural algebraic, geometric, ordered theories and mod-
els. The prerequisites for the description are the original operations of
Morleyzation, or Atomization [7;14], and Skolemization [4;7;14], allowing
to preserve or non-radically include formulaically defined sets of a given
structure, and upon receipt of this elimination of quantifiers, according to
which formulaically defined levels arise in the form of Boolean combinations
of definable sets specified by quantifier-free formulae. The operations of
Shelahizations [2;13], or Namizations, produce both extensions and expan-
sions of a structure giving names or labels for definable sets. In addition,
main types of combinations of theories based on E-combinations and P-
combinations of their models are used for various expansions preserving a
series of properties [17]. These data allow to introduce topological approx-
imations and develop methods of approximations [18], rank characteristics
of a family of theories [19] introduced and studied within the framework of
approximating formulae [20] and, in particular, pseudo-finite formulas [9].
In addition, the effects associated with the preservation and violation of
properties during expansions and restrictions, with significant formulaicity
or non-formulaicity of these properties is investigated. The formulaic prop-
erties include known theories with the stability property [12], according to
which a theory is stable if each its formula is stable, i.e. it does not have the
order property, and a non-formulaic property, for example, is the property
of the theory of normality [11], which, as the author’s examples show [15],
may not be preserved when taking restrictions. Other formulaic proper-
ties include the properties of total transcendence and superstability [12]
based on the monotonicity of ranks when passing to restricted theories.
A semantic characteristic is the value of the number of non-isomorphic
countable models of these theories, which can both decrease and increase
when the theory is restricted. Using these tools, it is possible to describe
the conditions for the preservation and violation of significant properties
when constructing theories and their models, both in general and for series
of known classes of algebraic, geometric, ordered theories and their models.

The paper is organized as follows. In Section 2, we introduce the notion
of regular structure, Boolean algebras for regular expansions and restric-
tions based on a given universe both for structures and their theories, and
characterize these Boolean algebras up to an isomorphism in terms of car-
dinalities of universes. Kinds of properties on these Boolean algebras with
respect to upper and lower cones, lattices, and permutations are studied in
Sections 3, 4, 5, respectively. We apply these divisions of properties to the
classes of w-categorical theories and structures, Ehrenfeucht theories and
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structures (Section 6), strongly minimal ones (Section 7), w;-theories and
structures (Section 8), stable ones (Section 9). In particular, it is shown
that any fusions of strongly minimal structures are strongly minimal, too
(Theorem 6), whereas the properties of w-categoricity, Ehrenfeuchtness,
w1-categoricity, and stability can fail under fusions.

2. Regular structures, their expansions, restrictions
and Boolean algebras

For convenience we consider regular structures, i.e. relational structures
without repetitions of interpretations of signature symbols. There is no
loss of generality with this assumption, since operations can be replaced
by their graphs, and multiple names for the same relations are reduced to
one of them. The procedure transforming an arbitrary structure M to a
regular one N is called the regularization, and the structure N is called
reqularized, with respect to M. And the converse procedure transforming
N to the initial M is called dereqularization, and M is called deregularized,
with respect to \V.

Remark 1. Clearly, regularizations and deregularizations are multi-valued
with respect to signatures, in general, but they always preserve families of
definable sets on the given universe.

Let M be a regular structure, M be a maximal regular expansion of M
preserving the universe M. We have

1Z(M)| = max{2/M] w}, (2.1)

where $(M) denotes the signature of M. Now we denote by B(M) the
set of all restrictions of M preserving the universe M. Clearly, all these
restrictions are regular, too. Since each signature relation of M can be
independently preserved or removed there are 9[ZAM)[ — gmax{2Mlw} possi-
bilities for these restrictions, i.e. |B(M)| = gmax{2™1.w} " Giyce each element
of B(M) is uniquely defined by a subset ¥ C (M), the set-theoretic
operations on the Boolean P(3(M)), forming its Cantor algebra, induce
the regular atomic Boolean algebra B(M) on a universe B(M), with the
greatest element M having a complete, i.e. maximal signature, the least
element My having the empty signature, and |X(M)| atoms each of which
has exactly one signature symbol. Here unions N7 U N5 and intersections
N1NNa, for N1, No € B(M), preserve the universe M and consists of unions
of their signature relations, common signature symbols, respectively. The
unions can be considered both as combinations [17] and fusions [6], in a

broad sense, of structures.
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The algebra B(M) includes possibilities of regular structures on the
universe M, and contains all restrictions of the structure M. This algebra
is uniquely defined up to the names of signature symbols, and it reflects a
hierarchy of regular expansions and restrictions of structures with respect
to the names of relational symbols. Moreover, the following theorem gives
a characterization of existence of an isomorphism between regular Boolean
algebras.

Theorem 1. For any regular structures M and N the following conditions
are equivalent:

(1) B(M) ~ B(N),

(2) there is a bijection between sets of atoms for B(M) and B(N),

(3) max{|M],w} = max{|N],w}.

Proof. (1) = (2). Let B(M) ~ B(N) witnessed by an isomorphism f.
Then the restriction of f to the set of atoms produces a bijection between
sets of atoms for B(M) and B(N).

(2) = (1). Since B(M) and B(N) are uniquely defined by their atoms
and there is a bijection f, between sets of atoms for B(M) and B(N), this
bijection f, has a unique extension till an isomorphism between B(M) and
B(N).

(2) = (3). Since each atom for B(M) and for B(N) is uniquely defined

by a signature symbol in X(M) and in X(N), respectively, the bijec-
tion between sets of atoms for B(M) and B(N) implies max{|M|,w} =
max{|N|,w}.

(3) = (2). Since the equality max{|M|,w} = max{|N|,w} implies
IS(M)| = [SN)| in view of (2.1), there is a bijection between sets of
atoms for B(M) and B(N).

Theorem 1 immediately implies:

Corollary 1. For any at most countable reqular structures M and N their
Boolean algebras B(M) and B(N') are isomorphic.

Since each algebra B(M) consists of structures with pairwise distinct
signatures all these structures M’ have pairwise distinct theories Th(M’).
Thus all structures in B(M) can be replaced by their theories obtaining an
isomorphic Boolean algebra B(Th(,M)), which is defined by a partial order
< with 71 < Ty iff a theory To € B(Th(M)) is an expansion of theory
T € B(Th(M)). Here the algebra B(M) is composed by semantic objects
M’ whereas B(Th(M)) consists of syntactic ones: Th(M').

Notice that B(Th(M)) depends on the cardinality A = |M| and, since
models of their theory are uniquely defined up to an isomorphism iff these
models are finite, one can reconstruct elements of B(M) by elements of
B(Th(M)), up to the bijection of the universe M, iff M is finite. So we
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denote B(Th(M)) by Bx(T), where T = Th(M) and A = |M|. Here a
finite cardinality A can be replaced by countable one by Theorem 1.
In view of Theorem 1 we have the following:

Theorem 2. For any regqular theories Ty and Ty the following conditions
are equivalent:
(1) By(T1) = B, (T3),
(2) there is a bijection between sets of atoms for By(T1) and B,(Tz),
(3) max{\,w} = max{u,w}.

Corollary 2. For any countable regular theories Ty and Ty their Boolean
algebras By,(Th) and B, (T2) are isomorphic.

Remark 2. The procedures of (de)regularizations can be naturally trans-
formed from structures to their theories. So by the definition any complete
theory is a deregularization of a theory T' in appropriate By (7).

3. Kinds of properties with respect to Boolean algebras

Recall that for a lattice £ and its element a the upper cone, denoted by
V(a) and V,, consists of all elements b in L with a < b, and the lower cone,
denoted by A(a) and A,, consists of all elements b in L with b < a.

Take a Boolean algebra B(M) and a property P C B(M). The property
P is closed under expansions in B(M), or with respect to B(M), or briefly
the Ep(aq)-property, if all expansions, in B(M), of any structure NeP
belong to P. Accordingly, the property P is closed under restrictions
in B(M), or with respect to B(M), or briefly the Rp(q)-property, if all
restrictions, in B(M), of any structure N € P belong to P.

A property P on the class of regular structures is closed under expan-
sions, or briefly the E-property, if all expansions of any structure N' € P
belong to P. Accordingly, the property P is closed under restrictions, or
briefly the R-property, if all restrictions of any structure N € P belong to
P.

Remark 3. If a property P C B(M) is closed both under expansions
and restrictions in B(M) then either P =) or P = B(M).

Remark 4. Using regularizations and deregularizations the notions of E-
property and R-property can be naturally spread for arbitrary structures
and for theories, not necessary regular.

Remark 5. A series of non-elementary properties separates the closeness
under expansions (restrictions) with respect to given Boolean algebras and
in general. For instance, if M is a countable structure without constant
symbols then it is expansible by countably many constants and does not
expansible in B(M) by uncountably many constants whereas M can be
arbitrarily many repeated constants.
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By the definition we have the following:

Proposition 1. For any Boolean algebra B(M) and a property P C
B(M), P is closed under expansions (restrictions) in B(M) iff for any

NeP, vyCP(AnCP)ie P=J va |P= U AN>.
Nep Nep

Corollary 3. Let P be a property on the class of structures closed under
reqularizations and deregularizations. Then P is closed under expansions
(restrictions) iff for any regular M € P, Vapr € P (Ap C P) in any

B(M), i.e. P is the deregularization of |J V.m < U AM>.
MeP MeP

Remark 6. Since elements of A are obtained from N just loosing some
signature symbols of N/ then Ay does not depend on choice of Boolean
algebra B(M) containing A/. Similarly vV, does not depend on choice of
Boolean algebra B(M) containing NV, since it is obtained from N by adding
arbitrary new signature symbols for relations preserving the regularity. So
the assertion of Corollary 3 differs from Proposition 1 just by possibilities
of deregularization.

By Proposition 1 any complement P of a property P C B(M), which
is closed under expansions (restrictions) in B(M), is represented by some

N VN <ﬂ A N)- At the same time, by the duality principle, it is closed
N N

under restrictions (expansions). Indeed, let P be not closed under restric-
tions (expansions). Then B(M) has elements A7 and N> with A7 € P,
No € P, Ny € ANy) (N2 € V(N1)). But then M € V(N,) (M €
A(N3)) contradicting the conditions that P is closed under expansions
(restrictions).

Thus, applying Proposition 1 we have the following:

Theorem 3. For any property P C B(M) the following conditions are
equivalent:
(1) P is closed under expansions (restrictions) in B(M);

@r=U v (P= U by);
Nep Nep
B)P= U An (P— U VN>.
NeP NeP
Transforming structures to their theories we obtain the following:

Corollary 4. For any property P C Bx(T) the following conditions are
equivalent:
(1) P is closed under expansions (restrictions) in B(T);
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@) P= U v (P— U AT/>,-

T'eP T/eP

(3)? U A (P: U VT/>.

T'eP Y'eP

4. Properties forming lattices

Definition. A property P C B(M) is called a lattice property, or L-
property, if P is the universe of a sublattice of the lattice restriction of

B(M).

Since B(M) is distributive, any L-property is distributive, too.

By the definition a nonempty property P C B(M) is a L-property iff for
any N1,Na € P, NiNN5 € P and N1UN> € P. Besides lower cones Ay and
upper cones Vs are closed under intersections and under unions, therefore
they are L-properties. Since L-properties preserve the distributivity, we
have the following:

Proposition 2. If ) # P C B(M) is closed under lower (upper) cones
then the following conditions are equivalent:

(1) P is a L-property,

(2) P is a distributive L-property,

(3) P is closed under unions (intersections).

Corollary 5. If ) # P C B(M) is closed under lower (upper) cones and
it is a L-property then the following conditions are equivalent:

(1) P is a finite union of lower (upper) cones;

(2) P is a lower (upper) cone.

Proof. Clearly, a lower (upper) cone is a finite union of lower (upper)
cones, i.e. (2) = (1) obviously holds. So it suffices to show, using (1) and
the L-property for P, that two lower (upper) cones are reduced to one lower
(upper) cone. Indeed, if A(N7) € P and A(Ns) C P then N UN; € P
by Proposition 2, with A(N;) U A(N2) € AN UN2) C P. Similarly, if
V(Ni) € P and V(N3) C P then N7 UN; € P by Proposition 2, with
V(N71) U V(N2) C V(N UN2) C P completing the proof of (1) = (2).

Remark 7. Clearly, there are many L-properties which are not repre-
sented as unions of cones. For instance, closures in M with respect to
unions and intersections of sets of finitely many structures Ni,..., N} €
B(M) form finite lattices, moreover, Boolean algebras, as any finitely gen-
erated, i.e. finite lattices here. If signatures Xq,...,% of Ni,..., Ny,
respectively, are infinite and co-infinite and their unions and intersections
are infinite and co-infinite, too, then these Boolean algebras do not contain
cones at all.
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At the same time, if signatures 31, ..., 3 are (co)finite then they can be
extended by finitely many ones forming cones of the form Aps (respectively,
V), where AN has the signature ¥ U...UXg (X1 N...N k).

5. Structures and properties closed under permutations

Definition. We say that a property P C B(M) is closed or invariant
under permutations if for any permutation f on M and for any N' € B(M)
the image f(N), with signature relations f(Q) = {f(a) | @ € Q} for all
given signature relations @ on N, belongs to P. Here the names @ for
signature predicates are preserved with respect to f iff f(Q) = Q.

A structure N is closed or invariant under permutations if the property
P = {N7} is closed under permutations, i.e. each permutation of the
universe of N is a permutation of all signature relations.

Example 1. If N consists of all signature singletons {a}, a € N, then
N is closed under permutations. Moreover, if A consists of all n-element
unary relations, where n is some natural number, then N is closed under
permutations, too. We observe the same effect for relations with n-element
complements. In particular, if a structure N consists of either empty or
complete signature relations then A is closed under permutations.

Proposition 3. If P = A (P = V) then the following conditions are
equivalent:

(1) P is closed under permutations;

(2) N is closed under permutations.

Proof. (1) = (2). Since P = Ay (P = V) and P is closed under
permutations, any permutation f on M preserves the relation “to be a
restriction (an expansion)”. Then more rich (poor) structures with respect
to the signature are transformed to more rich (poor). In particular, the
most rich (poor) structure N in P is transformed to itself, i.e. N is closed
under permutations.

(2) = (1). If NV is closed under permutations then any permutation f of
M moves any subsignature (supersignature) in N again to a subsignature
(supersignature) in N'. Then f(An) € An (f(Var) € V). Since f~1is
again a permutation, we have f(Ax) 2 Anx (f(Vam) 2 Var). Thus P is
preserved under permutations.

Remark 8. If a property P on a family B(M) of structures is defined
by interactions of definable sets and it is preserved under replacements of
universes then P is closed under permutations. We observe the same effect
for classes of all models of theories in a given family. These classes are
preserved by isomorphisms, in particular, by permutations transforming
signature relations.
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Example 2. Let M,, be a structure consisting of all predicate relations
with n-element complements, say of given family of arities. Then both M,,
and A(M,,) are invariant under permutations, with respect to any Boolean
algebra B(N), containing M,,.

The same effect holds in expansions (restrictions) of M,, by (to) empty
and/or complete predicates. We always have this invariance for one-element
regular structures.

6. The families of w-categorical and Ehrenfeucht structures in

B(M)

Let P = P, cat € B(M) be the property of w-categoricity. Recall that
it is characterized, in view of Ryll-Nardzewski theorem, by finitely many
n-types over the empty set, for any natural n. Then this property P, _cat is
invariant under permutations.

Since restrictions of theories preserve the finiteness of number of types,
P is closed under lower cones: if NV € P then Ay C P. Thus we have

P=J An. (6.1)
NeP

The following two examples show that P is not closed under fusions.

Example 3. Let N; = (M;Q;), i = 1,2, be two infinite graphs whose
each connected component consists of unique edge. Clearly each N is
w-categorical with finitely many n-types and these types are defined by
families of formulae of forms z ~ =, (z ~ y)°, Q*(x,y), § € {0,1}. The
structure N7 U Ny = (M;Q1, Q2) consists of vertices each of which is inci-
dent to exactly two edges, of distinct colors ()1 and Q)2. These edges belong
to either cycles of even lengths or to infinite chains, depending on relation-
ship of the relations Q1 and Q2. In a case of presence of unbounded lengths
of cycles or an infinite chain the fusion N7 U N3 looses the w-categoricity.

Example 4. Let N7 = (M; <) be a countable densely ordered set, No =
(M;R) be a structure with a unary predicate R. Obviously, both these
structures are w-categorical. Their fusion N1 UN2 = (M; <, R) can pre-
serve or loose the w-categoricity depending on <-ordering of elements in
R. Indeed, if R is a finite union of <-convex sets the structure is again
w-categorical with densely ordered convex parts. And if R has an infinite
<-discretely ordered part then A7 U N> is not w-categorical.

Notice that here N7 UN> can be Ehrenfeucht, i.e. with finitely many (>
1) pairwise non-isomorphic elementary equivalent countable structures, if
R has finitely many (> 1) <-accumulation points in some saturated elemen-
tary extension of N7 U N3, and continuum many pairwise non-isomorphic
elementary equivalent countable structures, if R has infinitely many <-
accumulation points in some saturated elementary extension of N7 U N>.
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In view of Examples 3 and 4 the family P does not form a lattice. Be-
sides, it does not have maximal elements since each w-categorical structure
has an w-categorical proper expansion by new signature singleton. Thus P
is formed as a union of infinite increasing chains of lower cones.

Summarizing the arguments above we have the following:

Theorem 4. The family P,.cat € B(M) of countably categorical struc-
tures is represented as the union of lower cones of all their elements and all
these elements are not mazximal. This family is closed under permutations
and not closed under unions.

Remark 9. In [16], a machinery described allowing to obtain Ehren-
feucht expansions of some given non-Ehrenfeucht theories, then loosing
the Ehrenfeucht property by a suitable expansion, returning it, etc. Thus
there is a sequence of expansions of structures in B(M), with countable
M, alternating the Ehrenfeucht property and its complement.

Remind that the Ehrenfeucht property can fail under inessential expan-
sions and restrictions, i.e. under expansions and restrictions by constants
[10]. Tt means that the Ehrenfeucht property is rather different in B(M)
than the property of w-categoricity.

Let P = Pgpy € B(M) be the property of Ehrenfeuchtness, where M
is countable. Clearly, P is closed under permutations of structures, and
both the least and the greatest elements of B(M) are not Ehrenfeucht.
Therefore P does not contain cones at all. At the same time the property
P has atomic elements in the Boolean algebra B(M), i.e. Ehrenfeucht
structures with exactly one signature symbol.

For instance, the classical Ehrenfeucht theory T' = Th((Q; <, ¢n)icw),
¢n < Cpt1, N € w, [16], with exactly three countable models can be replaced
by the theory T" of the binary structure

(Q\{cn | n€ew} xw)U{(cn, k) | k <n,k,n € w};

{((2,0),(r,0)) | ¢;7 € Qg <7} U{((q,0),(q,k)) [ ¢ € Q;k € w\ {0}}).

Here finitely many arcs ((g,0), (¢, k)), where ¢ = ¢,, code the position of the
element ¢, among other elements in the linearly ordered part {(¢,0) | ¢ € Q}
and produce exactly three non-isomorphic possibilities for countable models
of T'.

Summarizing the arguments above we have the following:

Theorem 5. Any Boolean algebra B(M) with a countable universe M
contains structures with the property Prne without the least and the greatest
elements of B(M). This property is closed under permutations and can fail
under restrictions and expansions. There are infinite chains alternating the
Ehrenfeuchtness and the complement of this property. There are atomic
structures N' € B(M) belonging to Pgy,.
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7. The family of strongly minimal structures in B(M)

Recall [1] that a structure N is called strongly minimal if for any NV = N
and any formula ¢(z,a) in the language of A with parameters @ € N’ the
set o(N,@) = {b | N’ |E ¢(b,a)} is either finite or cofinite in N.

A theory T is called strongly minimal if T = Th(N) for a strongly
minimal structure N.

Let P = Py, C B(M) be the property of strong minimality.

Remark 10. By the definition the property P is closed under per-
mutations and intersections of structures, via intersections of signatures,
and under naming of new elements by unary singletons. Moreover, unary
predicates of finite cardinalities can be added preserving the regularity and
the strong minimality, whereas some equivalence relations can be added
with finite bounded equivalence classes only, for instance, with unique non-
one-element class, since unbounded cardinalities imply infinite ones which
is forbidden for strongly minimal structures. The latter condition implies
that P does not have maximal elements in B(M) allowing to add new
equivalence classes with n 4+ 1 instead of the bound n.

Thus P forms a lower semilattice represented by the equality (6.1).
At the same time P admits unions of chains of expansions, where these
expansions are obtained by unary predicates with the finiteness condition
and by equivalence relations with the bounded finiteness condition. Hence
a natural question arises on the existence of a regular strongly minimal
structure whose all regular expansions are not strongly minimal. Below we
give an answer to this question.

Now we argue to show that any fusion of strongly minimal structures
N1, N3 € B(M) is again strongly minimal.

Theorem 6. If structures Ni,No € B(M) are strongly minimal then
N1 UN; is strongly minimal, too.

Proof. By the conjecture any formula ¢(z,a) of a theory T; = Th(N;),
i € {1,2}, with parameters @ € M, has either finitely many or cofinitely
many solutions. Now we take a formula 1 (z,b) of the signature (N7 U
N3), with parameters b € M. Assume that the set Z = (N7 U N3, b)
is both infinite and co-infinite. Since Z can not be obtained by Boolean
combinations of finite and cofinite sets, we may assume that 1(z, b) has the

form Jyx(z,y,b) and this formula has the minimal length among formulae
with that property. Therefore x(x,y,b) witnesses the strong minimality
with finite or cofinite sets of solutions for x(z,c,b) and x(c,y,b), c € M.
It implies that x(z,c,b) has finitely many solutions for any ¢ € M, since

otherwise, if some d produces cofinite x(N; U N, d,b), then by
(N1 UNg, b) = ] x(W1 UN2, d',B) 2 (N7 UN3, d,b)

d'eM
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the set (N1 U N3, b) is cofinite, too, contradicting the assumption of its
co-infinity. Similarly for each e € M the set x(e, N1 UN53,b) is finite. Then
there are cofinitely many elements d, e € M with nonempty x (N7 UN>, d, b)
and x(e, N1 U N3,b) producing the co-finiteness of (N7 U Na,b) which
contradicts the assumption. O

The arguments for the proof of Theorem 6 show that any finite fam-
ily of regular strongly minimal structures has a strongly minimal theory.
Since the property of strong minimality is reduced to formulae with special
properties and reduced to the family of finite signatures, any family of
regular strongly minimal structures N; € B(M), i € I, has a strongly
minimal union, too. In particular, there is the greatest strongly minimal
structure SM in B(M), where subsignatures of 3(SM) form strongly
minimal restrictions of SM, including the least element Ny of B(M) having
the empty signature. Here, Py, = A(SM). Moreover, any restriction
N of SM is strongly minimal, with strongly minimal co-structure of the
signature X(SM) \ X(N). Thus, the family Bgy, (M) = Py of all strongly
minimal structures forms a Boolean algebra whose universe is a proper
subset of B(M) which is equal to the lower cone of SM. Hence we have
the following:

Theorem 7. Any Boolean algebra B(M) with an infinite universe M
contains a distributive sublattice Bsm (M) of all strongly minimal structures
N € B(M). This sublattice closed under permutations and forms a Boolean
algebra with the least element Ny and the greatest element SM forming
A (SM) which is equal to Bgy(M).

8. The family of w;-categorical structures in B(M)

Let P = P, cat be the family of infinite structures in B(M), with
countable languages and which are wi-categorical, i.e. categorical in some,
i.e. any uncountable cardinality. It is known [1;3; 8] that a countable
complete theory T" without finite models is w-categorical iff it contains a
1-cardinal formula (7, @) which is strongly minimal, i.e. both |p(N,a)| =
N for any N' = T and each its definable subset, with parameters, of
©(N,a) is either finite or cofinite.

Clearly, the property P is closed under permutations, contains the least
element of B(M) iff M is infinite, and can fail under expansions. Indeed, if
N € B(M) is an arbitrary w;-categorical structure having infinitely many
realizations of a non-algebraic complete type, then its expansion dividing
this set of realizations, by new unary predicate, into two infinite parts is
already not wj-categorical.

The following example shows that restrictions of structures also can
violate the wi-categoricity.
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Example 5. Let Q and R be disjoint infinite unary predicates whose union
forms the universe of a structure A of the signature (Q, R, f), where f is s
bijection between () and R. The formulae Q(z) and R(z) are 1-cardinal and
strongly minimal, i.e. N is wi-categorical. At the same time restrictions
of N till one or two unary predicates are already not wi-categorical since
the formulae Q(x) and R(z) in these restrictions do not remain 1-cardinal
under these restrictions.

Any expansion of N by an infinite and co-infinite unary predicate S C Q
is not wi-categorical.

Remark 11. Notice that the behavior of the property P,,-cat With respect
to its non-preservation can be realized by families of unary predicates and
bijections responsible for the 1-cardinality and obtaining an infinite chain of
expansions alternating the wi-categoricity and its negation. For instance,
an expansion of the structure A/ by the countable and co-countable pred-
icate S is not wi-categorical but any expansion of (N, S) by a bijection
g between S and @ \ S restores the wi-categoricity. An appropriate new
unary predicate again violates the w-categoricity, a suitable new bijection
restores it, etc.

Since the wi-categoricity excludes infinite linear orders there are count-
able structures N of finite signatures with V(N”) N P,,,_cat = 0.

Summarizing the arguments above we obtain the following:

Theorem 8. Any Boolean algebra B(M) with an infinite universe M
contains structures with the property P, _cat tncluding the least element
of B(M). This property is closed under permutations and can fail under
restrictions and expansions. There are infinite chains alternating the wi-
categoricity and the complement of this property. There are structures
N € B(M) of finite signatures with VN Py, -cat = 0.

9. The family of stable structures in B(M)

Recall [12] that a formula (7, %) of a theory T' is called stable if there
are no tuples a;,b; € N, where i € w, N' |= T, such that

N ): @(ai,gj) &0 < g

The theory T is called stable if all its formulae are stable. Models of a
stable theory are called stable, too. If a formula/theory/structure is not
stable, it is called unstable or having the order property.

Following [12] it is said that a formula ¢(Z,7) has the strict order prop-
erty if there are parameters @; € N, i € w, such that the sets p(a;, N),
i € w, form a strictly descending chain with ¢(a@;, N) 2 ¢(@it1,N), i € w.
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Again following [12] it is said that an unstable formula ¢(Z,7) has the
independence property if in every/some model N of T there is, for each
n € w, a family of tuples @;, i € n, such that for each of the 2" subsets X
of n there is a tuple b € N for which

N|: v(a;,b) < ic X.

It is well known that a formula ¢(Z,7) is unstable iff it has the strict
order property or the independence property.
Let P = Pyt € B(M) be the property of stability of a structure.

Remark 12. By the definition, similarly to the strongly minimal case,
the property P is closed under intersections of structures, via intersections
of signatures, and under marking of subsets of M by unary predicates.

Thus P forms a lower semilattice represented by the equality (6.1). At
the same time P admits unions of chains of regular expansions by new
unary predicates preserving the regularity of structures.

Remind [5] that Boolean combinations of stable formulae stay stable. So
the violations of stability for fusions of stable structures can be obtained via
quantifiers only. The following example illustrates this violation showing
that indeed fusions of stable structures can fail the property of stability.

Example 6. Let Ry = {(ai,cik> | i,k € w}, Ry = {<dlj7bj> | l,j €
w} be binary relations with pairwise distinct elements a;, b;, ci, dij. We
identify some elements c;, and dj; as follows: ¢ = dj; & i < k=1< j.
The obtained structure N = (M; Ry, Rs), with the universe consisting of
the elements a;, b;, ¢k, dj; having the identifications above only, is unstable
since the formula ¢(z,y) = Jz(Ri(z,2) A Ra(z,y)) witnesses the strict
order property by the sequences a;,b;, ¢,7 € w. At the same time the
restrictions N; = N|g,, i = 1,2, are stable consisting of countably many
pairwise isomorphic countable acyclic connected components of diameter 2
and countably many isolated elements. Here N' = N7 U N5.

Besides this example again confirms that w-categorical structures N7, N
can have a fusion A7 U Ny which is not w-categorical.

Example 7. Example 6 can be easily modified to the random bipartite
graph with the relation R defined by the same formula ¢(z,y) as follows.
We enumerate the family Z of all pairs of finite disjoint sets X,Y C w:
v: w— Z. Now for each i € w and v(i) = (X,Y’), we identify the elements
cik and dj; iff K =1 = j and j € X. Thus after this identification we obtain
the structure N = (M; Ry, Ro) with p(a;,N') = {b; | j € X}. It implies
that each finite subset of {b; | j € w} is defined by a copy of the formula
o(z,y), producing the random bipartite graph having the independence

property.
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The restrictions N; = N|g,, ¢ = 1,2, are again stable consisting of count-
ably many pairwise isomorphic countable acyclic connected components of
diameter 2 and countably many isolated elements. Here again N' = AN7UN5.

Theorem 9. The family Psy C B(M) of stable structures is represented as
the union of lower cones of all their elements. This family is closed under
permutations and not closed under unions, and these unions can produce
both the strict order property and the independence property.

10. Conclusion

We considered hierarchies of properties on a Boolean algebra of regular
expansions and restrictions based on the universe of an arbitrary regular
structure. Some general properties of these hierarchies are studied with
respect to elementary theories of structures, lower and upper cones, lattices,
permutations. A general approach is applied for several natural classes of
structures and their theories including the w-categoricity, Ehrenfeuchtness,
strong minimality, wi-categoricity, stability. Properties of these classes in
a Boolean algebra are described. It would be interesting to spread this
approach describing properties of further natural classes in these Boolean
algebras.

References

1. Baldwin J.T., Lachlan A.H. On strongly minimal sets. The Journal of Symbolic
Logic, 1971, vol. 36, no. 1, pp. 79-96. https://doi.org/10.2307/2271517

2. Benedikt M., Hrushovski E. Model equivalences. arXiv:2406.15235v1 [math.LO],
2024, 61 p. https://doi.org/10.48550/arXiv.2406.15235

3. Erimbetov M.M. Complete theories with 1-cardinal formulas. Algebra and Logic,
1975, vol. 14, no. 3, pp. 151-158. https://doi.org/10.1007/BF01668549

4. Ershov Yu.L., Palyutin E.A. Mathematical Logic. Moscow, Fizmatlit Publ., 2011,
356 p. (in Russian)

5. Harnik V., Harrington L. Fundamentals of forking. Annals of Pure and Ap-
plied Logic, 1984, vol. 26, no. 3, pp. 245-286. https://doi.org/10.1016/0168-
0072(84)90005-8

6. Hasson A., Hils M. Fusion over sublanguages. The Journal of Symbolic Logic, 2006,
vol. 71, no. 2, pp. 361-398. https://doi.org/10.2178/js1/1146620149

7. Hodges W. Model theory. Cambridge, Cambridge University Press, 1993, 772 p.

8. Lachlan A.H. Theories with a finite number of models in an uncountable power
are categorical. Pacific Journal of Mathematics, 1975, vol. 61, no. 2, pp. 465—481.
https://doi.org/10.2140/pjm.1975.61.465

9. Markhabatov N.D.; Sudoplatov S.V. Pseudofinite formulae. Lobachevskii
Journal of Mathematics, 2022, wvol. 43, mno. 12, pp. 3583-3590.
https://doi.org/10.1134/51995080222150215

WsBectus MpkyTcKOro rocy1apcTBEHHOTO YHUBEPCUTETA.
Cepusi «Maremarukay. 2025. T. 54. C. 143-159



EXPANSIONS AND RESTRICTIONS OF STRUCTURES AND THEORIES 159

10. Omarov B. Nonessential extensions of complete theories. Algebra and Logic, 1983,
vol. 22, no. 5, pp. 390-397. https://doi.org/10.1007/BF01982116

11. Pillay A. Countable models of stable theories. Proceedings of the American Mathe-
matical Society, 1983, vol. 89, no. 4, pp. 666—-672. https://doi.org/10.2307/2044603

12.  Shelah S. Classification theory and the number of non-isomorphic models. Amster-
dam, North-Holland, 1990, 705 p.

13. Simon P. A guide to NIP theories. Lecture Notes in Logic 44, Cambridge,
Cambridge University Press, 2015, 156 p.

14. Skolem Th. Logisch-kombinatorische Untersuchungen iiber die Erfiillbarkeit und
Beweisbarkeit mathematischen Sétze nebst einem Theoreme iiber dichte Mengen.
Videnskapsselskapets Skrifer, 1. Matem.naturv. klasse I. 1920, no. 4, pp. 1-36.
Reprinted in: Selected works in logic by Th. Skolem, ed. J.E. Fenstad. Oslo,
Universitetforlaget, 1970, pp. 103-136.

15. Sudoplatov S.V. Basedness of stable theories and properties of countable models
with powerful types. Cand. sci. diss. Novosibirsk, 1990, 142 p. (in Russian)

16. Sudoplatov S.V. Classification of countable models of complete theories. Novosi-
birsk, Publishing House of Novosibirsk State Technical University, 2018.

17. Sudoplatov S.V. Combinations of structures. Bulletin of Irkutsk State University.
Series Mathematics, 2018, vol. 24, pp. 82-101. https://doi.org/10.26516/1997-
7670.2018.24.82

18. Sudoplatov S.V. Approximations of theories. Siberian FElectronic Mathematical
Reports, 2020, vol. 17, pp. 715-725. https://doi.org/10.33048 /semi.2020.17.049

19. Sudoplatov S.V. Ranks for families of theories and their spectra.
Lobachevskii Journal of Mathematics, 2021, vol. 42, no. 12, pp. 2959-2968.
https://doi.org/10.1134/S1995080221120313

20. Sudoplatov S.V. Approximating formulae. Siberian Electronic Mathematical Re-
ports, 2024, vol. 21, no. 1, pp. 463—480. https://doi.org/10.33048 /semi.2024.21.033

06 aBTOopax About the authors

CynomniiatoB Cepreii Sergey V. Sudoplatov, Dr. Sci.
Baagumuposud, j-p dus.-mar. nayk, (Phys.-Math.), Prof., Sobolev Institute
1pod., MHCTUTYT MaTeMaTuKu UM. of Mathematics SB RAS, Novosibirsk,
C. JI. Cobosiea CO PAH, 630090, Russian Federation,
HoBocubupck, 630090, Poccuiickas sudoplat@math.nsc.ru;

Oenepanust, sudoplat@math.nsc.ru; Novosibirsk State Technical University,
Hosocubupckuii rocynapcTBeHHbIH Novosibirsk, 630073, Russian
TEeXHUIECKUN YHUBEPCUTET, Federation, sudoplatov@corp.nstu.ru,
Hogocubupck, 630073, Poccniickas https://orcid.org/0000-0002-3268-9389

®Deneparnust, sudoplatov@Qcorp.nstu.ru,
https://orcid.org,/0000-0002-3268-9389

Iocmynuaa 6 pedaxyuro / Received 07.02.2025
Hocmynuaa nocae peuensuposanus / Revised 27.03.2025
Hpunama x nybaurxayuu / Accepted 07.04.2025



