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Abstract. In this paper, we study special subclasses of theories based on the connection between the
amalgamation property and the joint embedding property, as well as between the h-amalgamation prop-
erty and the joint continuation property. Our results are presented in both the classical first-order logic
and the positive logic, which exhibit a parallel structure. We establish sufficient conditions under which
the amalgamation property implies the joint embedding property, and conversely; the h-amalgamation
property implies the joint continuation property and vice versa. Furthermore, we investigate the preser-

vation of these subclass links under extensions of the given theory.

Keywords. Existentially closed models, amalgamation property, joint embedding property, positive
model theory, positively closed models, h-amalgamation property, joint continuation property, positively

existentially prime Jonsson theories.

Introduction

This paper relates to both the so-called “East” direction of Model Theory that originated from
Abraham Robinson’s work [1] and the positive model theory, which was first studied by Itai
Ben Yaacov and Bruno Poizat in [2].

Model theory, a fundamental branch of mathematical logic, has evolved through two
distinct historical and methodological traditions. The first, often referred to as the “Western”
tradition, originated from the pioneering works of Alfred Tarski and Robert Vaught. This
approach primarily emphasizes the study of complete theories, and classification of models
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via stability and stability hierarchies, and techniques based on compactness and completeness
theorems. A crucial aspect of this tradition is the use of elementary embeddings as the
primary morphisms, ensuring that the logical structure is preserved precisely. It has been
deeply connected with algebraic geometry, topological model theory, and, more recently, the
development of o-minimality and geometric stability theory.

In contrast, the “Eastern” tradition of model theory, rooted in the works of Abraham
Robinson and Anatoly Maltsev, focuses on methods derived from algebra and non-classical
logic, particularly the model-theoretic study of algebraic structures through the lens of syn-
tactical constructs. This tradition places a strong emphasis on non-elementary classes, Robin-
sonian concepts such as model-completeness, and the use of methods from universal algebra
to investigate the nature of mathematical structures. Unlike the Western tradition, which
predominantly operates within first-order logic with complete theories and elementary em-
beddings, the Eastern tradition explores weaker axiomatizations where the morphisms under
consideration are more general, often allowing isomorphic embeddings. The research presented
in this article is primarily aligned with the latter tradition.

A significant development within the Eastern tradition is the emergence of positive logic
and positive model theory, introduced by Itai Ben Yaacov and Bruno Poizat [2|. Unlike
classical first-order logic, where negation plays a central role, positive logic restricts itself to
the study of theories that are preserved under positive embeddings—embeddings that respect
existentially quantified formulae without involving negation. Instead of considering isomor-
phic embeddings, positive logic focuses on homomorphisms restricted to positive formulae.
This perspective leads to a reformation of classical notions: the concept of inductive theories
is generalized to h-inductive theories, existentially closed models are replaced by positively
closed models, the amalgamation property transforms into the h-amalgamation property, and
the joint embedding property is reformulated as the joint continuation property. These mod-
ifications provide a more flexible and structurally rich approach to model theory, particularly
in contexts where classical elementary embeddings are too restrictive.

Further advancements in this area include the work of B. Poizat and A.R. Yeshkeyev 3|
on positive Jonsson theories, whose attributes are h-inductiveness, h-amalgamation property,
and joint continuation property. In this development, the authors extend the classical Jonsson
theory framework into the realm of positive logic, redefining key Robinsonian notions to fit
within this weaker logical setting. Their work provides new insights into the behavior of
models under positive conditions, enriching the Eastern tradition’s approach to structural
analysis. Thus, the main object of this study is positive Jonsson theories.

More studies in positive model theory have been conducted in the framework of the

Robinsonian tradition by Itai Ben Yaacov [4], Bruno Poizat and Aibat Yeshkeyev [5], Almaz
Kungozhin [6] and Mohammed Belkasmi [7, 8, 9, 10, 11, 12].

Previously, Aibat Yeshkeyev defined subclasses of inductive theories regarding the amal-
gamation and joint embedding properties. It is well known that the amalgamation property

KAZAKH MATHEMATICAL JOURNAL, 25:2 (2025) 6-18



8 Sultan M. Amanbekov, Ayabat Onerkhaan, Indira O. Tungushbayeva

and joint embedding property are independent of each other; however, there are cases where
one implies the other, depending on the specificity of the class of models of the theory un-
der consideration. In that work, we considered these classes of theories in both a classical
first-order logic and a positive logic context. In this paper, we provide some sufficient condi-
tions for inductive theories to belong to some of the distinguished classes, and show when the
property of the connection between amalgamation and joint embedding can be preserved in
extensions of the given theory. We also generalize these notions for positive model theory and
similar results in which the h-amalgamation property implies the joint continuation property
and vice versa.

Paper structure. This paper is structured as follows. The introduction is followed by
two main sections and a reference list. In Section 1, we provide an overview of fundamental
concepts in Robinsonian model theory, describe the specific subclasses of inductive theories
concerning the amalgamation and joint embedding properties, and show some results in the
framework of the presented notions. Section 2 describes the necessary concepts of positive
model theory and introduces new subclasses of h-inductive theories based on the connection
between the h-amalgamation property and the joint continuation property, along with key
results characterizing these notions.

1 Amalgamation and joint embedding properties in classical logic

As mentioned in Introduction, model theory can be studied in various frameworks. In classical
Robinsonian model theory, the central objects of interest include the specific axiomatization
of theories under consideration, key properties of embeddings such as the amalgamation and
joint embedding properties, the existence of specific models such as existentially closed models,
algebraically prime models, and some others regarding the considered types of embeddings.
In contrast, positive model theory provides a different perspective, modifying fundamental
notions in restricted signature while preserving key structural aspects. In this section, we
outline these concepts in the Robinsonian framework and give related results before comparing
them to their positive counterparts in the next section.

Let us start with the notion of an inductive theory, which plays a crucial role in the
classical “eastern” tradition of model theory.

Definition 1. [13, p. 62| A theory T is called inductive if it is closed under inductive unions,
that is, whenever (M;);c; is a chain of models of 7', their union | J,.; M; is also a model of T'.

It is well known that a theory T’ is inductive iff it is V3-axiomatizable. Another well-known
fact on inductive theories is related with the existentially closed models of such theories.
Firstly, we recall the definition of an existentially closed model of a theory.

Definition 2. [13, p. 97] A model M of a theory T is said to be existentially closed if for
every embedding M — N into another model N of T', and every existential formula ¢(x) with
parameters from M that is satisfiable in NV, is also satisfiable in M.

el
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The properties of amalgamation and joint embedding. . . 9

The following fact in existentially closed models is well-known from [14].

Theorem 3. Let T be an L-theory, M € Mod(T), and let Ty be the set of all universal
L-consequences of T'. Then the following conditions are equivalent:

1. M 1is existentially closed over T';
2. M is existentially closed over Ty.

It is known that for any inductive theory T, for any model A of T, there is a model
M existentially closed over A such that A is embedded in M, and this fact emphasizes the
significance of the notion of existentially closed models in the study of inductive theories.
However, another considerable class of models is the class of algebraically prime models.
While existentially closed models ensure the maximal satisfaction of existential conditions
within embeddings, algebraically prime models represent the minimal elements in the class of
models of a theory. Recall the definition of an algebraically prime model.

Definition 4. [15] A model M of a theory T is called algebraically prime if for every model
N of T, there is an embedding of M into N.

If a theory T has algebraically prime models, the class of all such models of T" is denoted
by Ar. Similarly, &r denotes the class of all existentially closed models of T'.

Note that the notion of an algebraically prime model generalizes the concept of a prime
model [13, p. 85|, where elementary embeddings are considered.

Given a theory T, the existence of existentially closed models and algebraically prime
models provides the special properties of T', and there are cases when a theory admits a
model that is both existentially closed and algebraically prime. In this way, the concept of
existentially prime theory was defined by A. Yeshkeyev in [16].

Definition 5. [16] An L-theory T is called an existentially prime theory if there is a model
M of T such that M C Ap N Ep, that is, M is both algebraically prime and existentially
closed.

Another key aspect of studying models of a theory is the structure of embeddings between
them. Two fundamental properties in this regard are the amalgamation property (AP) and
the joint embedding property (JEP), which play a significant role in this study.

Definition 6. [13, p. 80] A theory T has the amalgamation property if for any three models
My, My, M3 of T such that there exist elementary embeddings M; — My and My — Ms,
there exists a model My of T' and embeddings Ms — M, and M3 — M, that make the
corresponding diagram commute.

Definition 7. [13, p. 80| A theory T has the joint embedding property if for any two models
My and Ms of T, there exists a model Mgz of T into which both M7 and M5 can be embedded.

KAZAKH MATHEMATICAL JOURNAL, 25:2 (2025) 6-18
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One of the classical results on theories admitting JEP is the following theorem:

Theorem 8. [17, p. 365] Suppose T is an L-theory that admits JEP. Let A and B be exis-
tentially closed models of T. Then each ¥Y3-sentence that is true in A is true in B as well.

Generally, AP and JEP are independent of each other, which is supported by counterex-
amples of W. Forrest in [18]. However, there are partial cases where the specific construction
of the class of models of a theory provides the implication of JEP from AP and vice versa. In
this manner, the following definitions were introduced in [19] by A. Yeshkeyev:

Definition 9. Let K be a class of L-theories. We call this class (or a theory from K, for
short, when the class can be recovered from the context)

1. an AP-class (an AP-theory), if each theory from K, which has the amalgamation prop-
erty (AP), also admits the joint embedding property.

2. a JEP-class (a JEP-theory), if each theory from K, which admits the joint embedding
property (JEP), also satisfies the amalgamation property (AP).

There are examples for each type of the theories. As mentioned in [19], the group theory,
the theory of fields of a fixed characteristic, the theory of differential fields of characteristic
0, the theory of differentially perfect fields of characteristic p are strongly convex theories,
which means that the class of strongly convex theories is an AP class. The class of complete
inductive theories, which are also model complete, is an example of a JEP-class. This class
contains theories such as the theory of dense linear orders without endpoints, the theory of
algebraically closed fields of a fixed characteristic, and the theory of differentially closed fields
of a fixed characteristic.

In this paper, we demonstrate some sufficient conditions of being an AP-theory or JEP-
theory for an inductive L-theory. In this context, the following two propositions describe
AP-theories and JEP-theories.

Proposition 10. Let T be an L-theory such that Ar # @ and T admits AP. Then T is an
AP-theory, that is, the class of all L-theories, which have algebraically prime models, is an
AP-class.

Proof. We need to show that, under the given conditions, T has JEP. Let A and B be two
arbitrary models of T'. Since T has an algebraically prime model, there is a model M such that
M is embedded both into A and B. Then due to the fact that T admits the amalgamation
property, there is a model N such that both A and B are embedded into N. Therefore, T
has the joint embedding property. O

Proposition 11. Let T be an L-theory such that T admits JEP and for any two models A
and B of T, if there is an embedding f : A — B then f is unique. Then T is an AP-theory.

KAZAKH MATHEMATICAL JOURNAL, 25:2 (2025) 6-18
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Proof. Here we need to show that T admits AP. Let A, B and C be models of T such that
there are embeddings f1 : A — B and fy : A — C. Since T has the joint embedding property,
there exists a model D € Mod(T) and embeddings g; : B — D and g2 : C — D. In force of
the fact that every embedding of models in Mod(T) is unique, we obtain that f1-g1 = f2- go.
Thus, T" has the amalgamation property. ]

The given conditions demonstrate the semantic specificity of the connection of AP and
JEP within the class of models of a single theory. However, the property of being an AP-
theory (JEP-theory) can be obtained for the extensions of the given theories in L. In this
context, we consider the case of two theories T" and T” such that T C T’. To specify the
link between the classes of models of T" and T”, we also restrict this case to mutually model
consistent theories. Recall the definition of mutually model consistent theories.

Definition 12. [13, p. 157] Let 77 and T, be L-theories. T; and T, are called mutually
model consistent, if for any model A of 17, there is a model B of T5 such that there exists an
embedding A — B, and vice versa.

The following fact on mutually model consistent theories is well-known:

Proposition 13. [13, p. 158| If T1 and T are mutually model consistent then Ty = Tay,
where Ty is the set of all universal L-sentences that are deduced from T;.

We apply Propositions 10 and 11 to the case of two mutually model consistent theories
and obtain the following results.

Theorem 14. Let T be an inductive existentially prime L-theory, and let T' be an inductive
L-theory such that T C T' and T’ is mutually model consistent with T. Then if T is an
AP-theory, T" is also an AP-theory. In other words, let K be a class of inductive existentially
prime L-theories, and let K' extend K in the following way: if an inductive theory T' contains
some T € K and T' is mutually model consistent with T, then T' € K'; then K' is an AP-
class.

Proof. Firstly, let us show that & = Ep/. Note that T and 7" are mutually model consistent,
which means that Ty = T\, Let A € &r, then, according to Theorem 3, A is existentially
closed over Ty = T}, and, consequently, over T". Therefore, A € Ep/. Conversely, if B € &7,
B is an existentially closed structure of T, = Ty and T'. Hence, &7 = Ep.

Now, let M be an existentially closed algebraically prime model of T', that is M € ErNAr.
As we showed, Ep = Epv, therefore M € Epr. Since T C T, Mod(T") C Mod(T), then M is
an existentially closed model of 7" that is embedded into any model of 7", which means that
T’ is an existentially prime L-theory. Hence, A7 # &.

Now, we show that T’ admits AP. Let A, B, C' be models of T” such that there exist
embeddings f; : A — B and fy : A — C. Note that A, B, C € Mod(T). Then there is a
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model D € Mod(T') and embeddings g1 : B — D and g2 : C — D and the diagram of these
embeddings commutes, as T" admits AP according to the condition of the theorem. If D is
a model of T”, then T" has AP. If D is not, there is an existentially closed model N of T
such that D — N. Since T is an AP-theory, T has JEP, and according to Theorem 8, M
and N satisfy the same V3-sentences in L. Since T” is inductive and any inductive theory
is V3-axiomatizable, N € Mod(T"). Let g : D — N. Then the embeddings g1 - g : B -+ N
and go - g : C'— N complete the diagram of the amalgamation of the models A, B, C', N in
Mod(T"), and this diagram commutes. Therefore, 77 admits AP.

Owing to Theorem 10, 7”7 is an AP-theory. O

Theorem 15. Let T be an inductive L-theory such that for any embedding f : A — B, where
A and B € Mod(T), f is unique. Let T' be an L-theory such that T C T and T is mutually
model consistent with T'. Then if T is a JEP-theory, then T is also a JEP-theory.

Proof. Let A, B € Mod(T"). Since T C T”, the inclusion Mod(T") C Mod(T) holds; hence
any embedding g : A — B is unique.

Now we show that 77 admits JEP. Let A, B € Mod(T"). It is clear that A and B are
also models of T'. Then there is a model C' of T' and embeddings f: A — C and g: B — C.
If C is a model of T’ then T” is also has JEP. If C is not, we may consider an existentially
closed model M of T such that C is embedded into M. Since T and 7" are mutually model
consistent, B = Ep+; therefore M is a model of T77. Thus, A and B are embedded in a model
of T/, and T" admits JEP.

Applying Theorem 11, we obtain that 7" is a JEP-theory. O

2 The connection of APh and JCP for h-inductive

In this section, we present the results on model-theoretic link between h-amalgamation prop-
erty and joint continuation property that are positive-logic analogues of the results of the
previous section.

First, we give some fundamental definitions and facts on positive model theory.

During this article, we will use the denotation L™ for a language in positive logic by the
meaning of [3].

Let L™ be a countable language involving individual constants, functions, and relations.
LT also contains the binary relation of equality and a O-ary symbol L denoting antilogy.

Unlike classical Robinsonian model theory, where embeddings are typically isomorphic
in nature, positive model theory focuses on homomorphisms as the primary type of model-
theoretic inclusion. This shift reflects the broader semantic framework of positive logic, which
emphasizes the preservation of positive formulae rather than isomorphisms and elementary
equivalence.
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Definition 16. [3] A map h from an L*t-structure M to an LT-structure N is called a
homomorphism between M and N, if for every individual constant ¢, every function symbol
f and every relation symbol 7 of L™, and every tuple @ = (aq,...,a,) of elements of M the
following holds:

1. h(epr) = h(en);
2. h(fm(a,..an)) = fn(h(a1), ..h(an));
3. if M =ry(aq,...an) then N = ry(h(a1),...h(ay)).

When there exists a homomorphism from M to N, we say that N is a continuation of M.
Note that a continuation of M is nothing but a model of the positive diagram Diag™ (M) of
M, which is the set of atomic sentences satified by M in the language L™ obtained by adding
to the language individual constants naming the elements of M.

According to [3], a positive formula is obtained from the atomic formulae by the use of
V, A and 3. Note that there are no universal quantifiers. A positive formula can be written
in prenex form as (3Z)p (), where ¢ is positive quantifier-free; ¢ in turn can be written as a
finite disjunction of finite conjunctions of atomic formulae.

Definition 17. [3] Let M and N be L*-structures, and let A be a homomorphism between
M and N. If every tuple a in M satisfies the same positive formulae as its image h(a) in N,
we say that h is a pure homomorphism, or an immersion.

The next definition presents a positive version of the concept of an existentially closed
model.

Definition 18. [3] An LT-structure M is positively closed inside a class I' of L*-structures
if every homomorphism from M to any N in I' is an immersion.

We denote the class of all positively closed models of a theory T by PCr.
To define a positive analogue of an inductive theory, we need the following definition.

Definition 19. [3] A sentence is said to be an h-inductive sentence if it is equivalent to a
finite conjunction of sentences each of them declaring that a certain positively defined set is
included into another. Such a simple h-inductive sentence has the form (vVz)(3y)e(Z, y).

In positive logic only h-inductive sentences are under consideration.

In [3], B. Poizat and A. Yeshkeyev defined an inductive limit of a chain of models,
where the authors considered homomorphisms, possibly not injective. The following defi-
nition presents the analogue of the concept of an inductive theory and given via the notion of
inductive limits in the sense of positive logic.

Definition 20. [3] An L*-theory T is said an h-inductive theory, if it is equivalent to a set
of inductive L-sentences.

KAZAKH MATHEMATICAL JOURNAL, 25:2 (2025) 6-18



14 Sultan M. Amanbekov, Ayabat Onerkhaan, Indira O. Tungushbayeva

It is known that the class of models of any h-inductive theory is h-inductive, that is closed
under the union of chains in sense of inductive limits. Moreover, in an h-inductive class, every
point can be continued into a positively closed element.

The following definitions generalizes the notion of mutually model consistent theories in
the context of positive logic.

Definition 21. [3] Two h-inductive LT-theories T' and T" are called companion, if every
model of one of them can be continued into a model of the other.

Similarly to the classical fact in first-order model theory, companion theories admit the
following property concerning positively closed models:

Proposition 22. [3] Let T and T’ be L*-theories that are companion. Then PCr = PCrr,
that is, the class of all positively closed models of T is equal to the class of all positively closed
models of T".

Just as algebraically prime models serve as distinguished representatives in classical model
theory, positive model theory features an analogous notion of canonicity. These models cap-
ture the minimal structural essence of a theory within the framework of homomorphisms
under consideration.

Definition 23. [3] Let T be a theory in L™. A model A € Mod(T) is called a prime model
of T, if for any model B € Mod(T), there is a homomorphism f: A — B.

We denote the class of all prime models of T by Pr.
By analogy with the concept of existentially prime theories in first-order logic, the fol-
lowing concept was defined by A. Yeshkeyev:

Definition 24. An L™ -theory T is called a positively existentially prime theory, if there is a
model M of T such that M C Pr N PCrp.

Note that if M is a positively closed prime model of T, for any A € Mod(T), a homo-
morphism f: M — A is an immersion.

We now turn to two fundamental properties in positive model theory: the h-amalgamation
property and the joint continuation property. These properties, originally studied in classical
model theory as the amalgamation property and the joint embedding property, respectively,
take on a distinct character in the positive setting, where homomorphic rather than isomorphic
embeddings govern the structure of models.

Definition 25. [2| An h-inductive theory T has the h-amalgamation property (APh) if,
whenever there are two homomorphisms f : A — B and g : A — C, where A, B, and
C € Mod(T), there is a model D € Mod(T), and homomorphisms f': B— Dand g : C — D
such that f- f'=g¢-¢.
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Definition 26. [2] An h-inductive theory T has the joint continuation property (JCP) if
for any two models A, B € Mod(T) there is a model C' € Mod(T) and homomorphisms
fitA—=Candg: B—C.

In terms of positive model theory, A. Yeshkeyev introduced specific subclasses of h-in-
ductive theories that are distinguished by the connection between the h-amalgamation prop-
erty and the joint continuation property. Understanding when one of these properties implies
the other within a given class of models provides valuable insight into the structural behavior
of positive theories.

Definition 27. Let KT be a class of LT-theories T. K7 is called

1. an APh-class, if any 7' € KT, which admits h-amalgamation property, admits also joint
continuation property.

2. a JCP-class, if each theory T' € K+, which admits joint continuation property, also has
h-amalgamation property.

We call a theory T' an APh-theory (JCP-theory), if T € K, where KT is an APh-class
(JCP-class) in cases when then class KT can be recovered by the context.
The following fact was observed in [3]:

Theorem 28. [3| Let T be an LT -theory such that Pr # @ and T admits APh. Then T
admits JCP.

Thus, Theorem 28 states that an L'-theory T is an APh-theory, if it admits APh and
has a prime model.

We now present our main results. First, we provide a sufficient condition for a theory to
be a JCP-theory.

Theorem 29. Let T be an L -theory such that T admits JCP and for any two models A and
B of T, if there is a homomorphism h : A — B then h is unique. Then T is an APh-theory.

Proof. First, we prove that T" admits APh. Let A, B and C be models of T" such that there are
homomorphisms h; : A — B and ho : A — C. T has joint continuation property; therefore,
there exists a model D € Mod(T') and homomorphisms h} : B — D and h, : C — D. In
force of the fact that every homomorphism of models in Mod(T) is unique, we obtain that
hy - by = ha - hly. We obtain that 7' admits h-amalgamation property. O

Next, we examine the preservation of these properties under companion extensions.
Specifically, we establish conditions under which a theory’s status as an APh-theory or a
JCP-theory is preserved by its companion extension.

Theorem 30. Let T be an h-inductive positively existentially prime L*-theory, and let T’
be an h-inductive L™ -theory such that T C T" and T" is a companion of T. Then if T is an
APh-theory, T' is also an APh-theory.
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Proof. Suppose that M is a positively closed prime model of 7. Due to the condition of the
theorem, T" and T" are h-inductive theories that are companion. According to Proposition 22,
PCp = PCps; then M € PCrpr. Since T C T, Mod(T') € Mod(T), then M is a positively
closed model of T” that is continued in any model of T”; hence, T” is a positively existentially
prime L'-theory. Therefore, Pr # @.

Now we show that 7" has APh. Let A, B, C be models of 7" such that there exist
homomorphisms hy : A — B and hy : A — C. Note that A, B, C € Mod(T). The theory
T admits APh; therefore there is a model D € Mod(T') and homomorphisms h} : B — D
and A, : C' — D such that the diagram of these continuations commutes. Suppose that D
is a model of T”, then 7" has APh. In case when ¥ T”, there is a positively closed model N
of T such that D is continued in N. Since PCy = PCp, N € Mod(T"). Let h: D — N.
Then we may consider homomorphisms A} -h: B — N and h}-h : C' — N that complete the
diagram of the h-amalgamation of the models A, B, C'; N in Mod(T"); moreover, this diagram
commutes. Therefore, T” has APh. Thus, according to Theorem 28, T” is an APh-theory. [J

Theorem 31. Let T be an h-inductive L -theory such that for any homomorphism h : A —
B, where A, B € Mod(T), h is unique. Let T" be an Lt -theory such that T CT" and T is a
companion of T'. Then if T is a JCP-theory, then T' is also a JCP-theory.

Proof. Let A and B be two arbitrary models of T". It is clear that A, B € Mod(T), then any
continuation h : A — B is unique.

Let us show that 7" has JCP. Since T admits JCP, there exists a model C of T and
homomorphisms hy : A — C and hy : B — C. In case when C' is a model of 7", then 7" is
also has JCP. If C ¥ T, we consider a positively closed model M of T such that C' is continued
in M. Since T and T’ are companion theories, PCr = PC7p/ according to Proposition 22;
hence, M = T'. We obtain that A and B are continued in a model of 7”; therefore 7" has
JCP. Finally, we apply Theorem 29 and obtain that 7" is a JCP-theory. 0
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Aman6ekos C.M., Onepxaan A., Tyarym6aesa 11.0. IIO3UTUBTI MOHCOH/IBIK TEO-
PUAJTAPIBIH AACBIHIA AMAJIBI'AMA KOHE BIPJIECKEH EHI'I3Y KACUETTEPI

By makagama amagbrama KacueTi MeH OipJIeCKeH eHri3y KacueTiHiH, COHIali-ak, h-aMa/ib-
rama MeH OipJIeCKeH »KaJFaCThIPy KaCHeTiHIH e3apa OalllaHbIChIHa, HeTri31ereH TeOPUSIIAPIbIH,
apHaiibl imKi KJracTapbl 3eprresei. KapacTeIpbliran HoTHKeiep OipiHimi perTi Kiaccuka-
JIBIK, JIOTUKAa 1A, TO3UTUBTI JIOTUKAIA 18 TYKbIPBIMIAIa b, aJbIHFaH HOTHKeIep OOMbIHIIA
OJIAPJIBbIH, KYPBLIBIMBI YKcac OOJIbII KaJalbl. AMajbraMa Kacueri OipJjieCKeH eHri3y KacHeTiH
JKoHe KepiciHie, h-amaJibrama 0ipJiecKeH KaJIFaCTbIPy KACHETiH TYAbIPATHIH YKETKIIIKTI map-
TTap opHATHLIA L. COHBIMEH KaTap, OChl KACUETTEP/IIH, 3ePTTEIETIH TeOpUsIapAblH KEHEHTY-
JIEpiHJIe CaKTaJIy MOceseci KapacThIPbLIaIbI.

Tyitin ce3aep: SK3UCTEHITNAILI TYHBIK MOIEIb, aMajbraMa KacueTi, OipJIeCKeH eHTizy
KaCHUeTl, TO3UTUBTI MOJIEJIbJIED TEOPUSACHI, TO3UTUBTI HOHCOHIBIK, TEOPUSIIAD, TO3UTUBTI TYIi-
BIK MOJIEIbAEP, h-amabrama KacueTi, Oip/IeCKeH »KaJracThIPy KACHETI, TO3UTUBTI TYHBIK, JKaii
MNOHCOHJIBIK, TEOPUsLIAP.

AmanGekos C.M., Onepxaan A., Tynrymb6aesa 11.0. CBOMICTBA MAJILI'AMIPO-
BAHIS 1 COBMECTHOI'O BJIOYKEHISA B KOHTEKCTE IIO3UTUBHBIX MTIOHCO-
HOBCKIX TEOPUI1

B nmanmoil crarbe UCC/IenyIOTCs ClIeNUaIbHbIe MOAKJIACCHL TEOPUA, OLPEIeseMble CBI3bIO
IVIe)KILy CBOIICTBOM aMaJIbraMUIpOBaHUA U CBOIICTBOM COBMECTHOTO BJIO2KCHUSA, a TaK>Ke Me)Kﬂy
h-aMaJIbraMUPOBaHUEM U CBOMCTBOM COBMECTHOIO IIPOJOJIZKEHMsI. PaccMoTpeHHble pe3y/bra-
Thl (POPMYJIUPYIOTCH KAK B KJIACCHYIECKON JIOTMKE IEPBOrO IMOPSIAKA, TaK U B IO3UTUBHOM
JIOTHKE, IIPHYEM CTPYKTypPa pe3y/IbTaTOB IpeACTaBIsgeTcda aHajaornanoil. Hamu nokasansr 1o-
CTaTOYHbIE YCJIOBULA, IIPU KOTOPBIX CBOIICTBO aMaJiIbraMUIpPpOBaHUA BJIedeT CBOIICTBO COBMECT-
HOT'O BJIOXKEHHUS, M HAOOOPOT, a TaKXKe YCJIOBHSA, IPU KOTOPBIX h-aMaJbIaMUPOBAHNE BJICYET
CBOWCTBO COBMECTHOTO TIPOJIOJIKEHUS, U HaobopoT. Kpome Toro, uccieyercss BOIPOC coxpa-
HEHHUS TPUHAIJIEKHOCTH TEOPUU K JAHHBIM MOIKJIACCAM IIPUA PACIIAPEHUH PAaCCMATPUBAEMOI
TEOpHMN.

KimroueBble €JI0Ba: 9K3MCTEHIMAIBHO 3aMKHYTasd MOIEJb, CBOMCTBO aMajbraMupOBa-
HUsl, CBOHMCTBO COBMECTHOI'O BJIOXKEHHSI, IO3UTUBHASA TEOPUS MOJejell, MO3UTUBHLIE HOHCO-
HOBCKHE Te€OpHH, ITO3UTUBHO Sa.MKHyTbIe MOJeJIn, CBOMCTBO h—aMa.HbFaMI/IpOBaHI/IH, CBOMCTBO
COBMECTHOTO IPOLOJIZKEHHS, IO3UTUBHO 3K3UCTEHINAIBLHO IPOCTHIE HOHCOHOBCKHIE TEOPHH.
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Abstract. The concept of pseudofinite structures emerged in the 1960s as part of efforts to understand
infinite structures that behave, in certain respects, like finite ones. A structure is pseudofinite if it satisfies
every first-order sentence that holds in all finite structures of the same language. This idea gained
importance through works by Ax, who studied pseudofinite fields, and later by Hrushovski and others
in the context of model-theoretic algebra. Pseudofiniteness has since played a key role in finite model
theory and asymptotic classes. The article considers universal theories T, the number of isomorphism
types of whose finite models is finite. It is proved that all cyclic submodels of a T-pseudofinite model

of this theory are finite.
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1 Introduction

The concept of pseudofinite structures emerged as part of a broader effort in model theory to
understand the relationship between finite and infinite models, particularly within first-order
logic. The development of this idea can be traced back to the 1960s, at the intersection of
logic, algebra, and number theory, when logicians began to investigate infinite structures that
could be characterized by the same first-order sentences as finite structures.

A structure is called pseudofinite if it is infinite, yet satisfies every first-order sentence that
holds in all finite structures of the same language. More precisely, a model 9t is pseudofinite
if it is elementarily equivalent to an ultraproduct of finite structures. This notion allows
logicians to treat certain infinite models as “limits” or idealizations of finite ones, enabling the
application of model-theoretic methods to problems originally rooted in finite mathematics.
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One of the foundational developments in the area was James Ax’s work in the late 1960s,
particularly his characterization of pseudofinite fields. In his landmark paper “The Elementary
Theory of Finite Fields” (1968), Ax proved that the theory of finite fields is complete and
that every pseudofinite field is elementarily equivalent to an ultraproduct of finite fields. He
further showed that pseudofinite fields are perfect, have exactly one extension of each finite
degree, and are pseudo-algebraically closed. This result brought substantial attention to the
utility of ultraproducts in connecting finite and infinite model-theoretic behavior.

Throughout the 1970s and 1980s, pseudofiniteness became an increasingly important
concept in various branches of mathematical logic and algebra. Researchers began to apply it
not only in the study of fields but also to groups, rings, and other algebraic structures. The
broader idea of interpreting “finiteness-like” behavior in infinite models proved valuable in
understanding the asymptotic properties of classes of finite structures, which became central
in finite model theory and descriptive complexity theory.

In the 1990s and 2000s, Ehud Hrushovski significantly expanded the theoretical framework
surrounding pseudofinite structures. His work on Zariski geometries and non-standard finite
fields used pseudofinite techniques to derive deep results in number theory and algebraic
geometry. Hrushovski’s application of model-theoretic tools to diophantine geometry and
the Mordell-Lang conjecture marked a new era in the interplay between logic and classical
mathematics.

Pseudofiniteness also plays a crucial role in the study of asymptotic classes, random
structures, and finite model theory, particularly in the context of computer science. The work
of Macpherson, Pillay, and others on simple theories and the classification of pseudofinite
groups has led to further connections with permutation group theory and stability theory.

Today, the study of pseudofinite structures continues to be a vibrant area within model
theory. It lies at the crossroads of logic, algebra, and combinatorics, providing a unifying
framework for analyzing infinite structures through the lens of finite approximations. This
duality remains a powerful conceptual and technical tool in both pure and applied model
theory.

Recently, the model theory of pseudofinite structures is an actively developing area of
mathematics. In [1-3] and [4], the model-theoretic properties of theories of pseudofinite fields,
groups, rings, and acts over monoids are studied. Clearly, given a pseudofinite model It of
some theory T' in a language L and a sentence true in 91, a finite model of this sentence may
not be a model of T'. For example, if gA is a pseudofinite act over a monoid S and gA | P,
then B = ® for some finite structure B in the language of acts over a monoid S, but B may
not be an act over S. So, it is natural to consider the concept of T-pseudofiniteness for a
theory T of a language L, which was introduced in [7]. A model 91 of a theory T" in a language
L is called T-pseudofinite if every sentence in a language L true in 9t has a finite model, which
is a model of the theory T. It is clear that T-pseudofiniteness implies pseudofiniteness, and
pseudofiniteness implies T-pseudofiniteness for every finite axiomatizable theory T'. In |7, §],

KAZAKH MATHEMATICAL JOURNAL, 25:2 (2025) 19-24



On T-pseudofinite models 21

T-pseudofinite acts over a monoid S are considered, where 1" is a theory of all acts over S.
Also, we can note the articles [5] and [6]. In [5], S. Malyshev gives the description of types
of pregeometries with an algebraic closure operator for acyclic theories. In [6], N. Markhabatov
and Ye. Baisalov consider acyclic graphs approximated by finite acyclic graphs.
In this work, we consider universal theories T', the number of isomorphism types of whose
finite models is finite. We prove that all cyclic submodels of a T-pseudofinite model of this
theory are finite.

2 Preliminaries

A structure 9 in a language L is called pseudofinite if every sentence true in 991 has a finite
model. Let T be a theory of a language L. A model 9 of a theory T in the language L is
called T-pseudofinite if every sentence in a language L true in 97 has a finite model, which is
a model of the theory T

Theorem 1 (A.A. Stepanova, E.L. Efremov, S.G. Chekanov [7]). Let T' be a theory of a
language L and M be a model of T. Then M is a T-pseudofinite structure if and only if M
s elementarily equivalent to the ultraproduct of finite models of the theory T .

Theorem 2 (A.A. Stepanova, E.L. Efremov, S.G. Chekanov [3]). Every coproduct of finite
S-acts is a T-pseudofinite S-act, where T is the theory of all S-acts.

A class K of L-structures is called aziomatizable if there exists a set Z of sentences of the
language L such that for any structure 2,

2 € K <= (the language of 2is L and A = ® for all & € 7). (1)

An axiomatizable class K of L-structures is called universal axiomatizable if there exists a set
Z of V-sentences of the language L for which (1) holds.

A substructure B of an L-structure 2 is called one-generated or cyclic if there exists
b € B such that the intersection of all substructures of 2l containing b coincides with 9. In
this case, we denote the substructure B by (b).

3 Main result

Theorem 3. Letl € w, let K be a universal axiomatizable class of L-structures such that the
cardinality of any finite cyclic structure in K is less than | + 1, and let T be a theory of K.
If A is a T-pseudofinite structure, then the cardinality of any cyclic substructure of 2 is less
than 1+ 1.

Proof. Let the hypotheses of the theorem be satisfied, and let 2 € K be a T-pseudofinite

structure. By Theorem 1, 2 = B, where B = [[,c; B:/D, B; are finite models of T, D is an
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ultrafilter on I. Since T is a theory of an axiomatizable class K, then 6 € K and B; € K
for all i € I. We prove that the cardinalities of all cyclic substructures of 9B are less than
[+ 1. Assume the opposite, that is, there exists a cyclic substructure (b/D) of 9B such that
|(b/D)| > 1. Then B = &y, . 4,(b/D), where

Oy 4(x) = Fzg... 3y /\ T # T A /\ x; = ti(z) |,

0<i<j<l 0<i<l
ti(x) are some terms of the language L. By Los’s theorem,
J={iel|Bik P, (0()} €D,

that is, [(b(i))| > [ for all ¢ € J. Since K is a universal axiomatizable class, then (b(i)) € K
for all ¢ € J. But the cardinality of any finite cyclic structure in K is less than [ + 1. A
contradiction. Consequently, the cardinalities of all cyclic substructures of 8 are less than
[+ 1.

Now we prove that the cardinality of any cyclic substructure of 2 is less than [ + 1.
Assume the converse, that is, there exists a € A such that [(a)| > [. Then A = &4, 4 (a)
for some terms go, ..., g; of the language L. Since the structures 2l and B are elementarily
equivalent, B |= Jx g, . 4 (x). Therefore, there exists a cyclic substructure 98 of cardinality
greater than [. This contradiction proves the theorem. O

4 Corollaries from the main result

Corollary 4. Let S be a monoid, | € w, K be the class of all S-acts such that the cardinality
of any finite cyclic S-act is less than I+ 1, and T be a theory of K. If gA is a T-pseudofinite
S-act, then the cardinality of any cyclic subact of gA is less than [ + 1.

Proof. Since the class K is universal axiomatizable, this Corollary follows from Theorem
3. O

By Corollary 4, we obtain the following corollary.

Corollary 5 (A.A. Stepanova, E.L. Efremov, S.G. Chekanov [7]). Let S be a monoid, the
number of isomorphism types of finite cyclic S-acts be finite, and T be a theory of S-acts. If
sA is a T-pseudofinite S-act, then every cyclic subact of sA is finite.

Corollary 6. Let G be an abelian group, the number of finite index subgroups of G be finite,
and T be a theory of all G-acts. Then A is a T-pseudofinite G-act if and only if gA is a
coproduct of finite G-acts.
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Proof. Let oA be a T-pseudofinite G-act. It is well known that every act over a group G is a
coproduct of cyclic acts, and every cyclic act over G is isomorphic to a G-act G /H, where H
is a subgroup of G and the unary operations on G/H are defined as follows: g(aH) = (ga)H
for any g,a € G. Then by Corollary 4 oA is a coproduct of finite G-acts.

If ¢A is a coproduct of finite G acts, then by Theorem 2 A is T-pseudofinite. O

Corollary 7. Let K be the class of all abelian groups such that the number of isomorphism
types of finite cyclic subgroups of groups in K is finite, T be the theory of class K, and let G
be a pseudofinite (T-pseudofinite) group. Then G is a periodic group.

Proof. Since the class K is universal axiomatizable, this corollary follows from Theorem 3. [
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CrenanoBa A. A., Eppemos E. JI., Hekanos C.I" YHUBEPCAJIIBIK T TEOPUAJIA-
PBIHBIH T-IICEBOO-IIEKTI MYJIAEJIEPIHIE

ZKasran akpIpJibl KypPbLIbIMAAD YEBIMBI 1960-KbLImaphl, MEKCi3 KYPhLIIMIaPIbl Oearii
6ip MarbIHA @ AKBIPJIbI KYPBLIBIMIAD CUSIKTHI CHITATTaY MAaKCATBIH/A Taliia 601161, KypblibiM
JKaJIFaH aKbIPJIbL JIEI aTAJIaJIbl, erep OJI COJI CUTHATYPAIAFbl OapJIbIK, AKbIPJIbI KYPBLIBIMIAPIA
OPBIHIAIATHIH OIPIiHII peTTIK TYKbIpbIMIapra OarblHCca. By uaes agraln peT mceBI0aKbIPJIbl
epicrepi 3epTTereH AKC eHOEKTepiHe MaHbI3ra e OOoJIbl, KeliiHipek XPYIIEeBCKU YKoHe
backa 3epTTeyIiijiep MOJEIb/IK TeOPHUSJIBbIK ajaredpa cajachblHIa OHBI Opi Kapail JaMbITTHI.
Coman Oepi »KaJjiraH aKbIPJIBLIBIK, AKBIPJIBI MOJIE/IBIED TEOPUSCHIHIA KOHE aCHMIITOTUKAJIBIK,
KJIacTapja MaHbI3/Ibl peJi aTkapajbl. Makamsana T ombeball Teopusiiapbl KapacTbIPbLIAJIbI,
OJIAPJIbIH, TIIEKTI MOJEJbIepiHiH, n3oMopdusM Typiepinid caubl mekTi. byn Teopusiabiy, 1-
rceBIOMUHUTTI MOIETIHIH OAPJIbIK IMUKJIIIK IITKI MOIETbaepi aKbIPJIbI OOJATHIHEI JOJIEIIECHI].

Tyiiin ce3aep: L-KypbLIbIMIapIblH oMOeball aKCHOMaTH3aInsIaHATBIH KJIachl, L-Kypbl-
JIBIMJIAP KJIACBIHBIH TEOPUSCHI, ICEBIOMUHUTTI KYPbLIbIM, 1 -11CeBIOMUHUTTI KYPHLIBIM.

CrenanoBa A. A., Edpemvos E. JI., Hekanos C.I. O T-IICEBJIOKOHEYHBIX MO/E-
JIAX YHUBEPCAJIbHBIX TEOPUI T

[lonaTne 1CEBIOKOHEYHBIX CTPYKTYP BO3HUKJO B 1960-X rojgax B paMKax IOIBITOK IIO-
HATH OECKOHEYHbIE CTPYKTYPhI, KOTOPBIE B OIPEIeIEHHOM CMBIC/IE BeIyT ceDs KaK KOHETHbIE.
CrpyKkTypa Ha3bIBAETCs TICEBIOKOHETHOMN, €C/I OHA YJIOBJIETBOPSIET KAXKIOMY IIPEJJIOXKEHUIO
IIEPBOTO MTOPSIIKA, KOTOPOE BBIOJHAETCA BO BCEX KOHEUHBIX CTPYKTYPAX TOTO K€ sI3bIKA. DTa
ujiesi npuobpesia 3HadeHue byarojaps paboram Akca, U3ydaBIIero ICEBIOKOHEUHBIE TOJIs, a
11o37ke X PYIIEeBCKOIO U APYTUX — B KOHTEKCTE MOJAECIbHO-TeopeTndecKoit aaredbpsr. IlceBmoko-
HEYHOCTh C TeX IIOpP UTPaeT BaXKHYIO POJIb B TEOPUU KOHEUHBIX MOJIeell U aCUMIITOTUIECKUX
KJIACCOB. B cTaTbe paccMaTpuBaIOTCS YHUBEpPCAJbHBIE Teopun 1, IUCI0 THIOB M30MOPGU3-
MOB KOHEYHBIX MOJeJIell KOTOPBIX KOHeYHO. /loKa3bpIBaeTcst, 9TO BCe IUKIINIECKIE TTOIMO/IEIN
T-11ceBJIOKOHETHOI MOJIEJIM 3TOM TEOPUU KOHEUHHI.

KuroyeBsbie citoBa: yHUBEpCAIBHO AKCUOMATH3UPYMbBIT KJ1acC L-CTPYKTYP, TEOPUS KJiac-
ca L-cTpyKTyp, IICEeBIOKOHEUHAsI CTPYKTYPa, T-TICeBIOKOHETHAasT CTPYKTYpa.
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Abstract. We investigate the monotonicity properties of unary functions definable in ordered groups
whose elementary theories are o-stable and have finite convexity rank. The notion of o-stability, combin-
ing o-minimality and stability, ensures tameness of types around cuts. Prior work established piecewise
or local monotonicity of definable functions in weakly o-minimal structures, with key contributions by
Pillay, Steinhorn, Wencel, and others. We build on these results by focusing on local monotonicity, n-
tidiness, and the depth of definable functions. In particular, we show that any such function is piecewise
n-tidy for some finite n, extending the theory of monotonicity beyond weakly o-minimal structures to a
broader o-stable context.

Keywords. O-minimal theory, NIP theory, piecewise monotonicity, local monotonicity, o-stable theory,

the convexity rank.

1 Preliminaries

The notion of o-stability combines both notions of o-minimality and stability. Roughly speak-
ing, a linearly ordered structure is o-stable if, for any cut, there exist a few complete one-types
that are consistent with this cut. B. Baizhanov and V. Verbovskiy showed in [1] that a weakly
o-minimal theory is o-stable. A sharper result follows from the description of weakly o-minimal
structures by B. Kulpeshov, that a linearly ordered structure is weakly o-minimal if and only
if any cut has at most two extensions up to complete one-types over this structure and the sets
of all realizations of these one-types are convex [5]. So, we can say that any weakly o-minimal
theory has Morley o-rank 1 and Morley o-degree at most 2, so, these theories are o-w-stable.
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A. Pillay and C. Steinhorn started the investigation of the piecewise monotonicity of
definable unary functions in linearly ordered structures in [9]. R. Wencel extended their re-
sult to the class of non-valuational weakly o-minimal ordered groups [14]. D. Macpherson,
D. Marker, and C. Steinhorn introduced the notion of a local monotonicity and a tidy function
and proved that any unary function that is definable in a structure of a weakly o-minimal
theory is tidy. V. Verbovskiy introduced the notion of the depth of a function and proved
that any function definable in a structure of a weakly o-minimal theory has finite depth and
is piecewise n-tidy for some finite natural n [10]. Also, the question of monotonicity of unary
functions has been studied in many other articles for different classes of theories. V. Ver-
bovskiy and A. Dauletiyarova proved piecewise monotonicity of a unary function definable
in an ordered non-valuational group with an o-stable theory [13]. Here, we aim to consider
local monotonicity and the notions of n-tidy and the depth of a unary function definable in
an ordered group with an o-stable theory of a finite convexity rank.

In the following section, we provide some standard definitions and notations.

Let M = (M, <,...) be a totally ordered structure, a be an element of M, and let A and
B be subsets of M. As usual, we write

a < B, ifa<bforanybeB,
A< B, ifa<bforanya€ Aandbe B.

A partition (C, D) of M is called a cut if C < D. Given a cut (C, D), one can construct
a partial type {¢ <z < d:c € C, d € D}, which we also call a cut and use the same notation
(C, D). If the set C is definable, then the cut is called quasirational; if in addition sup C' € M,
then the cut (C, D) is called rational. A non-definable cut is called irrational. If C = (—o0, ¢)
we denote this cut by ¢, and if C' = (—o0, ¢] we denote it by ¢*. If C = M, we denote this cut
+00. The notation sup A stands for such a cut (C, D), that C = {c € M : ¢ < sup A}. If the
set C' is definable we sometimes distinguish cuts defined by sup C' and inf D as: sup C' stands
for (C,D) U {C(x)} and inf D stands for (C,D) U {~C(z)}. A cut (C,D) in an ordered
group is called non-valuational |7, 14] if d — ¢ converges to 0 whenever ¢ and d converge
to sup C' and inf D, respectively. A cut, which is not non-valuational, is called valuational.
Observe that for a valuational cut (C, D), there is a convex non-trivial subgroup H such that
sup C' = sup(a + H) for some a, and this cut is definable iff the subgroup H is definable.
An ordered group G is said to be of non-valuational type, if any quasirational cut is non-
valuational. Note that G is of non-valuational type if and only if there is no definable non-
trivial convex subgroup in G.

The set of all cuts (C, D) that are definable in M and such that the set D has no smallest
element will be denoted by M. The set M can be regarded as a subset of M by identifying
an element a € M with the cut ((—o0, a], (a, +00)). After such identification, M is naturally
equipped with a linear ordering extending (M, <): (C1, D1) < (Cs, Ds) if and only if C; C Cs.
Clearly, (M, <) is a dense substructure of (M, <).
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A subset A of a totally ordered set M is called convex if for any a and b € A the
interval [a, b] is a subset of A. The length of a convex set A is defined as sup{a—b:a,b € A}.
A convexr component of a set A is a maximal convex subset of A. The conver hull A¢ of A is
defined as

Af = {b €M :Jaj,as € A(a; <b< ag)},

that is, it is the least convex set containing the set A.

2 Introduction

The aim of this paper is to investigate the properties of unary functions that are definable in
an o-stable ordered group whose convexity rank is finite, say, n.

Let M = (M, <,...) be a totally ordered structure. Recall that a function can be defined
from its graph and for each function, it is easy to construct its graph. So, we consider an
arbitrary formula: ®(z, 7). Let B be the set of all such b, that ®(M, b) # (). Given an element
b we consider the definable set ®(M,b). Then we can consider sup ®(M,b) as an element of
M. So, the set

{(b,sup ®(M,b)) : b € B}

defines the graph of some function f from B to M. The main property we consider here is
the monotonicity of a function. So, below, we define f(by) > f(b2) in terms of ®. We prefer
to work with a formula ®(x; %) rather than with a function f(7).
So, let ®(x,y) be an M-definable formula. We write
2
O(M, 1) > B(M, ), if M = Vo3[ \ (i, 5:) = w2 < 21

=1

it means that sup ®(M, 71) > sup (M, g2). Then
(M, 71) = ®(M, f2) & P(M,71) < B(M, 2) A P(M,71) > B(M, T2)
(I)(Magl) < q)(MaﬂQ) <~ (I)(M7g1) S Q)(Mng) A ¢<M7g1) 7& (I)(MayQ)

Now we consider the case where the length of the tuple g is 1, that is, y is a variable.
We say that ®(z,y) is strictly increasing on a set I, if

YyVzly,z € INy < z = ®(M,y) < (M, 2)].

If E(y, z) is an equivalence relation with convex classes on a set I, then ®(M, y) is strictly
increasing on the quotient set I/p, if

VyVzly,z € IN-E(y,z) ANy < z = ®(M,y) < ®(M, z)].
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We define strictly decreasing and constant behavior in a similar way to strictly increasing

behavior.
We assume that dom ®(M,y) ={y € M : M |= (3z)®(z,y)}.

Definition 1 (M. Dickmann; D. Macpherson, D. Marker, C. Steinhorn).

e A weakly o-minimal structure is a totally ordered structure M = (M, <, ...) such that
any definable subset of M is a finite union of convex disjoint sets under the ordering <.

e A theory is weakly o-minimal if all of its models are.

Definition 2 (D. Macpherson, D. Marker, C. Steinhorn,[7]). If M is a totally ordered struc-
ture, ®(x,y) is an M-definable formula, I C dom(®(M,y)), then we say that ® is tidy on I,
if one of the following holds:

1. Vz € I there is an infinite interval J C I such that x € J and & is strictly increasing on
J (we say that @ is locally increasing on I).

2. Vz € I there is an infinite interval J C I such that x € J and @ is strictly decreasing
on J (we say that ® is locally decreasing on I).

3. Vz € I there is an infinite interval J C I such that x € J and ® is constant on J (we
say that @ is locally constant on I).

and, if for some = € I the set {y € I | ®(M,t) is strictly monotonic on (z,y) U (y,z)} and
has a maximum or a minimum, then ®(M,t) is strictly monotonic on I.

Definition 3. If ® and I are like in Definition 2, then we say that ® is n-tidy on I if the
following holds:

o V2Vyvt [B(M,2) = PM,y) Az <t <y— PM,z)=D(M,t)]
o & is tidy on I/E,_1, where ®™ (z,y) := 3z[E,_1(y, 2) A ®(z, 2)]
e Vyel)E,(I,y)/E,—1 has no minimum and maximum.
o |I/E,| > w.
Where E,, is an equivalence relation on I such that

En(z)y) ~ En—l(zay) \%
V o[z <yA-En_1(z,y) = e | [2,y]/En—1 is strictly monotonic] A
A ly<zA—-En_1(z,y) = ®™ | [y, 2]/En_1 is strictly monotonic]]

Here 0-tidy is tidy, ®©) = &, Ey(z,y) < z =y.
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Figure 1: The example of the graph of a function of depth 3

Definition 4. If ® and [ like in Definition 2, then we say that ® is strongly tidy on [ if there
exists n € N such that ® is (n — 1)-tidy on I and ®(™ is strictly monotonic on I/E,_1. So
we say that the depth of ® on I equals n.

Definition 5 (D. Macpherson, D. Marker, C. Steinhorn, [7]). Let M be a weakly o-minimal
structure. We say that M has monotonicity if the following holds: whenever ®(z,y,a) is a
formula with @ € M, there is m € N and a partition of dom(®(M,y,a)) into definable sets
X, I,..., I, such that X is finite, each I; is convex and on each I; the formula ®(z,y,a) is
tidy.

Definition 6 (V. Verbovskiy, [10]). Let M be a weakly o-minimal structure. We say that
M has strong monotonicity (monotonicity [7]), if the following holds: whenever ®(x,y,a) is
a formula with @ € M, there is m € N and a partition of dom(®(M,y,a)) into definable sets
X, I, ..., I, such that X is finite, each I; is convex and on each I; the formula ®(z,y,a) is
strongly tidy.

Definition 7. Let M be a weakly o-minimal structure. Then we say that M has finite depth,
if the following holds: whenever ®(x,y, z) is a formula, there exists n € N such that for any
a € M and for any convex set I C dom(®(M,y,a)), on which ®(M,y, a) is strongly tidy, the
depth of ®(M,y,a) on I is less than n.
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Theorem 8 (D. Macpherson, D. Marker, C. Steinhorn, [7]). If all models of Th(M) are
weakly o-minimal, then M has monotonicity.

Theorem 9 (V. Verbovskiy, [10]). If all models of Th(M) are weakly o-minimal, then M has
strong monotonicity and finite depth.

Definition 10 (B. Baizhanov, V. Verbovskiy, [1], [11]).

1. An ordered structure M is o-stable in A if for any A C M with |A| < A and for any cut
(C, D) in M there are at most A 1-types over A which are consistent with the cut (C, D),
Le.

S,y ()] < A
2. A theory T is o-stable in X if every model of T is. Sometimes, we write T is o-\-stable.
3. A theory T is o-stable if there exists an infinite cardinal A in which T is o-stable.

In [11], V. Verbovskiy proved that any ordered group whose elementary theory is o-stable
is Abelian.

Lemma 11 (V. Verbovskiy, [11]). Let G be an ordered group of non-valuational type whose
elementary theory is o-stable. Then any equivalence relation in G has at most finitely many
infinite conver classes.

Let I' = {(z, f(z)) : * € dom(f)} be the graph of a function f.

We denote by lim,_ 410 f the set of all elements b € G such that (a,b) is a limit point
of the set {(x, f(x)) : x € dom(f),z > a}. In other words, lim,_,,40 f is the set of all the
right-hand limit points of the function f at the point a.

Similarly, we define lim,_,,—o f as the set of all such b that (a,b) is a limit point of the
set {(z, f(x)) : x € dom(f),z < a}.

Furthermore, we define

. A 1 .

ilgéf a xggl—ofuxgg}rof'
Fact 12 (J. Goodrick, [4]). For any densely ordered structure A and any function f : A — A,
for any a € A, the set lim,_,, f(x) is nonempty.

Lemma 13 (V. Verbovskiy, A. Dauletiyarova, [13]). Let an ordered group (G, <,+, f,0,...),
whose order is dense, have an o-stable theory. Then there exists a natural number k such that
for any element a € dom f, the set lim,_, f(x) has at most k elements.

Due to Lemma 13, we can define k functions f1, ..., fi, where k is taken from Lemma 13,
as follows: f;(z) is the i-th element of lim,_,, f(z). So, we can define finitely many functions
which have at most one limit lim,_,,40 f and at most one limit lim,_,,_¢ f. So, without loss
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of generality, we may assume that a function under consideration has at most one left-hand
limit and at most one right-hand limit.

The definition of the convexity rank of a formula with one free variable was introduced
in [5] and extended on an arbitrary set in [6] by B. Kulpeshov:

Definition 14 (B. Kulpeshov, [5, 6]). Let T' be a weakly o-minimal theory, M T, A C M.
The rank of convezity of the set A (RC(A)) is defined as follows:

1. RC(A)=—-1if A=0.

2. RC(A) =0 if A is finite and non-empty.

3. RC(A) > 1if A is infinite.

4. RC(A) > a+ 1 if there exists a parametrically definable equivalence relation E(z,y)
and an infinite sequence of elements b; € A, ¢ € w, such that:

e For every i,j € w whenever i # j we have M = —E(b;, b;);
e For every i € w, RC(E(z,b;)) > a and E(M,b;) is a convex subset of A.

5. RC(A) > § if RC(A) > « for all a < §, where § is a limit ordinal.

If RC(A) = « for some ordinal «, we say that RC(A) is defined. Otherwise (that is, if
RC(A)) > « for all o), we put RC(A) = .

The rank of convexity of a formula ¢(x,a), where a € M, is defined as the rank of
convexity of the set ¢(M,a), that is, RC(é(x,a)) = RC(¢(M,a)).

The convezity rank of a 1-type p is defined as the rank of convexity of the set p(M), that
is, RC(p) = RC(p(M)).

Obviously, a theory that extends the theory of a linear order has the convexity rank 1 if
there are no parametrically definable equivalence relations with infinitely many infinite convex
classes.

3 Main result
Let A be a definable convex set. We define the following convex subgroups:
Hi={geG:a+|g| € Afor any a € A},

H,y={9geG:a—|g| € Aforany a € A}.

Following [8], we say that the right shore of A is long if H} is trivial; similarly, the left
shore of A is long if H is trivial.

Lemma 15. Let G be an ordered o-stable group and E a definable equivalence relation with
convex classes. Then the number of infinite E-classes with a long shore is finite.
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Proof. Let E be a definable equivalence relation with infinitely many convex classes. Assume
to the contrary that there exist infinitely many infinite E-classes with a long shore. By
Dirichlet’s principle, without loss of generality, we may assume that there are infinitely many
infinite F-classes with the right long shore. Moreover, without loss of generality, we may
assume that there exists an infinite increasing sequence (a; : ¢ < w) of representatives of
infinite F-classes with a long right shore, such that —F(a;,a;) for each i < j < w. Since
we can consider a sufficiently saturated model, we may suppose that there exists a positive
element b € G such that E(a;, a; + b) holds for each i < w.

Let ¢(x;b) say that = belongs to an E-class whose length is at least b and whose right
shore is long and the distance between x and the right shore of [x]g is less than b. Since the
right shore is long, this set is not empty.

Let C ={g € G: g < a; for some i} and D = G\ C. Since for each ¢ € C and each b;
and by with 0 < by < by < b it holds that

©(G,b1) N (c,supC) C ¢(G,b2) N (¢, sup C)

we obtain that G has the strict order property inside the cut sup C. Since an expansion of
a model of an o-stable theory by a convex unary predicate preserves o-stability [11], we may
add a convex predicate P which names C'. So, we obtain the strict order property inside the
cut

{c<x<d:ceC, de D}U{P(x)},
that contradicts o-stability, [1]. O

Theorem 16. Let G = (G, <,+,...) be an ordered group with an o-stable theory. Let G have
finitely many, say k, non-trivial proper definable convex subgroups. Then RC(G) = k. And
vice versa, if RC(G) is finite, say k, then the number of non-trivial proper definable convex
subgroups is equal to k.

Proof. Let {0} < H; < --- < Hi < G be a chain of all definable convex subgroups of G. Then
Ey(z,y) £ * —y € Hy is an equivalence relation with convex classes, and the chain Ej, ...,
Ej, of equivalence relations demonstrates that RC(G) is at least k.

Assume that RC(G) = k and a chain of equivalence relations Fi, ..., Fj witnesses it,
where FE; refines F; 1 for each positive ¢ < k. By Lemma 15, without loss of generality, after
removing finitely many equivalence classes, we may assume that each shore of each class of
each equivalence relation is short, that is, not long, so, it defines a non-trivial subgroup. By
the first paragraph of the proof of this theorem, the number of definable convex non-trivial
proper subgroups is at most k, say, n. Let

{0} <H <---<H,<G

be the sequence of all definable convex non-trivial proper subgroups of G.
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First, we consider F;. Since Hj is the least non-trivial definable convex subgroup, and
each shore of each infinite E1-class defines a subgroup, each infinite E1-class consists of cosets
of H 1.

Assume that there are infinitely many cosets of Hy such that each contains an Ej-class as
a proper subset and this F1-class consists of infinitely many cosets of Hy. Then we consider
G/H; with the full induced structure. Its elementary theory is o-stable [11]. We obtain an
equivalence relation in G/H; with infinitely many infinite convex classes, but these classes are
proper subsets of cosets of Hy/Hj. So, there exists a definable convex subgroup H'/H; <
Hy/H;y. Let H' be the pre-image of H'/H; in G. It is definable and convex. We obtain
a contradiction with the fact that there are exactly n definable convex non-trivial proper
subgroups. So, either an Fj-class consists of finitely many cosets of H; or consists of cosets
of Hs. Note that if an Ej-class consists of finitely many cosets of Hy, then the order in G/H;
is discrete. Moreover, there is a positive integer my such that if a Fq-class consists of finitely
many cosets of Hi, then the number of these cosets is at most my. Indeed, otherwise by
compactness there are infinite F7-classes and we obtain a contradiction as above.

Considering G/ H; we can conclude by the similar reasons that either an F;1-class consists
of finitely many cosets of H;11 or consists of cosets of H;o.

These imply that & < n. So, we obtain the equality & = n. O

Theorem 17. Let G be an order-stable ordered group of mon-valuational type with a dense
order, let A be a sort in G, and let f : D C G — A be a definable and continuous function.
Then the function f is piecewise monotonic; that is, there exists some m € N and a finite
partition of the domain of the function D = dom f into definable sets X, Iy, ..., L, such that
X is finite, each I; is convex for i < m, and f | I; is monotonic.

Theorem 18. Let G be an ordered group with an o-stable theory and let f be a definable
continuous unary function. Let RC(G) = n. Let {0} < H; < --- < H,, < G be the chain of
all its definable convex subgroups and let G/H; be dense for each i.

Then f is strongly tidy and its depth is at most n. In other words, an ordered group
with an o-stable theory and a finite convexity rank has strong monotonicity and finite depth
bounded by its convexity rank.

Proof. As we mentioned it below Lemma 13, we may assume that the graph f has at most
one limit point from the left and at most one limit point from the right for each element.
By Theorem 17 the restriction of f to any coset of Hp is piecewise monotone. Let F; be
an equivalence relation on dom f with convex classes, on which f is monotone. Then, as we
know, the Ej-classes are cosets of Hy. Now we consider G/H; with the complete induced
structure and we find that f/H; is monotone on the cosets of Hy/H;. Here,

f/Hi(a) = sup{f(z):x € a+ Hy}.
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Proceeding by induction, we conclude that the statements of the theorem hold. The
bound for the depth of f follows from Theorem 16. O
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Bep6osckuit B.B. HIEKTEVYJII IOHECTIK PAHI'T BAP PETTEJII'EH-TYPAKTHI
TOITAYBl ®OYHKIINAHBIH TEPEHIIT'T TYPAJIBI

Bi3 sysemenTap Teopusapbl O-TYPaKThI KOHE IIEKTEYJ JOHECTIKTIK paHri 6ap perre-
eH TONTap/la aHBIKTAJATHIH YHAD (PYHKIUSIAD/IBIH MOHOTOHJIBIK, KACHETTEPIH 3ePTTEHMI3.
O-TYPAKTBLIBIK, YFBIMbI O-MUHUMAJIIBLIBIK, II€H TYPAKTBLIBIKTBI OipiKTipim, y3igicrep MaHbIH-
Jarbl TUITEPIiH TOPTINTLIINH KaMTaMackl3 eTei. byran neitiari enbekrepae [mwamsit, Craiin-
xopH, Bemnries xxkone 6ackaapabiH, MAHBI3ILI VIECIMEH 9JICI3 O-MUHUMAJI KYPbLIBIMIAPIA aHbI-
KTaJIaThIH (PYHKITUIIAPIbIH KEeCIHILTIK HeMece JIOKAJIbII MOHOTOHIBIFBI KepceTiareH. Bis 6y
HOTHUKEJIEPIl YKAJIFACTBIPDII, JIOKAJIBI MOHOTOHIBIKKA, N-TOPTINTIIIKKE YKOHE aHBIKTAJJIATHIH
QYHKITUATAPIBIH TEPEHIITiHEe HA3ap ayIapaMbi3. ATam affTkaHaa, MyHIAH OYHKITHSTHBIH Keii-
6ip mIeKTi HATYypaJI N YIIiH KeCIHIUNK n-TopTinTi 60J1aThIHBIH KepceTeMi3. Byl MOHOTOHIBIK,
TEOPUSCHIH OJICI3 O-MUHUMAJI KYPBLIBIMIAPIAH KeHipEeK O-TYPaKThl KOHTEKCKE JIeHiH KaJjra-
CTBIPA/ILL.

Tyiiia ce3nep: perreiren MunuMmaj Teopusi, NIP Teopusichl, KeciHmiIiK MOHOTOHJIBIK,
JIOKAJIbJIi MOHOTOH/IBIK, PETTEINeH TYPAKThl TEOPUs, JTOHECTIK PAHT.

Bep6osckuit B.B. O INIYBUHE ®YHKINU B O-CTABMUJILHOI YIIOPSJTOYEH-
HOW I'PYIIIIE C KOHEYHBIM PAHI'OM BBIITYKJIOCTU

MpsI uccyemgyeM CBORCTBA MOHOTOHHOCTU YHAPHBIX (DYHKITHI, OIPEIEIMMBIX B YIIOPSIO-
YEeHHbIX TI'DyIIIax, 3JIEeME€HTapHbIE TE€OPUNU KOTOPbLIX ABJIATOTCHA O—CT&6I/I.H]:>HBIMI/I U UMEIT KO-
HEYHBI pPAHT BBIMYKJOCTU. [loHSATHE O-CTAOMIBLHOCTH, O0OBEIUHSIONEE O-MUHIMAJIBHOCTh U
CTabUJIBHOCTD, 0DECIIeUNBaET yIOPSIOUEHHOCTh TUIIOB B OKPECTHOCTH cedeHuii. B mpeabrmy-
mux paborax, B yacTHocTH Ojaromapst Bkjaajay llunnes, Craituxopua, BeHnens u japyrux,
ObL/Ia, yCTAHOBJIEHA KyCOUHAsT UM JIOKAJIbHAsT MOHOTOHHOCTD OIPEIeTUMbIX (DYHKINH B c1ab0
O-MHUHUMAJILHBIX CTPYKTYpax. MbI pa3BUBaeM 5TH PE3yJIbTATEI, COCPETOTAINBASICH HA JIOKAJb-
HOIl MOHOTOHHOCTH, N-YHOPSIIOYEHHOCTH U TVIyOWHE OmpesenMbix (yHKImi. B gacTHOCTH,
MBI TTOKA3BIBAEM, ITO JI00ast TaKas (DYHKINS SBJISIETCS KYCOIHO N-YITOPSIIOUEHHON IS HEKO-
TOPOTO KOHEYHOT'O 7, PACIIUPSssi TEOPUI0 MOHOTOHHOCTHU 33 IIPEJIEJIbl CJ1abo O-MUHUMAJIbHBIX
CTPYKTYP K Oojiee 0bOIIeMy O-CTaOUIBHOMY KOHTEKCTY.

KuroueBbie ciioBa: o-mMuHuMasibHast Teopus, Teopusi ¢ NIP, kycounass MOHOTOHHOCTB,
JIOKaJIbHasd MOHOTOHHOCTD, yHOpHﬂO“IeHHO—CTa6I/IHbHaH Teopusd, paHT BBIIIYKJIOCTH.
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Abstract. This paper investigates an inverse initial problem for a time-fractional wave equation involv-
ing the Hadamard fractional derivative. Unlike the more widely studied Caputo and Riemann—Liouville
derivatives, the Hadamard derivative is defined via a logarithmic kernel and exhibits distinct analytical
features, making it suitable for modeling processes with slow memory decay and multiplicative structures.
Building on prior work concerning the extremum principle and solvability of boundary value problems
with Hadamard-type operators, we establish sufficient conditions for the unique solvability of the inverse
problem. The analysis is carried out in terms of eigenfunction expansions and leverages properties of the
two-parameter Mittag—Leffler function. The findings contribute to the theory of inverse problems for
fractional wave equations and highlight the role of Hadamard derivatives in capturing complex temporal

dynamics in mathematical models.

Keywords. Fractional wave equation, inverse initial problem, Hadamard fractional derivative, Mittag-

Leffler function.

1 Introduction

Inverse problems for fractional partial differential equations have gained considerable attention
in recent years due to their broad applicability to modeling complex phenomena in physics,
engineering, and other scientific fields. In particular, fractional-wave equations, which in-
corporate memory effects and nonlocal behavior, provide a more accurate representation of
various real-world processes than their classical counterparts [1].
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This paper addresses an inverse initial problem for a time-fractional wave equation where
the fractional derivative is understood in the sense of Hadamard. The Hadamard fractional
derivative, characterized by its logarithmic kernel, introduces unique analytical challenges and
properties distinct from those of the more commonly studied Riemann—Liouville and Caputo
derivatives. More properties of this derivative can be found in [2], [3].

In [4], an extremum principle for Hadamard fractional derivatives was considered. The
authors established new estimates for the Hadamard fractional derivatives at extreme points
of functions. This extremum principle was instrumental in proving the uniqueness and con-
tinuous dependence of solutions for initial boundary value problems related to linear and
nonlinear time-fractional diffusion equations.

Sequential differential equations with the Hadamard fractional derivative were the subject
of [5]. The Ulam—Hyers stability of Caputo-Hadamard fractional stochastic differential equa-
tions was studied in [6]. Variable-order Caputo-Hadamard fractional derivative was considered
in [7].

We note works [8] and [9], where sub-diffusion and fractional diffusion-wave equations
involving the Hadamard fractional derivative were analyzed. In [10], a problem with the
terminal integral condition for a nonlinear fractional-differential equation with the bi-ordinal
Hilfer-Hadamard derivative was targeted for the unique solvability.

We investigate the well-posedness of this problem under specific assumptions on the given
data. By carefully analyzing the structure of the equation and utilizing appropriate functional
analytic tools, we establish conditions that guarantee the existence and uniqueness of a solu-
tion. The results presented contribute to a broader understanding of inverse problems asso-
ciated with fractional wave equations and highlight the potential of the Hadamard derivative
in modeling and analysis.

2 Direct problem

Consider an initial boundary value problem for the time-fractional wave equation with the
Hadamard fractional derivative in a rectangular domain. Let us consider an equation

HD?tu(tv x) - UUEGE(t? x) = f(tv .%') (1>

in a rectangular domain Q = {(t,z): 0 <z < 1,1 <t < T}. Here f(t,x) is a given function,
T > 1 is a positive real number, and

WD g(t) = (ti)nr(nl_a)/t (logi)n_aH g(;)ds (t>1)
1

represents the Hadamard fractional derivative of order (1 < o < 2, log(..) = In(..) [1].
Let us formulate a direct problem for equation (1).
Direct problem. To find a function u(t, z) satisfying
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the equation (1) in ;

regularity conditions u(-,z) € C% . [1,T], u(t,) € Cl0,1]nC%(0,1);

boundary conditions
u(t,0) =wu(t,1)=0,1 <t <T; (2)

e initial conditions

ali tu(t o = p(x), 0< < 1, gD§ tu(t,a — (), 0<z<1. (3)

Nims Nimrs

Here ¢(z) and 9 (x) are given functions, HIft represents the Hadamard fractional integral of

order 8 > 0 given
t

Il g(t) /( ) (ss)ds, t> 1,

1
the class of functions C§' (..) with 0 < < 1 is given by (see [1])

n—1

Csyla,b] = {g lgllez, = l18glle + ||5"9Hc%1og} ,
k=0
O d
05,’}/ [a, b] = C’y,log [a, b] (5 = t%

We search a solution to the direct problem as follows:
e}
u(t,x) = Z Uk (t) sin kmx. (4)
k=1
Substituting (4) into (1) at f(¢,x2) = 0 we obtain

a D UL(t) + (k) Un(t) = fr(t), (5)

1
where fi(t) =2 [ f(t,z)sin krzdz are Fourier coefficients of the function f(¢,z) represented
0

by Fourier-Sine series, i.e.

oo
= Z fr(t) sinkma.
k=1
Initial conditions (2) give us
Hlf;aUk(t)\t:H =y, 0< 2 <1, HD?;lUk(t)\t:H =, 0 <z <1 (6)
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Here, ¢ and vy are Fourier coefficients of functions ¢(z) and ¥ (x), respectively.
The solution of the Cauchy-type problem (5)-(6) can be represented as [1]

Ur(t) = ¢kt = 1)* " Ea,a [~ (km)*(log )] + ¢x(t = 1)* *Eqg a1 [—(km)?(log t)*] +
t
£\t £\ ds
+ [ (log= ]  Eaa|—(kn)*(log= ) | fi(s)—, (7)
o) s o2

oo
where E,(2) = > m, with ¢ > 0 and b € R, represents two-parameter Mittag-LefHler
n=0

function [1].
It is easy to prove the following statement.

Lemma 1. If g(z) € C?[0,1] is such that g(0) = g(1) = 0, ¢"(0) = ¢" (1) = 0, and
g" (x) € L2 (0,1), then

"

o0
Z ‘gk| kﬂ- < Z H2 :
k=1

The proof of this lemma can be done using integration by parts, considering Bessel’s
inequality and Parseval’s identity.

The convergence of the infinite series corresponding to the functions u(t, z) and uy,(t, x)
can be proved using Lemma 1 and the well-known estimate of the two-parameter Mittag-
Leffler function E,,(—z2) < 1+\Z| for z > 0 [1].

Regarding the solvability of the direct problem, we can state the following.

Theorem 2. If the functions o(x), ¥(x), and f(t,z) (with respect to the variable x) satisfy
the condition of Lemma 1 and f(-,x) € Cy105[1,T], then a solution of the direct problem does
exist, moreover, it is unique and is represented by Formula (4), where Ug(t) will be found
using (7).

3 Inverse initial problem

In this section, we consider an inverse problem of finding an initial condition using the addi-
tional data at a fixed time.

Inverse initial problem. To find a pair of functions {u(t,z); ¥ (x)} satisfying
e the equation (1) in ;
e regularity conditions u(-,x) € CF,,,[1,T], u(t,-) € C10,1] N C%(0,1), ¥(z) € C[0,1];

e boundary conditions (2);
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e the first initial condition of (3);
e over-determination condition u(§,x) = ((x), 0 <z <1 for fixed & € (1,T].

Here, ¢(z) and ((x) are given functions.

Inverse initial problems for differential equations were considered in many works. For
example, see [11]-[14]. Namely, in [11], authors investigated the unique solvability of the
inverse initial problem for the heat equation with the Bessel operator. Then in [12], the result
was generalized for the time-fractional heat equation with the same operator in the space
variable. In [13], a similar inverse problem was targeted at the sub-diffusion equation with a
variable coefficient involving a more general fractional derivative. The work [14] is devoted to
the unique solvability of the inverse initial problem for the fractional wave equation.

The following statement holds:

Theorem 3. Let 1 < a < 4/3. Then if the functions o(x), ((x), and f(t,z) (concerning
the variable x) satisfy the condition of Lemma 1 and f(-,x) € Cy10g[1,T], then a solution of
the inverse initial problem does exist, moreover, it is unique and represented by the following
formula:

=> [gok (t — 1)* By o[ (km)?(log )] + ¢x(t — 1)* 2 Eq a1 [~ (k7)?(logt)*] +
k=1
/ ! t ds
+ log — Euo |—(km)? (log fr(s)— ]smlmx (8)
[ (e8) " o e en)

.- 1 o _ a—1 —(kn 2 o o]
; —1)e- ZEaa—l [—(lm)2(log§)a]{<k ep(§—1) Ea,oc[ (k)= (log £)“]

) [ () 0
1/<1gs) Ea,a[(k )2<1g8>}fk() k 9)

Proof. We assume that function v(z) is given and then use the solution of the direct problem,
given by

u(t,z) = Zsin kwx{gok(t — 1)* By o [~ (km)*(logt)*] + ¢y (t — 1)*72

k=1
X Eqa-1[—(km)*(logt)® +/t<10g ) [—(lm)2 (log > }fk() } (10)
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Substituting (10) into the over-determination condition, one will get

= Zsin /@mc{gok(ﬁ 1) B, . [—(kﬂ)Q(IOgﬁ)a] + (€ —1)*72 x

£

X Ega-1 [—(km)?(log £)” +/<10g > [—(zmﬁ (log§>a] fk(s)is}. (11)

1

In [15], it was shown that the Mittag-Lefler function E,;(z) does not have zeros for
1 <a<4/3, 2,b € R. You can also see [14]. Therefore, dividing the coefficient of the
function ¢ (x) in (11), one can easily get (9).

The convergence of infinite series representing the solution can be proved using Lemma 1.
Namely, using (8) and considering the estimate [2E,;(—z)| < C for z > 0, we get

t
e d
<>~ |Culenl + Calinl + s [ 1Al
k=1 1

Here C; (i = 1, 3) are positive real numbers. Further, since they do not have principal impor-
tance, we denote them as C. Integration by parts and the well-known inequality 2ab < a®+ b2
yield

> ds
Z )2 ‘Sok +!¢k ’2 /’fk 2 s |
k=1
where gpk = fcp ) cos kmad, zp,(:) = fzp/( cos kmxdz, fk = ff;c t,x) cos kmxdz.

Using Parseval s identity, one can easily get

o0

d
)| <€ {3 + @ + @) + / el I3 2
k=1
Here || - ||2 presents the L2(0,1)-norm. Similarly, we will get
> 2 dS
@I <C (3 g + @I + e @I+ /\fz o=
k=1

Note that to get this, we have imposed the following conditions on the given functions:

p(x), C(z), f(t,z) € C[0,1], ¢(0) = ¢(1) =0, ¢(0) = ¢(1) =0, f(¢,0) = f(£,1) =0,

KAZAKH MATHEMATICAL JOURNAL, 25:2 (2025) 3644



42 Zukhridin Alimov, Sebti Kerbal

¢'(x), {'(@), falt,-) € La(0,1).

To prove the uniform convergence of infinite series corresponding to . (¢, ), we will impose
more conditions on the given functions as it was present in Lemma 1.

The uniqueness of the solution to the inverse initial problem follows from the completeness
of the system {sinknz}?°,. Namely, assuming that the problem has two different set of
solutions {u;(t,x), ¥1(x)}, {ua(t,x), ¥2(x)}, and denoting

u(t’$) = ul(t7x) - u2(t,x), 1/J(I‘) = ¢1($) - ¢2($)7

we will get the corresponding homogeneous problem. Then we multiply both sides of (4) by
sinmmz, and integrate along [0, 1]:

1 1
/u(t,x) sinmrrdr = /ZUk(t) sin(krz) sin(mnx)dz.
0 0 k=1

Based on orthogonality of the system {sink7x}}°,, one can easily get
1
Uk(t) = 2/u(t,x) sin kradz. (12)
0

The solution of the homogeneous case of Problem (5)—(6), from (7) easy to deduce that
Uk(t) = 0. Hence, due to (12), considering that the system {sinkmx}7°, is complete, we

obtain u(t,z) = 0, which proves the uniqueness of the solution to the considered inverse
initial problem.
Theorem 3 has been proved. ]
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Asmmmvos 3yxpunns, Kepbasn Cedoru, AJIAMAP BOJIINIEK TYBIHJIBICHI KATBICKAH
BOJIIEK PETTI TOJIKBIH TEH/IEYI YIIIIH KEPI BACTAIIKbBI ECEIT

By Makajama yakbeIT aiffHbIMAJIBICHI OOiibIHINa Ajamap OeJIIeK TYBIHIBICH KATBICKAH
OeJIllIeK peTTi TOJIKBIH TeHJIeyl YIIH Kepl OacTalKbl ecell KapacThipbliaiabl. Kerr 3eprreeria
Puman—JIuysuiiib Mer KamyTo TybIHIBIIAPBIHAH aflbIPMAIIBLIBIFEL, AqaMap TYBIHIBICHL JIO-
rapudMIiK sIpO apKbLIbl aHBIKTAJBIIN, Oady »KaJl ocepJiepi MeH MYyJIbTUILINKATUBTI Kypbl-
JIBIMJIAp/bl CUIIATTayFa MYMKIHIIK Oepemi. Apropsap Ajgamap THUITI omeparopjapMeH Oaii-
JIAHBICTBI TMEKAPAJIBIK, €CENTEP/IiH, eIyl »KoHe SKCTPEMYM MTPUHITAI YKOHIHJIET1 aJJIbIHFbI
JKYMBICTapFa CyilieHe OTBIPBII, KEPi €CeNTiH »KaJFbI3 MIEMIMl YIIH KEeTKUHKTI MapTTapibl
monenmeiini. 3eprrey Pypbe Karapiaapbl MeH eki mapamerpsai Murrar—/ledbdaep dyrkim-
SICBIHBIH, KACHETTePiHe HerizyesreH. AJIbIHFAH HOTHXKEJep OOJIIIEK TOJKBIHIBIK, TeHIeyIepre
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apHAJIFAH Kepl ecerrep TeOPUsICHIH TOTBIKTHIPAJIBI KoHe AlaMap TYBIHIBLIAPBIHBIH KYPIe
YaKBITINA JTUHAMUKAJIAD/IBI CUIIATTAYIAFbl MAHBI3BIH KOPCETE/I.

Tyiiiu cesaep: Beumek perti TOJMKBIH TeHJeyi, Kepi bacTankp! ecer, Amamap 6eJIIex
TybiHIbIchl, MurTar—J/ledbdiep dyukusco.

Anmmos Syxpuann, Kepban Cebru, OBPATHAA HAYAJIBHAA 3AJTAYA JIJIA JIPOB-
HOT'O BOJTHOBOT'O YPABHEHISI C IPOBHOI ITPOM3BO/IHON AJJAMAPA

B mamnoit crarbe paccMarpuBaeTcs obpaTHas HadabHasl 3aa49a s IPOOHOrNO BOJIHO-
BOI'O ypaBHEHUsI ¢ JpOOHOU mpom3BomHON Ajmamapa 1o Bpemenu. B ormimame ot OoJiee u3-
BECTHBIX IPpou3BoAHbIX PuMmana—/Inysmwuisa u Kamnyro, npoussonaas AzaMapa olpene/isercst
¢ MOMOIIBIO JIOTaPU(PMHUIECKOTO sjipa U 00jIa1aeT 0COOBIMU AHAJUTUIECKUMU CBOHCTBAMU,
UTO JeJIaeT €€ MOAXOMISINe /st MOJIEIUPOBAHUS IIPOLECCOB ¢ MEJIJIEHHBIM 3aTyXaHHeM IIa-
MSTH U MYJIBTUIINKATHBHON CTPYKTYypoii. OCHOBBIBAsICh HA PaHee IOy IEeHHBIX Pe3y/IbTaTax
10 IPHUHIIAIIY SKCTPEMyMa U pa3pelInMOCTH KPAEeBhIX 3aJ1a4 ¢ IPOM3BOIHBIMI XaJaMapa, aB-
TOPBI YCTAHABJIUBAIOT JOCTATOYHBIE YCJIOBUS €JIMHCTBEHHOCTU perreHusi. MeTos OCHOBaH Ha
PA3JIOXKEHNUN 110 COOCTBEHHBIM (DYHKIIUSIM U HCIIOJIb30BAHUK CBOWCTB JIBYXITapaMeTPHIECKO
dyukun Murrara—Jleddiepa. [losrydennnie pe3yiabraThl BHOCSIT BKJIaJ B Pa3BUTHE TEOPUM
0OpaTHBIX 3384 JJisi JPOOHBIX BOJHOBBIX YPABHEHUN U MOMIEPKUBAIOT POJIb ITPOU3BOIHBIX
Anramapa B MOIEIMPOBAHUU CJIOXKHON BPEMEHHOH ITMHAMUKHU.

Kuarouesnie cioBa: J[pobrnoe BosiHOBOE ypaBHEHHE, 0OpaTHas HAYaIbHAas 3a/1a9a, 1pob-
Hast TpoM3BoaHast Amamapa, dyuknus Murrar—/leddiepa.
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Abstract. Previously, we constructed a system of orthonormal functions (SOF) as a solution to a
spectral problem for a fourth-order operator in a three-dimensional cube. Using a three-dimensional curl
operator applied to SOF, we derived a system of solenoidal functions (SSF), which are crucial in the
study of incompressible fluid dynamics and the theory of Navier-Stokes equations. However, the SSF
obtained in this way did not possess the orthogonality property, which is often desirable in theoretical
analysis and numerical applications. The main result of this work is the construction of a new system of
solenoidal functions, based on the original SOF, which is shown to be almost orthogonal. This property
makes the system suitable for use in spectral methods and other analytical approaches where near-
orthogonality ensures better convergence and stability. The methodology developed in this study can
be generalized to other types of boundary value problems involving higher-order differential operators

and may contribute to the development of more efficient computational schemes in fluid mechanics.

Keywords. Spectral problem, fourth-order differential operator, system of solenoidal functions, orthog-
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1 Introduction

In a number of works by Academician O.A. Ladyzhenskaya, the importance of constructing “a
certain fundamental system” [1, p. 94| in the space of solenoidal functions (in particular, for
the simplest domains such as a cube, a sphere, etc.) was pointed out. The existence of such
a system is well known and requires no proof. This fact is actively employed by researchers
in proving existence theorems for two- and three-dimensional Navier—Stokes systems, in both
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linear and nonlinear cases, as well as in further analysis of the qualitative properties of the
solutions thus obtained. However, for the numerical solution of boundary value problems that
arise in the Stokes as well as Navier-Stokes systems, it is necessary to construct the aforemen-
tioned fundamental system explicitly. R.S. Saks wrote in [2, p. 724], [3, p. 56]: “In particular,
O.A. Ladyzhenskaya was interested in the possibility of calculating the eigenfunctions of the
Stokes operator in domains of the simplest types (cube, sphere, etc.)”.

The paper is organized as follows. In Section 2, we present the basic definitions, several
auxiliary statements, the key ideas, and the preliminary results of the work. In Section 3, we
formulate the main result of the paper, Theorem 11, and provide its proof. In the end, a brief
conclusion is provided.

2 Definitions, Problem Statement and Preliminary results

2.1. On the concept of a “fundamental system”. Let d > 2, ©; C R¢ be an open bounded
domain with Lipschitz boundary 0€;. Ladyzhenskaya O.A. writes [1, 105]: ‘We do not
require the property of linear independence from the so-called “fundamental system” {Zy}322,
(for example, in space (I/?/%(Ql))d, d > 2). Instead, we require only the following: for any
o Ne
e > 0 and any function Ge (IW4(Q1))? there exists a sum @ = 5 ap@r, Ne < 0o, such that
k=1
the inequality [|V(F — @°)[|12(q,) < &, holds.’

In this paper, we adhere to the above definition of a fundamental system of functions.
Moreover, throughout the paper, we denote by Q1 C R? d > 2 a domain with a Lipschitz
boundary 89, and by Q = (0,1)¢ € R? a square for d = 2 or a cube for d = 3.

We introduce the fundamental function spaces relevant to the analysis of the Navier-
Stokes equations [4, 5, 6]

H(Q) = {&| @ € L*(Q), divis =0, @ - i|pq, = 0}, (1)
L2(Q) = (L3())? = H(Q) @ HE (),
where 0 - 7 is the normal component of the vector 0,
H*(Q)) = {@| & € L*(Q1), & = gradq, ¢ € W5()},
V() = {@] @& €W 3(), divad =0}, W) = (W3(21)% (2)

Let © = (0,1)? denote a “d-dimensional cube”. We now introduce the Hilbert spaces that
will be used throughout this work.

Definition 1. Denote by V1(2) and V5(Q2) the Hilbert spaces equipped with the following
inner products, respectively:

(Vu, Vo) 120y Vu, 0 EW3(Q), (3)
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(92 u,(?gk 12(9) Yu,v €EWa(Q). (4)

M:“

k=1
Definition 2. Let V14(0,1) and V5(0,1), k = 1,...,d, be Hilbert spaces equipped with the

corresponding inner products

(o (), B'(x1)) 1200y ¥ Uk, Blax) EWH(0, 1), (5)

((a(wr), Bax))) = (o (wr), B" (k) a0y Y ), Blak) EWE(0,). (6)

We define the spaces Vi(€2) (3) and V2(Q2) (4) as the following direct products of the
spaces V11(0,1) (5) and Va,(0,1) (6):

d
k=1

d
k=1

Problem A. It is necessary to construct a system of functions belonging to the space
V() (2) that is fundamental (in the sense of O.A. Ladyzhenskaya) in the space H(Q) (1).

2.4. Let Q = (0,1)® be a three-dimensional cube. Previously, we studied the following
spectral problem:

(03, + 05, + 02)U(z) = N(=A)U(z), v €Q, (9)
U(x)=0, 0zU(zx)=0, ze€dq. (10)

Note that the left-hand side of equation (9) defines a positive definite (elliptic) operator
in the space I/?/'%(Q) Therefore, the following statement holds.

Theorem 3. The set of generalized eigenfunctions {u,(xz), n € N} of the spectral problem
(9)—(10) belongs to the space Va(2) (8) and forms an orthogonal basis in the space Vi(§2)
(7). Moreover, all eigenvalues {\2},en lie on the positive real semi-awis, and the smallest
eigenvalue A} is strictly positive.

Remark 4. Note that when the biharmonic operator appears on the left-hand side of the
equation (9), the problem (9)-(10) admits an explicit solution only in the case of a circle
[7, 8]. A more detailed discussion of this problem can be found in works [10, 11, 12].
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Theorem 5. The spectral problem (9)—(10) has the following solution
3
un(x) = H Xk,n($k)7 Agzv n €N, (11)
k=1

where Xgn(7r) = Pn(Y)jy=ay,, k=1,2,3:

e 2(2n — 1)\
Bom_1(y) = sin2 2 - o2 = <("l)ﬂ) , neN, (12)
A2n Aonl 20\
Bon(y) = [A2nl — sin Ap,l] sin® AY in? 22 Aony — sin Aony], A3, = <Ilj) , neN,

and {vy,, n € N} are the positive roots of the equation tanv = v.
From Theorems 3 and 5, we deduce the following:

Theorem 6. The system of eigenfunctions {u,(x), n € N} (11)—(13) belongs to the space
V2(92) (8) and forms an orthogonal basis in the space V1(§2) (7).
(

The system of eigenfunctions {u,(x), n € N} from (11)—(13) can be normalized to obtain
an orthonormal basis. Thus, the following statement is true.

Corollary 7. After normalization, the system of eigenfunctions {u,(x1,z2,23), n € N} of
the spectral problem (9)—(10) can be represented as

3
_ 8v/2 .9 A2 1Tk
Uop_1(x1,T9,x3) = sin® ——, n €N, 14
2n-1(21, 22, 23) 3\/5(2n—1)7r\/Zk1;[1 2 (14)
B \/6 1 —1—1/,% 2 3 1 . 2v,x 2 . o UnX
Ugn (71, T2,73) = Wk_l |:V'n, sin — b 7%k + 2sin? 7 I, neN, (15)

where {v,, n € N} are the positive roots of the equation tanv = v.
Moreover, the system of eigenfunctions (14)—(15) belongs to the space Vo(§2) (8) and forms
an orthonormal basis in the space V1 () (7).

As is known, the curl operator is determined by the formula
curl{Ul(x), UQ(Z’), Ug(x)} = {6332(]3 — 8m3U2, 83;3[]1 — 8171U3, 611U2 — 8332U1}. (16)

The following statement holds.
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Proposition 8. If Uy = Us = U; = U(z) € W2(Q), then we obtain
curl{U(z),U(z),U(z)} C V(Q),

that is, there does not exist a scalar function U(x) EI/(ID/%(Q) for every vector function W(zx) €
V(Q) (2) such that the following relations hold:

W = cur{U(z),U(z),U(zx)}.

Next, using the system of functions (14)—(15), we introduce an extended system of func-
tions {u}n(x, Y, z)}zzo , where
2 () = Um(z), mEN, (17)

and construct vector functions

{ m]k ( %(m),u}(m),ui(x)) , m,j,ke€Nyg=NU {0}} C Va(9), (18)

which will form an orthogonal basis in the space V1(Q) = (V1(22))3 (7).
From Theorems 3-6, it follows that

Theorem 9. Let d = 3, Q = (0,1)3. Then the system of eigenfunctions {umjk( x), m,j, k€
No} (17)—~(18) belongs to the space (Va(Q))? (8) and forms an orthonormal basis in the space
Vi(Q) = (Vi()? (7).

Theorem 10. Letd = 3, Q = (0,1)3. Then, by applying the operator curl (16) to the extended
system of vector functions (17)—(18), we obtain the desired fundamental system (in the sense

of O.A. Ladyzhenskaya):
{Wmjk(z) = (w15k(x), w2 km (x), w3m;(x)), m,j,k € No} C V(Q), (19)

in space of solenoidal functions H(2) (1), where

wi k() = (On, ), — Oy%j) (1), @ €Q,  jk €Ny, (20)
w2 fm () = (8 a - (%lu,lf) (), €8, m,k e Ny, (21)
w3,mj(l') = (8 ]1 8392 ) ( )7 T e Q7 m7j € NO: (22)

div Wpjk(z) =0, x € Q, m,j,k € Ny,

Wmjk(x) =0, €08, m,j, ke Ny.
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Thus, Theorem 10 provides a solution to Problem A for a cubic domain of independent
variables. However, the system of functions (20)—(22) does not have the property of orthogo-
nality.

We rewrite the orthogonal basis (17)—-(18) (by Theorem 3) as three groups of orthogonal
elements in the direct product of spaces (V1(22))? = V41(Q) ® V1(Q) @ V1 (Q):

(A1, = (@h,0,0), Ay, =(0,@,0), As, =(0,0,al), neNo}c (Va())>  (23)

s Yno

Let U(z) = (Ui(x),Uz(x), Us(z)) be an arbitrary vector function from (Va(€2))3. It is
U

obvious that the vector function U(z) can be represented as the sum of three vector functions:
U(x) = (Ui(2),0,0) + (0, Us(x),0) + (0,0, Us(x)) € (Va(2))*, (24)

In Section 3 we will construct a nearly orthogonal system of solenoidal functions.

3 Main result

From (23)—(24), the Theorems 9 and 10 we obtain a system of vector functions

A(w) = { Ain(@), Aon(@), Agn(2), neN}, Au() = (Ah, (), A}, (@), AL, (@) . (25)
We formulate the main results of the paper.

Theorem 11 (Main result). Let d = 3, Q = (0,1)3. Then, using (17)—(18
(25), as well as the curl operator (16), we obtain the following sixz groups (2
functions

), (23)-(24) and
6)—(32) of vector

{Whn (x ) = (w1 kn (), W02 kn( ), w3 (), k=1,2,3, n€N}: (26)
W1,1,2n—1
W21 2n—1 x) — 8x1A1 on—1(7 :81311571 1(z), k=1, neN, (27
wW3,1,2n—1 T) — 8:,;2A1 2n—1

.
W1,22n—1

()
() =1
() =
(#) = Oy A3 21 (
W22 9n—1(2) = Oy, A2 on—1(
() =
~1(2) = =
(z) = =
~1(x) =

)~
) —
) -
) —
) —
) —
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.
w1,3,2n T

w2 32n (T

w1190 (%) = Oy AT 5, (€) — Oy AT 5, (x) = 0,
w2120 () = Opy A 9, () — 02, A 5, (2) = Oy, (z), k=1, neN,  (30)
(w3,1,20(%) = O AT 9 (2) = Dy A 9 () = — Dy Uy, (),
W1,2,20 (%) = Dy A3 9 () = Dy A3 () = =Dy Uz, (),
w290 () = (9353142 on () — Oy, A3 an(z) =0, k=2, mneN, (31)
w3,2,20 () = Oy A3 n(ﬂﬁ) 3x2A2 on (@) = Op, g, (),
(z) = on () — 2n ()
(z) = (z) — (z)
() =

w3 3,90 () = 5x1A3,2n( ) — Opy Ay o, (x

for which the following statements are true:

1°. The set of vector functions (27)—(29) are orthogonal to each other.

L. The set of vector functions (30)—(32) are orthogonal to each other.

. The set of elements from the sets of vector functions (27) and (30) is orthogonal. So
are the sets (28) and (31), as well as (29) and (32).

4°. However, the set of elements from the sets of vector functions (27) and (31), (27) and
(32), (28) and (30), (28) and (32), (29) and (30), (29) and (31) do not have the property of
orthogonality.

Here we understand orthogonality in the sense of the space H(Q2) (1).

Proof of Theorem 11. Let us prove the validity of point 1°. Let & = 1. Consider the
scalar product in space L?(Q) of vector functions of set (27). Let n # m. We have

(@121 (2), W1,2m-1(7)) = / [0y o1 (2) Doy W1 () + Dy Uy 1 (2) Dy Uy, 1 ()] dz = 0.
Q
(33)
Indeed, according to relations (11)—(13) from Theorem 5, the equality to zero of the first
and second integrals from (33) is equivalent to the following relations

l l

/ XG0 1 (25) XY g1 (3) dg = 0, / Xb o (@)X g 1 (w2)dry = 0. (34)
0 0

The validity of equalities (34) is verified by direct calculation.

We have
Aon—1 o

Xj/',2n—1($j) = ]/',2n—1(xj)a (35)
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where )
Gon—1(xj) = sin Ay 175, (36)
2 5
]/',2n (.CC]) = Y(Vn)g cos® Un X]/'y2n (xj)7 (37)
- 2 .
X!y (@) = v - sin %xj ~ 25in? ””le (38)

Note that without paying attention to the coefficients of the functions (35) and (37), it
is sufficient for us to study the orthogonality of the system of functions (36) and (38).

Lemma 12. The equality

/ ion—1(Tj) j2m (zj)de; =0, j=1,2,3, m#n, mmneN,

1S true.

Proof of Lemma 12. Indeed, we have

l
/ ion—1(T;) ng 1(zg) dxy = /sm)\gnlmj-sm)\gmlmj drj =

0
1 1
= — | ——————sin(Agp_1 — Ao i
B |:)\2n1 VN s1n( 2n—1 2m 1)933
L A AR
S Xono1 + Aomo1 sin (Agn—1 + Azm-1) mj] zj=0
The validity of Lemma 12 is established. O

From here we obtain the required orthogonality condition for 1° at k = 1,2, 3.
Next, it remains for us to show the orthogonality of the vector functions @y, 2,—1(x) and
Wiom—1(x) for k # j, k,j=1,2,3. For k=1, j =2 we have

(@191 (), Ta.am1(z)) = — / Ouyih (2)00yih (2)dz =0 ¥nmeN.  (39)

Indeed, according to relations (11)—(13) from Theorem 5, the equality to zero of the integral
from (39) will be satisfied if following equalities hold

l l
/X272m_1(.%'2)Xé72n_1(5L‘2) d.%'g =0 and /X1,2n—1(371)X172m_1(-T1) d.?Ul = 0. (40)
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The validity of equalities (40) is verified by direct calculation. This is true for other k #
4, k,7 = 1,2,3. Let us just note that it is necessary to consider two cases: m = n and
m #n.

Lemma 13. The equality

/Xj72m_1(xj)X}’2n1($j) d.’L'] = 07 .7 = 17 27 37 m 7é n, nc N7

18 true.

Proof of Lemma 13. We have

)\Qn

l
A T;

/XJ2m 1($J)Xy2n 1(z)) daj = / e ]Sm)‘%*“”]' dxj = 0.

0

Remark 14. Let m = n. The equality

1 ! .
/Xj,2n1($j)X§,zn_1(93j) dzj = 5 X on—1(z5)]? =0 i=123 neN,

1S true.

Let us prove the validity of point 2°. Let k = 1. Consider the scalar product in space
L?(9) of vector functions of set (30). Let n # m. We have

(@120 (), W1 ,2m()) 2/[0x3ﬂ%n( ) Dy Wy () + Oay gy (1) Dy gy ()] dz = 0. (41)
Q

Indeed, according to relations (11)—(13) from Theorem 5, the equality to zero of the
integral from (41) will be satisfied if following equalities hold

l l

/ X} g0 (23) XY (5) dirs = 0 and / Xb o (22) XD g (w2) daa = 0. (42)
0 0

The validity of equalities (42) is verified by direct calculation.
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Lemma 15. The equality

l
/]Qn ]Zm(mj)dwj:O, i=1,2,3, m#n, mmneN, (43)
0

1S true.

Proof of Lemma 15. First of all, we write the left part of the relation (43) as

l
2 ; 2
/ [Vn sin %:L‘j — 92sin? anxj] . [Vm sin %:Uj — 2sin? xj] dx; = Zlk (44)
0

Next, we sequentially calculate the integrals from (44) Iy, k =1,...,4. We have

l
7% . 2um, ll/%l/?n
L = / |:I/n sin ij - Upp SIN lxj] dzr; = [T 02402 1020

Here and in what follows we take into account the equation where v, are the positive roots
of the equation
tanv, = v,.

We calculate the integral Is. We have

2.2
lvivs,
1+ v+ 02 + 022

2
I = —2/ [un sin %xj - sin? VTm:Ej dr; = —

Similarly to Is, the expression for I3 is calculated:

lu2

- 2 2 2,2 "
1+v; +vs +vivs,

It remains to calculate the integral I, for which we obtain

l
9 9 l2 2
14:/ 1—C0$ﬁl‘j 1—cosﬁl‘j drj = 2 an;m 2,2 "
] l IT+vi+vs, +vpvs,
0

So, finally, taking into account (44)—(3) we have

24: w2v?, w22,
1+1/2—{—1/2—i—u21/2 1+ 2+ 02+ 202

k=1
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w2v2, n w2v?, _0
T+v2+v2 +v202  1+v2+u2 v
We have established the validity of the orthogonality condition (43) of Lemma 15. O

From here we obtain the required orthogonality condition for 2° at k = 1,2, 3.
Next, it remains for us to show the orthogonality of the vector functions wj o, (x) and
Wjom(x) for k # 4, k,j=1,2,3. For k=1, j =2 we have

(W1 2n(2), Wa,2m () = — /8$2u%n(a:)8xlu%m(x) dr =0 Vn,meN. (45)
Q

Indeed, according to relations (11)—(13) from Theorem 5, the equality to zero of the integral
from (45) will be satisfied if following equalities hold

l !
/ X (22) X} g (22) dy =0 and / X1 (1) X, gy (1) dy =0, (46)
0 0
where
~ ~ 1 . 2v,20 2 . 2 UnmTo
Xoom(x2) = C(m)Xo9m(22), Xoom(x2) = o sin T 7;102 + 2sin ]
Xoon(22) = C() Xoan(22), Ko (ir2) = v sin 22272~ 95in? /272

l )
C(m),C(n) are constants.

The validity of equalities (46) is verified by direct calculation. Let us just note that it is
necessary to consider two cases: m = n and m # n. Let m # n. We obtain

Lemma 16. The equality

6

l
Iy = /X2,2m($2))2§72n($2) dxg = me,n,s =0, m#n, m,neN, (47)
0 s=1

1S true.

Proof of Lemma 16. Let us calculate the integrals I, s, s = 1,...,6. We have

l

n . 2Uumxe . 2up12
Inn1 = - sin ; sin ; dxo
" 0
v, [sin 2(Wm + ) sin2(vy —vn)] v2 (48)
 Adu, U + Un, Um — Un, (42 (1 +v2)’
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2 2
Iy po=—— [ sin Ym2 sin? nt2 dzo
Vm, { l
0
l
2V o 2V To V2
- 1— dag = —1 v
m/ [ z ] TR ()
0
l
2up, V2
m,n,3 _T €2 —d 2:_ll+y27

0
_ V2 B Un(Up + V) B Un(Un — Um) _ V22,
1+v2 20+ v2)0+v2) 2(0+v2)1+v2) (14+v2)1+v2)’
l
mn6 4/ Vm$2 gin anx2 de
0
1 1 1 21,2
=1l|-1+ + — =-I Vntm
1+v2  1+v2 (1+4v2)(1+v2) (14 v2)(1+v2)

According to (48)—(53) we obtain relation (47).

The equalities (45) or (47) is true for other k # j, k,j =1,2,3.
Remark 17. Let m = n. The equality

l
17~ 21
/ l‘g X2 Qn(.’L‘Q) dry = 2 [ngn(xg)} ‘0 =0, neN,
0

1S true.
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Let us prove the validity of point 3. Consider the scalar product in space L?(£2) of vector
functions of sets (27) and (30). We have

Lemma 18. For any m, n € N the equality

/ K g1 () X () d; = 0, j=1,2,3, (54)

holds.

Proof of Lemma 18. Indeed, first of all, from (54) we obtain

l

2
. . 2y,
/51n)\2n_1xj [Vmsm lm - — 2sin? x]} Z k i/
0

k=1

We calculate the integral J;. We have

l
Vm, 21/m 2vm,
R A e ) R e DRI
0

2 2
[“Xon—1v;,

= . (55)
2 2 A2n—1l 2
21+2) v — (225
We calculate the integral Jo. We have
: 2 ) 2
Jo = /sin A2n—1%; [1 — Cos I;mx]] drj = — 2n=1Vm 5 . (56)
0 2(1 4 v2,) [(W) - u?n}
So, finally, taking into account (55)—(56) we have
2
1’ Xop_ 112 1?Xop_112
S (1) = o T
P 2(1 + 12, [ugn - () ] 2(1 +12) [y% - (P2 }
The statement of Lemma 18 is proved. O

Similarly, as in case (27) and (30), one can show the orthogonality of the systems of vector
functions (28) and (31), (29) and (32). This completes the proof of point 3° of Theorem 11.

Let us move on to the proof of point 4° Theorem 11.
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Lemma 19. Vector functions wyon—1(x) and Wjom(x) for k # j, k,j = 1,2,3 are non-
orthogonal.

Proof of Lemma 19. For k£ =1, j = 2 we show that the following inequality holds

3
(@1,9n1 (), Wa,0m () = = (Ouy Uy (¥), Oay Uz (2)) = C(n,m) [ T
k=1
! !
/ Lon—1(21) X} am(T1 dﬂ?l/ 2.2n—1(T2) ) X2.2m (2) ds
0 0

!
/j( on—1(23) X3.9m(x3) drz # 0, C(m,n) = constant. (57)
0

To do this, it is sufficient to calculate the first and third factors represented by the integrals
n (57). We have

I !
A 2
2T = 2/ 12n—1(21) X 9 (21) dzy = 2/ 2 22n 1361 |:I/m sin 1/7951 — 2sin? Lnlxl dry
0 0

l
2Um
:/[1—cos Aon—171] [Um sin lel —QS.in2 ] dxr, = ZI. (58)
0
0 [o9 1
1
2T ZIS—Vm/sm z dl_ll+u,% (59)
s=1 0
1
IQ = —/dl‘l = -1 (60)
0
/ 2 1
UmT1
Ig:/COS ] d:cl—l1+y7%1. (61)
0
/ 2 414
. VUmT1 v,
Iy = —v, i = — n . 2
4 1% /Sln ] COS )\2 171 d.f[fl l(l + V72n) [(2Vm)2 . ()\2n—1l)2] (6 )

0
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l

I5 = /COS )\Qn_lxl d:l:l =0. (63)
0
/ 2 s
mel v
m Aop— dr1 = —I b . 64
—VU, / COS A2 171 axq (1 + V%L) [(21/m)2 — ()\2n71l)2] ( )
0
Thus, from (58)—(64) we obtain
/ 2 412
mel v
2T Aop— dr, = —I m 0.
1= / cos Aoy —121 dzy @) E = Oan D)2 i
0

!
T3 = /X on—1(23) X3.9m(23) drs
0

/ A 1 2 9 i
= /sin2 2”;1333 |:Vrn sin VY;:L‘?’ — 7$3 + 2sin? VW}xB] dxs = ; Js.
) -

1 . 92 Aon—1T3 . 2Upx3 ! 2V
J1 . /sm 5 Sim I T3 2(1+ V%l) [ + (27/m)2 _ (AQn—ll)2:|
0
2 A !
_ 2 N2p—123 _ !
Jo = 7 /:1:3 sin 5 dxs 3" (65)
0
Foo z I 2
—9 . 92 2n71x3-2ymx3d,:7_7 1— Ym .
J3 /sm 5 sin l T3 2 2(1+ 1/,2,1) (2vm)? — (A2p—1l)? (66)

Thus, from (65)-(66) we obtain

3

TS:ZJSZ 1—|—V2 7 0.

s=1

It remains to consider the factor T5. We have

l
2n 1 .2122 X2 2m .CEQ dl’Q = / 2271_1)?572”1(1‘2) diL‘Q. (67)
0

O\N
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From (67) the following relations follow:
Ty = Ty #0.

O]

Similarly, as in the case of the pair of systems (27) and (31), it can be shown that pairwise
systems of vector functions (27) and (32), (28) and (30), (28) and (32), (29) and (30), (29)
and (32) do not possess the orthogonality property. This completes the proof of point 4° of
Theorem 11.

Theorem 11 is completely proved.

Theorem 11 is a significant refinement of the statement made in Theorem 10.
Thus, Theorem 10 and Theorem 11 give us a solution to Problem A for a cubic domain
of independent variables.

Conclusion

Fundamental systems in the space of solenoidal vector fields for a cube are constructed, which
can easily be reformulated for an arbitrary rectangular parallelepiped.

These fundamental systems of functions can be used to approximate the solution of both
direct and inverse boundary value problems for stationary and evolutionary systems of the
Stokes and Navier-Stokes equations in a cubic domain, as well as in cylinders with cross-
sections shaped like a cube.
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YKuenames M.T., Eprames M.T. YIIT ©JIIIEM/I KYBTATBI COJTEHOMIATITHIK
OYHKIINAIAP YKYNECIHIH OPTOTOHAJIIBIFBI TYPAJIBI

Bypbia 6i3 yim esmemii Tekiese TOPTIHIN peTTi AuddepeHInaiIbK, onepaTop YIImiH
CIIEKTPJIK ecenTiy miermmimMi petiage ipremi dynknustap xyiecin (IOZK) kypran emik. Y
esmmeMi porop onepaTopbid IP2K-re KogaHy apKbLIbL 013 CYMBIKTHIKTHIH ChIFBIMIaIMalTHIH
KO3FraJIbIChIH cuttaTTaiiThin HaBbe—CTOKC TEHIEYIEPIHIH, TEOPUSICHIH A MAHBI3 Bl OOJIBIIT TaObI-
JIATBHIH coJieHona I IbIK byHKusiap kyitecin (COZK) amapik. Aaiiga, Gy/1 }KOJIMEH aIbIHFAH
COZK oproronaibIbLILIK KACUETIHE M€ eMeC, Oyl OHbl TEOPUSLILIK »KOHE CaHJIBIK 9icTep/ie
nmaigatanyabl mekTeiai. By kymbicra [O2K Herizinge KypblIraH KoHe JepPJIiK OPTOrOHAJ-
IbLILIK, KacueTi 6ap »xkaHa CO2K KypbLIbIMbL YCBIHBLIA AL, MyHIail XKyiie CIIeKTPaJIIbIK KoHE
BapUAIAAIBIK, 9JIiCTep/Ae THIM/II KOJIJIaHyFa MYMKIHIIK Oepeii, OTKeHl AepJiK OpTOrOHAJIIbI-
JIBIK, IIIETTMIePIiH X KUHAKTHLIBIFBI MEH OPHBIKTBIIBIFBIH aPTTHIPAIbI. ¥ CBIHBLIFAH 9/IiC >KOFa-
pHI perTi nudpepeHnnaigbIK onepaTopaapMen DailTaHbICThI OacKa METTIK ecenTepre KaJIIbI-
Jlayra 0oJiaJibl XKoHe T'MJIPOJNHAMUKA eCelTepinie TUIMII CaHIbIK aJrOPUTMIEPIl o3ipieyre
BIKIIAJ €Tyl MYMKIiH.

TyitiH ce3aep: CHeKTPAIIBIK €Cell, TOPTIHII peTTi anddepeHInaIIbK omepaTop, co-
JIEHOUTAJIIIBIK, (PYHKIUIIAP »Kyiieci, OpTOrOHAJIBIK, KACHET.
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Jxenamues M. T., Epramues M. I Ob OPTOI'OHAJIBHOCTHW CHUCTEMBI COJIE-
HOUJAJIbBHBIX ®VHKIINN B TPEXMEPHOM KYBE

Panee mbr moctpomin cucremy dynmamentanbabix dyuknuit (COD) kak perenue crek-
TpaJIbHON 3ayaan s quddepeHnnaabHOTO OepaTopa YeTBEPTOTO MOPSIKA B TPEXMEPHOM
kybe. [Ipumensis k COD TpéxMepHBI OIIepaTop POTOP, MbI ITOJIYIHJIM CUCTEMY COJIEHOUIATb-
ubix dyukiuii (CCD), koropast uMeer BazkHOe 3HaueHue B Teopun ypasaenuit Hapbe—Crokca
U MOJEIUPOBAHUU JIBUXKCHHUSI HECKUMaeMoii »KujkocTr. OJHAKO HOCTPOCHHAs TaKuM oOpa-
zom CCO me 00sa/1aeT CBOMCTBOM OPTOTOHAJBHOCTH, UTO OTPDAHHMYMBACT €€ IPUMEHEHUE B
TEOPETUIECKOM aHAJU3e W JYUCJEHHBIX MeTojax. B gaHHO# paboTe NpeJIoKEHO HOBOE II0-
crpoerne CCP na ocnoe COD, obamaoniee CBOMCTBOM MTOYTH OPTOMOHATBHOCTU. DTO T0O3-
BOJIZET HUCIIOJIb30BATh TaKYyIO CUCTEMY B CIIEKTPAJIbHBIX 1 BapUAIIMOHHBIX METO/aX, I/Ie IIOYTHU
OPTOrOHAJILHOCTH CIIOCOOCTBYET YJIYUIIIEHUIO CXOAMMOCTH U crabuibHOocTu perienuit. [Ipes-
CTaBJIEHHBI TIOIX0JT MOYXKET OBITh OOOOIIEH HA JIpyTrHe KpaeBble 3ajaun ¢ yaactueM audde-
PEHINAILHBIX OIIEPATOPOB BHICOKOTO MOPSJIKA U MOYXKET OBbIThH I0JIe3€eH 1pu pa3paboTke HoJiee
3P HEKTUBHBIX YUCIEHHBIX AJTOPUTMOB B 38]a9aX T'UIPOIUHAMUKH.

KirroueBbie ciioBa: ciieKTpajibHas 3ajia4a, Juddepennuaabublil ollepaTop 4eTBEPTOro
[IOPSIJIKA, CUCTEMa COJICHOUJAJIBHBIX (DYHKIINN, CBOCTBO OPTOTOHAJIBHOCTH.
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