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Abstract. In this article, we obtain a theorem on a priori estimates for solutions of nonlinear equations
in a finite-dimensional space. This theorem is proved under certain conditions which are borrowed from
the conditions that are satisfied by finite-dimensional approximations of one class of nonlinear initial-
boundary-value problems. The main result establishes sufficient conditions for the existence of a solution
to A(u) = f, where A is a nonlinear operator. An example is given to illustrate the applicability of the

main result to nonlinear analysis and mathematical physics.
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1 Introduction and the origin of the problem

Many problems of mathematical physics, thanks to the law of energy conservation, allow us
to prove the existence of a solution that satisfies an energy estimate. The energy estimate in
the case where the number of spatial variables n is not less than 3, usually does not allow us
to use perturbation theory.

Solutions that do not allow (or rather cannot allow) us to use perturbation theory are
called (usually) “weak” solutions.

The ability to use perturbation theory is very important in mathematical physics prob-
lems. Therefore, in the theory of differential equations, there is great interest in the existence
of a solution that allows us to use perturbation theory.
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A solution to an equation that allows us to use perturbation theory is mathematically
called a “strong” solution (not always).

Many problems of mathematical physics can be written in “restricted notation” (in the
form of an integral equation), usually of the following form

fu) =u+ Lu) =g, (1)

where L(u) is the nonlinear part. This equation is often studied in the metric of some Banach
or Hilbert space H.

When moving to an “abbreviated notation” the energy estimate, usually performed for
problems in mathematical physics, will turn into an a priori estimate of the following form

1G] < C[lu+ L(w)|| = Cllgll, (2)

where C is a constant number independent of v € H, and G is a completely continuous
operator in H.

An a priori estimate (2) usually does not allow the use of perturbation theory. Therefore,
it becomes necessary to obtain an estimate of the following form

lull < @ (Lf ()], (3)

where ¢(-) is a continuous function on [0, 00).

The presence of an estimate of the form (3), as a rule, opens the possibility of using
perturbation theory (with an appropriate choice of the space H).

A very important problem is the problem of the existence of a sequence of finite-dimensional
approximations of the problem (1) (more precisely, approximations of the operation u+ L(u)):

fi()s F20)s ooy Su)s oo (4)

considered in the spaces
H{, Hy, ..., H,, ..., dim H, =n, (5)

such that a priori estimates of the form (2) are satisfied and it is possible to obtain an estimate
similar to (3).

It is implied that H, (n = 1,2,...) is a subspace of H and the metric H,, is the metric
induced from the metric of H.

The problem of describing the dynamics of an incompressible fluid, due to its theoretical
and applied importance, attracts the attention of many researchers.

This work is devoted to the problem of the existence and smoothness of solutions to
equations of mathematical physics [1].
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The works [2—4] provide a fairly complete analysis of the current state of the problem and
a review of the available literature, and propose methods to solve the problem. The articles [5-
13] are devoted to the study of the solvability in general of equations of mathematical physics,
the continuous dependence of the solution of a parabolic equation, and the smoothness of the
solution.

This work arose as a result of numerous attempts by the authors to solve the problem of
the existence of a strong solution to an equation of mathematical physics.

In this work, we obtain two theorems on a priori estimates of solutions to nonlinear
equations in a finite-dimensional Hilbert space. The work consists of four sections. The first
section is devoted to the introduction and origin of the problem. The second section provides
the notation used and the formulation of the main results. The third section provides a proof
of Theorem 1, which in the limit gives weak solvability of many problems of mathematical
physics. In the fourth paragraph, we prove Theorem 2, which in the limit allows us to establish
strong solvability of some problems of mathematical physics that admit perturbation theory.
The conditions of the theorems are such that they can be used in studying a certain class of
initial-boundary value problems to obtain strong a priori estimates in the presence of weak a
priori estimates.

2 The conditions used and the formulation of the results

Let us derive uniform estimates for nonlinear problems in a finite-dimensional space. The
equations under consideration are (usually) analogs of finite-dimensional approximations of
equations of mathematical physics written in “abbreviated notation”.

Throughout this section, H is a finite-dimensional real Hilbert space with a scalar product
(-, -)and anorm | -|.

We are interested in an equation of the following form

u+ L(u) =g € H, (6)

where L(-) is a nonlinear continuous transformation, g is an element of the space H. The
solution u of problem (6) is sought in H.

We are focused on such finite-dimensional equations of the form (6) that are finite-
dimensional approximations of infinite-dimensional problems of the form (6) in an infinite-
dimensional Hilbert space. In this case, it will turn out to be very important to obtain
estimates that are independent of the approximation number and allow one to pass to the
limit and obtain an a priori estimate in the limit for solving the infinite-dimensional problem.

It will be very important to obtain estimates that do not depend on the number of
approximations, allowing one to pass to the limit and to obtain in the limit a priori estimate
for solving an infinite-dimensional problem. Infinite-dimensional problems of the form (6),
which we are focused on in what follows, are, as a rule, problems of mathematical physics
written in a limited form.
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Here and everywhere below, f(u) will mean an operation of the form

f(u) :==u+ L(u). (7)

If € € [0, 400) is a parameter and the vector u(€) is a vector function continuously differ-
entiable with respect to the parameter &, then we assume that the vector-function L(u(§)), is
also continuously differentiable, as well as the expressions that arise from L(u) and f(u).

We introduce the notation Ly,:

(L(u(€)))e = Lue)ue(£)- (8)
It is obvious that L, (for each v € H) will be a linear operator
Luv = (L((€)ues- )

We have
(f(ul€)))e = e + Luuie = (E + LyJue,

In what follows, if ug, vg € H, then the vector L,,vp is understood as follows: we take a
continuously differentiable vector function u(§) such that

ule=o = o, ug(§)le=0 = vo
and for L,,vo we take the vector
Ly,vo = (L(u(é.))é‘gzo

Here and everywhere in what follows, E is an identity operator.

We denote
D,=FE+1L, D),=FE+Lj, (10)
D} f(u) = (E+ Ly) f(u). (11)
Mya = ( Q‘Z(g)f(u(f))>5 W) =u = ute] ,_, = Mua. (12)
ug(§) =a

Let us present the conditions used.
ConNbDITION U1l: For operators L(-), Ly, L}, D,, D the following conditions are sat-
1sfied

1My = M|l m + | L(u) = L) + [ Lu = Lollz—n + (113 — Lillasm <

< ¢ ([lull) & (o]} lu = o], (13)

[Myull + [ Dyull + | Dyull <  ([|o]]) l|u],
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where || - || = - |l#, () is a non-decreasing on [0,00) positive continuous function.

CONDITION U2: There exist linear invertible operators T and @Q such that
ITI < Cr, QU< Cr T <00, Q7| < o0, (14)
and for any w € H the inequalities hold
(Tu, L(w)) > 0, (Tu,u) > [|Qul% (15)

In (14) Cr is some fized constant number.

In what follows, C or ¢ (uppercase or lowercase, with or without indices) will denote con-
stant numbers (generally speaking, different in different places), independent of the adjacent
factors.

Theorem 1. Let condition Ul and condition U2 be satisfied. Then for any g € H the
problem

flu)=g (16)

has a solution u € H, satisfying the estimate

IQull* < Crlgll?, (17)

where Q is the operator from condition U2, and Cr is the constant from condition U2.

The notations of the transformations f(u), L(u), the operators Ly, D,-, M, (defined
for each u € H, (see (6)—(11)) and their conjugates L, D} and M, will be used without
reservations.

We will also introduce the following notations:

J(w) = fJul* exp {~[lf (w)]?}, (18)

N(u) = Dy f(u) = y(u)u. (19)

We often use the notations (18) and (19) without reservations, as well as the notations
that arise in the formulations of conditions Ul and U2, and the notations that arise in the
formulations of conditions U3 and U4 given below.

CoNDITION U3: There exists an invertible operator G, such that
Gl —m < Co <00, (|G| < 00 (20)
and for any uw € H the inequality

G ul* < do |1f ()], (21)

KAZAKH MATHEMATICAL JOURNAL, 23:1 (2023) 6-14



Evaluation of solutions of one class of finite-dimensional nonlinear equations. I 11

where dy > 0 is a constant.

ConpIiTioN U4: If 0# ug € H, v(u) > |[ul|~2 and N(u) =0, then strict inequalities
are satisfied

g Mo, Pua) —)|[Pual My P, Pao) — ()| Pl
{a} | Puall? {a} | Puall?
where Pya is an orthogonal projector.
The following theorem is true.
Theorem 2. If conditions U1, U3, and U4 are satisfied, then for any u € H the a priori
estimate holds:

[ul* < C exp {||f ()]} (23)

Note that the estimate (23) is satisfied if conditions U1, U3 and the following condition
Ub are satisfied.

CONDITION Ub5: There exist constant numbers cg, c1, m and a self-adjoint operator T,
such that if ||ul| > 1, then the inequalities are satisfied

[LQu)[} = co [[Tul™, ull < e fluf™. (24)

REMARK 1. If the conditions of Theorem 1 are satisfied, that is, conditions Ul and U2
are satisfied, then condition U3 is also satisfied.

3 Proof of Theorem 1

The ways of proving theorems whose contents are similar to the statement of Theorem 1 are
well known, and we could limit ourselves to a reference to them. However, for the sake of
completeness of the presented results, we provide a proof of Theorem 1.

For the proof, we use one well-known technique (in a form convenient for us).

Let g € H. Denote by M (g) the set of vectors

M(g) = {u e H : (Tu,u) <16(Tg,9)}, (25)

where T is the operator from condition U2.
Assume that the equation u + L(u) = g has no solution u € M(g). We define the
transformation

u) = — U+L(u)—g
F(u) VT ~+ L(w) — g),u + L(u) _g>4\/m. (26)

Since the equation u+ L(u) = ¢ has no solution, then by virtue of condition U2 (see (15)),
the transformation F'(-) is continuous. It is easy to see that this transformation transforms
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the set M (g) into itself. Therefore, by virtue of Browder’s fixed point theorem and the finite
dimensionality of H, the transformation F(-) has a fixed point ug € M(g), that is,

F(UO) = Uup- (27)

We apply the operator T to (27), and then scalar multiply the resulting equality by
uo + L(ug) — g. Then, using (26), we obtain

—~A = —4/(Tg, g)\/(T(uo + L(uo) — g),uo + L(ug) — g) =

= (T'uo, up + L(uo) — go) > (Two, u0) — (Tuo, g) = (28)

= (Tuo, up) — 5 ((Tug, g) + (uo, T*g)) .

In deriving (28) in the penultimate transition, (15) from condition U2 was used.

Since, according to condition U2, the inequality (T'v,v) > ||Qu||? is satisfied for any v € H
and the operator @) is invertible, then the quantity (T'ug,ug) can be taken as the square of
the norm of the vector ug, and the quantity 1 ((T'ug, g) + (ug, T*g)) as the scalar product of
the vectors ug and ¢ in some real Hilbert space (provided by this norm). Therefore, we can
use the well-known Cauchy inequality and obtain the inequality

—A > (Tug, up) — (e HTuo, uo) +(Tg,9)) = (Tug,up)(1 — ') —e(Tg,g9).  (29)
From (27) and (26) we have
(Tug,uo) = (TF(ug), F(ug)) = 16 (Tg, g).
From here and from (29) we obtain
—A>[(1-e1)16—¢] (Tg,9).

Choosing here € = 2, we obtain —A > 6 (T'g, g).

Since the left-hand side of the inequality is a negative value, it contradicts the inequality
(15) from condition U2. This shows that equation u + T'u = g has a solution u € M (g).

To solve the equation u + L(u) = g, multiplying it scalarly by T'u, we have

(Tu,u) + (Tu, L(u)) = (Tu,g) = 5 ((T'u, g) + (u, T"g)) .

1
2
Here on the right is the scalar product of the vectors Tu and ¢ in some Hilbert space. Apply-

ing the well-known Cauchy inequality and taking into account the first inequality from (15)
condition U2, we obtain:

(Tu,u) < ((Tu,u))? ((Tg, g))"*.
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From here
(Tu,u) < (Tg,g) < |Tylllgll < Crllgll?,

where C'r is a constant from condition U2.
Now, from the second inequality (15) of condition U2 we obtain

IQul* < Crllg]*.

Theorem 1 is proven.

REMARK 2. Theorem 1 allows us to prove the existence of a “weak” solution to some
problems of mathematical physics. To prove the existence of a “strong” solution, which allows
us to use perturbation theory for some problems of mathematical physics, we need another
finite-dimensional theorem, which will be proved under conditions U1, U3, and U4.
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Komanos B./I., Orenbaes M., [lIeiabibexos A.H. AKBIPJIBI ©JIITEM/II ChI3bIKThI
EMEC TEHJIEYJ/IEP/IH BIP KJIACBIHBIH IIEITIMJAEPIH BAFAJIAY. 1

Ocbl MakaJiaJa IMEKTEeIreH OJIIIeM Il KeHICTIKTErl ChI3BIKTBI eMeC TeHJEYJIEPIiH, IIeITiM-
JepiHe apHajraH aJiIbIH aja Oarajiay TeopeMachl ajblHAIbl. Byl Teopema ChI3BIKTHI eMeC
0acTanKbI-IIIEKTIK ecenTep KJIACHIHBIH IMEKTE/ITeH OJIMEM Il YKYbIKTayIaphbl KAHAFATTAHIbLIPa~
TBIH IIapTTaplaH aJblHFaH Oesriai Oip maprrapmaa mosengeHeni. Herisri HoTH»Ke CBIZBIKTHI
emec oneparop A 6Gepinren A(u) = f rengeyinin menrimi 6ap 6oJiyblHA KETKUIKTI IIapTTap-
bl aHBbIKTaWabl. Herisri HoTuKeHi CHI3BIKTBI eMeC TaJigay MEH MaTeMATUKAJIBIK, (PU3MKaIa
KOJIIAHYFa OOJIATBIHBIFBIH KOPCETY VIIIH MBICAT KEJITipijIemi.

Tyitin cesaep: muddepeHnnaIIblK OIepaToOpP, ChI3LIKTHIK, eMeC TeHJEY, IIEeITMHIH 6ap
6OJIY DI, IIEITMHIH, KaJIFbI3AbIFEI, MIENTIMHIH allPHOPJIBIK, OaraIaybl.

Komanos B.JI., Oren6aes M., Ismbibexos A.H. OIIEHKA PEIIEHNII OJHOTO
KJIACCA KOHEYHOMEPHBIX HEJIMHENHBIX YPABHEHUIA. 1

B nanHoit craTbe mojiydena TeopeMa 06 alpHOPHBIX OIEHKAX PEIeHnl HeJTMHEHHBIX ypaB-
HeHU#I B KOHEYHOMEPHOM IpocTpaHcTBe. Jlokazana Teopema 00 alpHOpPHON OIEHKE perre-
HUsi, 9TO MPHU YCJOBUSAX, 3aUMCTBOBAHHBIX U3 YCJOBHil, KOTOPBIE BBIIOJHSIIOTCS JIJI KOHEY-
HOMEPHBIX AIIPOKCUMAIIAI OJHOIO KJIacca HeJIMHEHHBIX HAaJabHO-KpaeBbiX 3ajad. OCHOB-
HOHl pe3yJIbTaT YCTAHABJIUBAET JOCTATOYHBIE YCJIOBUS CYIECTBOBAHUS PEIICHUS yPABHEHUS
A(u) = f, tne A — menumedinbiii oneparop. [lpusesén npumep, WILIIOCTPUPYFOITHH TPUMEHNU-
MOCTb OCHOBHOT'O Pe3yJIbTaTa B HEJUHEHHOM aHAJIM3€e U MaTeMaTUIecKoil (usunke.

Kuarouessbie cioBa: nuddepeHimaabblil onepaTop, HeJIMHEHHOe YPaBHEHHE, CYIIEeCTBO-
BaHUE PeIleHus, eJINHCTBEHHOCTD PEIIeHUs], allpUOPHAas OIeHKa PEIeHus .
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