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Abstract. In this article, we consider some integral representation of the potential type (Cauchy—
Fantappie) for a smooth function defined on the boundary of a bounded multidimensional domain.
Derivatives of this integral representation are found and their boundary behavior is studied. An analogue
of the Bochner—Martinelli formula for smooth functions is proved.

Keywords: Bochner—Martinelli integral, bounded domain, boundary behavior. OE=a0
Citation: A.M. Kytmanov, S.G. Myslivets, On One Integral Representation of the T
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The method of integral representations is one of the main constructive methods in the study of
holomorphic functions of several complex variables (see, for example, [1-4]). One such representa-
tion is the classical Bochner—Martinelli representation. Although it does not have a holomorphic
kernel, its versatility has allowed it to be used in matters of analytical continuation of functions
and other analytic objects. It has been studied in detail in the monograph [5].

The integral representation considered in the paper is close to the Bochner—-Martinelli rep-
resentation. The aim of the work is to study the properties of this integral representation for
holomorphic functions (Cauchy—Fantappie type), the kernel of which consists of derivatives of
the fundamental solution of the Laplace equation.

We consider n-dimensional complex space C™, n > 1 with variables z = (z1,...,2,). Let us
introduce the vector module |z| = /2% + ... + 22 and the differential forms dz = dz; A ... Adz,

and dZ =dzZ; A ... AdZ, and also dz[k] =dz1 A ... Adzk—1 ANdzgr1 A ... ANdz,.

We shall consider bounded domains D C C™ with a smooth boundary 0D of class C', that
is D={z€ C": p(z) <0}, where p is real-valued function of class C* on some neighborhood
of the closure of domain D, and the differential dp # 0 on 0D. Let us denote the "complex"
guiding cosines

1 ap 1 ap

Ph = k=1,...,n.

P | grad p| 92,

" Jgrad p| 9z,

Consider the Bochner-Martinelli kernel, which is an exterior differential form U((, z) of type
(n,n — 1) (see, for example, [5, Ch. 1]), given by

U,z = - anH)’H G — 2 dC[k] A dC.

@iy 2= =2

This kernel plays an important role in multidimensional complex analysis (see, for example, [1-6]).
It is a closed differential form of type (n,n—1). For n = 1 this kernel turns into a Cauchy kernel.

*akytmanov@sfu-kras.ru  https://orcid.org/0000-0002-7394-1480
Tasmyslivets@sfu-kras.ru
(© Siberian Federal University. All rights reserved
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Let g(¢, z) be the fundamental solution to the Laplace equation:

(n —2)! 1
Griy [C— P

g((az) = -

n>1,

then

n

U6.2) = S (-1 5 dclh] A,
k=1

For the function f € C*(9D) we introduce the Bochner-Martinelli integral (integral operator)
/ f 7 a z ¢ aDa

and also the single-layer potential (integral operator)

#(7)(2) = -2 [ 1(Quc. o0 = T [ 107 =T, #¢ 0D,
oD oD

where do is the Lebesgue surface measure on 9D.
Let us define the differential form p for the function f € C'(8D) as follows [5, Ch. 1J:

_ - n+k— 18f -
w—é( DM e Atk A d

In the monograph [5], the problem of holomorphicity of the harmonic function f € C*(D) satis-
fying condition (23.5) in [5] of the following form is posed

tlop=> ara(2)df Adzlk, 1 Adz,,, (1)
k>l

where ay,; are some smooth functions on dD. Here, the differential form dz[k, ] is obtained from
the differential form dz = dz; A - - - A dZ, by removing the differentials dzy, dz;.

This is related to the problem of holomorphicity of functions represented by the Bochner—
Martinelli integral (see [5, Ch. 15]) (in this case, all functions ay; = 0). Some special cases of
this problem are considered in [5, Ch. 23]. In [5, Ch. 23], the problem 1 is rewritten in integral
form.

Recall Green’s formula (in complex form) for the function f (corollary 1.2 of [5]).

Theorem 1 (Green’s formula). Let D be a bounded domain with a piecewise smooth boundary,
the function f is harmonic in D and f € C1(D), then

/f /(c, s ={ 7% 25D 2

From the equality of (1) and Green’s formula (2), we obtain that

= [ 10U~ [ 96 Y anOdr ndllkinde, e D. 3)
oD

8D k>1

Applying the Stokes and the Green’s formula (2), in [5, Ch. 23| it is shown that the equality (3)
for functions f € C*(D) and harmonic in D is equivalent to the condition

()= [ rovte, /f ) d(ari(Q)g(C, ) ATk I NS, ze D, (4)
oD

k>1
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The first integral is a Bochner—Martinelli integral (integral operator) of the function f, i.e.

/f C2), 2¢0D,

and the second integral (integral operator) is denoted by

G = [ 1O Y dlana©a(¢.2) ndilini] nde, = 0D,

oD k>1

For n =1 this integral disappears.
Let us introduce the kernel of the second integral operator

= d(ax(¢)g(¢, 2)) AdS[k, 1] A dG,

k>1

we obtain that for holomorphic functions f an integral representation of the Cauchy—Fantappie
type is valid (see, for example, [4, Ch. 26])

/f 2)+W((, 2), ze€D. (5)

Thus, the problem (1) transforms into the problem of holomorphicity of the harmonic function
f satisfying the equality (5) in the domain D (see |5, Ch. 23]).
Let us denote the operator M + G by

QU1(=) = M{f](2) / FOWC2) +W(C,2), =¢oD. (6)

In this paper, we will study the properties of this integral with the kernel U((, z) + W (¢, 2),
calculate its derivatives and their boundary behavior.
1. Derivatives of the integral operator

Let the domain D have a boundary of the class C? (i.e., the function p is twice smooth in
a neighborhood of the closure of the domain D). The function f € C?(dD), and the functions

ai1 € C2(8D), kil=1,....,n
We introduce, as in the article [8], the following differential operators

Lm(f) 8<m szpk

- ) af 9 af
Km =q"2"" ! < m —> - m( m —):|7
(f)=i Zl{pk% P | = pmger | PmPR g

s,k=
accordingly,
0 - 0
Lm(f)_acf_Pm kaéf
- 9 of 9 of
Km N n2n 1 [ < " _> - m( " _):|
(f> ! s ka1 Pk 5‘(; PPk aCs r 3<k PPk 6<s
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Then, according to Corollary 1 of [8], we get
OM|f]

OM|f
M)~ ML)~ @ (K1), Q
These formulas are derived from the formulas of the classical potential theory [7] and formulas

from [5, Ch.1].
Similarly, we introduce the operators

Em(f) = —fpm,

" 0 0
K (f) = +i"2"! kz::l {Pkagm(fpk) - Pmagk(fpk)} ;

accordingly,

R =727 (s (70) ~ b (795)]|
k=1 Cm Ck
Then, according to Corollary 1 of [8], we get
o2[f]

5. = MLu(H)] = [Kn(D)], (9)
] = ML () - #[Ron( )] (10)

Lemma 1. Let D be a bounded domain with a boundary of the class C?, a function f is harmonic

in D and f € C3(D), and ax; € C*(0D), k,l =1,...,n, then G[f] = —®[h], where
8f 8f
h — E -1 k+l ( )

Proof. Tt follows from formulas (3) and (4) that

Q) d(ari({)g )/\d([kl]/\d(-—/ (¢,2) > ana(Q)df A dC[k, 1] A d.

oD k>l 5D k>l

Therefore, transforming the differential form df A d([k, 1] A d¢, we get

: _ 11 9f k Of _
ar nacik. g = (-0 S acp + (-1 2L acin ) g -
_ (_1\l—1 af n—1n/_ 1\k—1 __ o _ kaf n—1;: i -1, _ o=
=(-1) 75@2 i"(—=1)"" " prdo + (=1) 3Ck2 (=) pydo =
__ on—1:n lkaf _1\k+i-1 8f _ _on—1n/_ 1\k+i-1 8f 8f
=21 (( 1)+ e p (=DFT ackpl)dU—Q i"(—1)F (84 ~a2c” )d

where do is the Lebesgue surface measure on 9D. Then

6l =2t [ S0 a0 g - 2o )alc ) ao(0)

ap k>l
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Therefore, from the form of the integral operator ®, we get that G[f] = —®[h]. O

We formulate a theorem on the form of partial derivatives of the function f.

Theorem 2. Let D be a bounded domain with a twice smooth boundary and a function f is
harmonic in D and f € C'(D) and ay,; € C'(0D), k,l=1,...,n, then

3% = a;iz] = M[Ly(f) + Lin(h)] = @ [Kp(f) + K (R)],
a%i _ %sz] = M[La(f) + Lin(h)] — ®[Kn(f) + Kn(h)].

Proof. From Lemma 1 and formula (6) we get that

QLf] = M[f] + G[f] = M[f] — ®[n].

Now, using formulas (7)—(10), we obtain expressions for partial derivatives of the function f, and
hence the operator Q[f]. Then

of _ 0Qlf] _ oM[f] _ 0®[h]

0zm  Ozm  Ozm 0zZm
= M[Ln(N)] + @ [Kun(H)] + M [Lin(R)] = @[Kpn(h)] =
MLy (f) + Lin ()] — @ [Kom () + K (h)].

Similarly
of _ 0Qlf] _ oM[f]  0%[h]

0z 0z | 0z, 0%,

= M[Ln(f)] = @[Kn(H)] + ML ()] — @ [Kn(h)] =
M[Lin(f) + Lin(h)] = @ [Kn(f) + Km(h)].

O

The boundary behavior of the potential of a simple layer and the Bochner-Martinelli integral

operator is well known (see, for example, [7], [5, Ch. 1], [6, Ch. 1]). Therefore, from these
properties of potentials, we obtain the statement

Theorem 3. If D € C* and f € C*(0D), ax; € C*(ID), k,l = 1,...,n, then the integral
Q[f1(z)(z € D, z € C*\ D) continues on D and on C" \ D, respectively, as an infinitely
differentiable function.

For the Bochner-Martinelli integral, this property is noted in [8].

2. Integral representation for smooth functions

For the integral representation of (5), an analogue of the Bochner—-Martinelli formula for
smooth functions is valid (see, for example, [5, Ch. 1]).

Theorem 4. Let D be a bounded domain with a smooth boundary and a function f of class
CY(D), then

ﬂ@z/f@Umw—/bﬂOAwa@, €D, (11)
oD D

_ o _
where the operator 0 = T d(y, and the integral of the domain in (11) converges absolutely.
k=1 9Ck
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We will now prove an analogue of this formula for our operator Q.
Theorem 5. Let D be a bounded domain with a smooth boundary and a function f of class

CY(D) and a, € C1(D),k,l =1,...,n, then

/f z2)+W((, z) /8f ¢,2)+W((, 2)), z€eD, (12)

and the integral of the domain in (12) converges absolutely.

Proof. Since the theorem is true for the operator U((, z) (Theorem 1.3 in [5]), it remains to show
that

/ FOW(C,2) — / BIOAW(,2) =0, z€D.
oD D

Let z € D, by B(z,¢) denote a ball of radius € > 0 centered at z, and its boundary by S(z,¢).
For sufficiently small ¢, using the Stokes formula, we obtain

/5f(¢)AW(g, / Af(Q)AW(¢, 2) /6f )JAW(( 2) =
D )

D\B(z,e) B(z,e

= [rowea - [ rowear [ aroawe.s.
oD

S(z,e) B(z,e)

According to Green’s formula (2), for the modulus of the integral, we get

— 2
| e [ oo < gt [ nsl<ce
S(z,e)

S(z,e) S(z,e)
then lim FOW((,2z) =0.
e—+0
S(z,e)
Since the singularity of the integral / 0f(¢) AW((, 2) is equal to (2n — 1) < 2n, then
B(z,e)

111110 / df(¢) A\W(C, 2) = 0. From here we get the necessary equality.
e—

B(z,
(2:¢) O
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O6 ogHOM MHTErpaJJibHOM IIPEACTAaBJIEHUN TUIIA IIOTEHINAJIA

Anekcanap M. KbitmaHoB

Cumona I'. MbicinBers
Cubupckuii deiepajbHbIil YyHUBEPCUTET
Kpacnosipck, Poccuiickas @emeparims

Annotanmsda. Ilesp paboTbl COCTOUT B MCCIIEOBAHUN CBOWCTB OJHOTO MHTErPAJIBHOIO IIPEICTABIIEHUS
Jst rotomopdubix dyskuumit (Tuna Komu—®anranmnse), siApo KOTOPOro COCTOUT U3 IPOU3BOJHBIX (yH-
JaMEeHTAJbHOIO pellleHns ypasHeHus Jlamaca.

KirroueBbie ciioBa: UHTEerpaJi E)OXHepa.-l\/IEJLpTI/IHeJIJII/I7 OrpaHuveHHad O6.TI&CTI>7 I'PaHUYIHOE IIOBEIEeHUE.
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Indentation Problem
Alexey G. Fatyanov*

Institute of Computational Mathematics and Mathematical Geophysics SB RAS
Novosibirsk, Russian Federation

Received 10.08.2024, received in revised form 15.09.2024, accepted 24.10.2024

Abstract. The work is based on Sommerfeld’s ideas in solving the diffraction problem on a mirror
segment. On this basis, a new method for solving the dynamic problem for a vibrating rigid stamp is
developed. The solution is sought by minimizing a functional. Sommerfeld’s method is used to select
the only physically correct solution. Namely, the expressions in the minimized functional are reduced
to dimensionless form. This allowed us to create a method for calculating wave acoustic fields for
arbitrary radius of a rigid stamp. Applied to vibration problems, the solution for a small rigid stamp is
obtained in explicit form. This allows stable calculation of vibrating wave fields for teleseismic distances.
The program created on this basis allows carrying out calculations even on personal computers with
OpenMP parallelization. A result of analytical calculations the distinction of wave fields for a stamp
and a distributed source of small dimensions are shown.
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Introduction

A considerable number of works are devoted to methods of solving mixed problems. Let us
note the works [1-6]. In the paper, based on the solution of the diffraction problem [1], a new
method for solving the dynamic problem for a vibrating rigid die is developed. This method for
solving the dynamic problem for a vibrating rigid stamp, which allows to carry out calculations for
teleseismic distances. The acoustic case for an arbitrary layered medium is considered. Following
[2,3,4,6] in a cylindrical coordinate system on one part of the daytime surface (z=0) is given a
displacement different from zero; on the other — stress equal to zero. Following [1], the solution
is sought by minimising the functional. This method of solution construction admits an infinite
number of mathematically correct solutions. And only one of them will give physically correct
solution. To choose the only solution, the behaviour of the solution in the vicinity of the point
of discontinuity of the of boundary conditions (condition on an rib) [3,4,5]. But other methods
are also known. In [2], it is assumed that the force applied to the stamp is known. On this
basis of the only solution is found. In this paper, in order to select the only physicallys correct
solution, Sommerfeld’s method [1] is used. Namely, in the minimised functional, the expressions
are reduced to dimensionless form (dimensionalitys is equalised). As a result, the problem is

*agfat@mail.ru  https://orcid.org/0000-0001-6038-6505
© Siberian Federal University. All rights reserved
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reduced to the solution of a system of linear algebraic equations (SLAE). This allowed us to
create a method of calculation of wave acoustic fields for arbitrary radius of rigid stamp. SLAE
is solved on the basis of the open package of linear algebra, developed at Moscow State University.
In this case, the solution of SLAE for significant spatial and temporal scales requires the use
of technology of high-performance computing. That is, for calculations it is necessary to use
supercomputer. For vibration problems, the size of the seismic source (stamp) is always much
smaller than the length of the wavelength. In this case, an explicit received formula for the
solution in the spectral domain. For it it is no longer necessary to solve SLAE. And it allows to
stably calculate vibrating wave fields for teleseismic distances. The programme created on this
basis allows to carry out calculations even on personal computers with OpenMP parallelisation.
A result of analytical calculations, the distinction between the wave fields for a stamp and a
distributed source of small sizs.

1. Statement of the task

The mathematical statement of the task of modelling P waves is formulated in a cylindrical
coordinate system (0 < 7 < 00, 0 < 2 < 00) in the axisymmetric case as follows. Determine the
function u(z,r,t) from the equation:

%u  10u qui 1 0%u

92 Tror Tar T v o S

In this paper, the problem of wave propagation from a vibrating rigid stamp. Statements of
the task for a rigid stamp are given in many works [2, 3,4, 6]. Of these, the boundary conditions
in the axisymmetric case for the wave displacement « in the cylindrical coordinate system (r, z)
are set as follows:

u/.—o = f(t), <o, (2)
%/z:():o, r>rg. (3)

The initial conditions are added to the (1)—(3) formulas

9
w= ait‘ 1o = 0. (4)

In (1)—(3) ro is the radius of the stamp, the velocity V(z) > 0 is an arbitrary piecewise function
(layered medium). The input impulse f(t) is chosen as a Gaussian function e~ (7fot/ 2)* sin(2w fot),
fo is its carrier frequency.

In addition, we still need a condition for the isolation of a single physically correct solution,
which will be discussed below.

2. Analytical method of solution

The solution (1)—(4) is constructed by using finite integral transformations in terms of of time
t and lateral variable 7:

o0

u(z,r,t) = oT u(z,r,wj) exp(—wj - t). (5)

j=—oc0
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u(z,r,w;) = % > w2z, knw;) Jo(knr) /T3 (kna). (6)

In (5) and (6) w; = j - 7/T, kn = xn/a. Where z,, are the roots of the equation Jy(x) = 0.
T and a are the boundaries of the computational domain.

In the following, irrelevant indices will be omitted to shorten the notation. Also, for the sake
of clarity, we first consider the case of a homogeneous half-space. In this case, the equation (1)
using (5)—(6) will turn into an ordinary differential equation:

d*u(z, kp,w) 5 9 9
— gz (k; —w/ V) u(z, ky,w). (7)
From (7) we elementarily obtain
w(z, kn,w) = u(0, kp,w) exp(—vyz) = Cp exp(—vp2), (8)
WEIL) ) Cexp(-2). (9)

du
The formulas (8) and (9) give expressions for the displacement u and "stress" -, asa function
z

of the as yet unknown coefficients C,,, v, = \/k2 — w?/V2. In the following, for the sake of clarity,
"stress" will not be taken in quotes. To satisfy the conditions at infinity in (8)—(9), the principle
of limiting absorption is used. For this purpose instead of w? we take w? 4 i - € - w, where ¢ is a
small value [7].

Given (8)—(9), the boundary conditions (2)—(3) in the spectral region (k,w) will look as
follows:

Z CinBmJo(kmr) = F(w), r < ro, (10)
m=1
= VmConBmo(kimr) =0, 7> 10, (11)

m=1
In (10)—(11) F(w) is the spectrum of the function f(t) and the abbreviation is introduced:
B = 2/ (a®J} (kma)).
To find the unknown coefficients of C,,, following Sommerfeld [1] we consider the quadratic
errors corresponding to (10) and (11):
2 a
rdr and /
ro

ro
/0

The sum of both errors in (12) should reach a minimum at the appropriate choice of C,,.
Differentiating over C* we obtain a system of linear algebraic equations (SLAE):

F =" CwmB, Jo(kmr)

2
> vmCinB,, Jo(kmr)| rdr. (12)

S (anm + ViVmbam)mCon = F(w) / o) dr = F(w)gn. (13)
0

m

In (13) and hereafter, an asterisk denotes a complex-conjugate quantity. The matrices ay m
and by, ,, using Green’s formula [1] are calculated exactly by explicit formulas.

0 2
= / rdokar) o )rdr =" [ T3 (kuro) + J2(kuro)]
0
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_ k’"LJO(kTLrO)Jl (kaO) - knJO (k’rnTO)Jl (knTO)
pnm = T0 k?n — k% )
Similarly for by, .
In this case, the time frequency w is included as a parameter in the SLAE (13).

n#m. (14)

In :/ rdo(knr)dr =roJ1(knro) /K. (15)
0

The equality (11) can be multiplied by any real number X different from zero. In this case,
when minimising the functional, instead of the SLAE (13) we obtain:

> (tnm /X + VsVimbpm) B Con = F(w)gn /X? = F(w) f. (16)
m

SLAE (16) has an infinite number of mathematically correct solutions for different X. And
only one will give a physically correct solution [5]. B At present, the only physically correct
solution is chosen on the basis of the asymptotics of the solution in the vicinity of the stamp
edge (rib) [3,4,5].

However, other methods are also known. In [2], it is assumed that the the force applied to
the stamp known. Based on this, received correct solution. In this paper, the single solution is
determined based on the method of Sommerfeld method [1]. At consideration of diffraction on
a part of a mirror, he brings the corresponding quantities to a dimensionless form. Since v, has
dimension inverse to the metre, then X must have a dimension in metres. From (15) and (16),
consider the expression g, /X2. Require, that at 1o — 0 g,/X? — 1. That is, so that at the
point stamp (ro = 0) there is a concentrated impact. Since Ji(a) &~ a/2 when « is small, we
obtain that X = rq/ V2. The value X will have the dimension in metres. Thus the dimensions in
(10) and (11) will coincide. In this case

fn = gn/X2 = 2J1(kn7‘0)/kn’l”0. (17)

The expression (17) coincides with the source of the normal force uniformly distributed over
the area of the circle on a flat day surface [§].

For a stamp of arbitrary sizes, the SLAE (16) is solved using the software open source software
developed at Moscow State University.

For vibration problems, the size of the seismic source (stamp) is always is much smaller than
the wavelength. In this case, following [1|, an approximate explicit formula for the solution in
the spectral region is obtained. Let rg << A. Here A is the wavelength. This condition is known
fulfilled for the radiating platform of the vibrator.

It is known, for example, from [1] that at small p

Jo(p) ~ 1, Ji(p) ~ p/2. (18)

In (18), terms above the first order of smallness are discarded.
Consider the SLAE (16) at small ro. Using (18) we obtain

2
2

2
aJnn/X = T‘% 9

[J5 (knro) + J5 (knro)] ~ 1,  @nm/X> ~ 1. (19)

Given (19), the SLAE of (16) will take the form:
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After the transformation 8,,Cy, = 2, (20) will take the elementary form:

Unlp

ﬁ’rl

T+ > T = F(w)fn (21)

We find the solution to (21) as follows. Assume
T = C(F(W) fin B /VimVin,)- (22)
Substituting (22) into (21) we determine c.

L (23)

c=
fots 144

In (23)

Since from (17) and (18)

1 kin’l“o 1

fn 2 Jl (knT’o) ( )
In (25), terms above the first order of smallness are also discarded.
Taking into account (25) we obtain

1

c=c(w) = Trs

(26)

Since Cy, = T,/ Pm then from (22-26) taking into account (8) we obtain the the solution for
a stamp of small dimensions. On the day surface z = 0 the solution looks as follows:

(0, kp,w) = ciw*)fn. (27)
nn

Verification of the accuracy of the formula (27) was performed by comparing it with the
solution of the SLAE (16) in the physical domain. For transition to the physical domain formulas
(5) and (6) were used. The result was a match with an accuracy of three digits.

At present, the formulations often used for vibration problems are, when the stress distribu-
tion on the day surface is given. In [9] it is stated that such a problem is solved much easier than
the mixed problem. U there is no need to solve the mixed problem at small sizes of the source.

Let us set a uniform stress distribution on the day surface at 0 < r < rq :

0 2 0
£/2:0: ﬁf(t)v T < To; ﬁ/z:O:Oa r>Tp. (28)

g 0z
The solution of the problem (1), (28), (4) is well known [8]. In the notation of this paper, it

is as follows:
F(w)

Un

u(07 k’n7 w) =

Ja- (29)

Thus, the solution for a rigid stamp (27) is fundamentally different from the solution for a
radiation source in the form of a distributed force (29).
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In this approach it is quite simple to take into account the layering of the medium. For this
purpose second-order ordinary differential equation (7) by introducing a auxiliary function «(z)

such that d—u = —a(z)u in each layer reduces to a first order equation [10].
z
d
d—j —a? =12 (30)

The nonlinear equation (30) has an explicit solution. Let the medium consists of N layers.
And all of them are located on a half-space. In this case, the recalculation of the auxiliary
function oy, from the layer with index p to the layer with index p — 1. Index p — 1 is made by
the formula:

Lo + vpth(vp(hp — hp-1))
"y 4 apth(vp(hy — hp-1))’

(31)

Qp_1 =

In (31) hy, — hp—1 is the power of the layer with index k.

The process starts with the layer with index N. In this case, ay = |/k2 —w?/VZ, |, where
Va1 is the velocity in the half-space. Finally, using the differential sweep method (31). «q is
found [10]. And then the solution for a rigid stamp of small size will be given by the formula

(27), in which v is replaced by ay.

3. Results of the analytical solution

Fig. 1 gives the wavefield for the rigid stamp at z=0. On the vertical axis is the time,
milliseconds (increases down); on the horizontal axis is the dis tance, kilometres. The initial
distance is 1 kilometre and the final distance is 5 kilometre. The radius of the rigid stamp ro=.
1 metre. A homogeneous half-space is considered. The velocity in the half-space V=1 km/sec.
The pulse f(t) in the source is taken as a Gaussian function with a carrier frequency of 50 hertz.
Fig. 1 (A) shows the displacement, and Fig. 1 (B) — stress. It can be seen from Fig. 1 that the
displacement occurs and the the stress is zero. Thus it is numerically shown that the condition
(3) is fulfilled.

Next, the wave fields for a stamp and a distributed source are given. Moreover, the rigid
stamp and the distributed source have small sizes. For the simplest model of a layer on a half-
space is taken for comparison. Fig. 2 is given the wave field with a distributed source. A layer
on a half-space is taken. The velocity in the layer is 1 km/sec and in the half-space is 2 km/sec.
The thickness of the layer is 1 km. The distributed source has a size of 1 metre. In Fig. 3 shows
the wave field in the case for a 1 metre size rigid stamp. The other parameters are the same as
in Fig. 2. In Figs. 2 and 3, P — direct wave, PP — reflected wave, PPP — multiple wave. It can
be seen from Fig. 2 that in the case of supercritical reflection, for example, the reflected wave
becomes larger than the direct wave. This is consistent with wave theory [11]. In the case of the
rigid stamp in Figure 3, the wave dynamics strongly changes. Thus, the wave fields are different
for a rigid stamp and a distributed source of small sizes.

Conclusions

In this paper, based on Sommerfeld’s ideas, a new method of solving the dynamic problem
for a rigid stamp. It allows to carry out calculations of acoustic waves for teleseismic distances.
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Fig. 3. Wavefield for a 1 metre rigid stamp. The layer on a half-space

The method is based on minimisation of a functional. The functional includes the displacement
at the foot of the stamp and the stress outside the stamp. Knowing the law of stress distribution
under the plate of the seismic source is not necessary for this method. In order to choose the only
physically correct solution of this diffraction problem, the Sommerfeld method is used. Namely,
in the minimised functional, the expressions are reduced to a dimensionless form (dimensionalitys
is equalised). From the minimisation of the functional in the standard way, a system of linear
algebraic equations (SLAE) is obtained. For its solution is used open source software developed
at the MSU.

Applied to vibration problems, when the size of the stamp is much smaller than the wave-
length, an explicit formula for the solution is obtained. In this case, there is no need to solve
SLAE. Therefore, the created programme allows to calculate vibration wave fields for teleseismic
distances even on personal computers with OpenMP parallelisation. As a result of analytical
calculations, a distinction was found between the wave fields for a rigid stamp and a distributed
source in the case of their small sizes.

This work was conducted within the framework of State Assignments of the Institute of Com-
putational Mathematics and Mathematical Geophysics SB RAS, project No. FWNM-2025-0004.
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Metoa 3omMmepdesbaa peleHnus: JUHAMAYECKO 3aa9mn
O BJABJIMBAHUM 2KECTKOI'O IIITaMIIa

Agekceii I'. @PaTbsgHOB
MHCTUTYT BBIMUCIUTENBHON MaTeMaTHKu U MareMaTudeckoit reodpusuku CO PAH
Hosocubupck, Poccuniickast @eneparust

Awnnoranus. Pabora ocHoBana Ha uiesax 3oMmMepdelibia IpU peIlieHnn 3a0a49u JUQPaKIUA Ha CerMeH-
Te 3epKaJsia. Ha 3Toii 0CHOBe pa3BUT HOBBIN METOJ PEIIeHUs] JTUHAMUIECKON 3a1a9¥ )i BUOPUPYIOIIEro
2KECTKOTO IIITaMIIa. Pelllenne uimercst ¢ moMOIIbI0 MUHIMA3AINH GyHKIroHATA. [ BBIOOpa e TMHCTBEH-
HOro (pU3NIECKN BEPHOTO PEIIEHNs] UCIIOb3yeTCs MeTo, 3oMMepdebaa. A UMEHHO, B MUHUMU3UPYEMOM
dYHKIMOHAJIE BBIPAYKEHUsT IIPUBOJISATCS K 6€3pa3MepHOMY BHLY. DTO MO3BOJIMIIO CO3JATh METOJ, pacueTa
BOJIHOBBIX aKYCTHYECKUX TOJIEH JJTsT TPOM3BOIHLHOTO PAJMYCaA XKECTKOTO ITamia. [[pumennresbHO K BUO-
PALMOHHBIM 3aJa9aM IOJIyYeHO PEIIeHNe JIsT MaJIOro YKECTKOTO IITAMIIa B IBHOM BHJIE. DTO IO3BOJISIET
YCTONYNBO BBIUUC/IATH BUOPAIMOHHBIE BOJTHOBBIE TTOJIsI HA TejleceiicMudeckue paccrosaust. Co3aaHHast HA
3TOI OCHOBE MPOIPaMMa, MO3BOJISIET IIPOBOJINUTH PACUYETHI JlazKe Ha MEePCOHAJIBLHBIX KOMITBIOTEPAX C paciia-
patenusannem OpenMP. B pesyibrare aHAJIUTUYECKUX PACYETOB MMOKA3AHO OTJIMYKME BOJHOBBIX IOJIEH
TSI IIITAMITa ¥ pacIpeieJIEHHOrO NCTOYHIKA MAJIBIX PA3MepPOB.

KuarouesBsblie cioBa: Meron 3oMmMepdenbia, CMeNanHast 331294, KeCTKIUH IMITaMIl, MUHAMU3aIus QyHK-

IIMOHAaJIa, BIDABHUBAHNUE Pa3MepHOCTel, aKyCTUYeCKre BOJIHBI.
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Abstract. In this work, a new approach to the preparation of heterostructured nanoparticles (NPs)
based on bismuth silicates BizSiOs/Bi12SiO2 is proposed and implemented. This approach is based
on solid-phase synthesis by annealing of a pre-homogenized mixture of [-BizOs and SiO2 powders
in different ratios. For this purpose, industrial silica nanopowder and B-bismuth oxide NPs powder
obtained by pulsed laser ablation (PLA) in air are used. The morphology, phase composition and optical
properties of the obtained materials are studied. By changing the ratio of precursors, the powders
similar in structure to single-phase bismuth silicates Bi2SiOs and Bi12S5iO2¢ as well as heterostructured
NPs on their basis are obtained. The activity of the photocatalysts in the reactions of Rhodamine B
(Rh B) decomposition and selective oxidation of 5-hydroxymethylfurfural (5-HMF) is estimated. The
best photocatalytic activity is demonstrated by powders with a similar Bi2SiOs/Bi125102¢ (or 4Bi: 1Si)
phase ratio. As a result of the analysis of the data obtained, the formation of a type II heterojunction
is proposed.

Keywords: solid-phase synthesis, bismuth silicates, heterostructured nanoparticles, pulsed laser abla-
tion, photocatalysis, heterojunction II type, rhodamine B, 5-hydroxymethylfurfural.
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Introduction

In recent years, photocatalytic (PC) technologies have attracted increasing interest due
to their great potential for solving challenges in green energy, bioresource processing, and ecol-
ogy [1-3] Photocatalysis is effective for cleaning the industrial wastewater from synthetic dyes,
phenols, and antibiotics [4]. Another promising area of photocatalysis is the production of
valuable materials with high added value by oxidizing intermediate products of processing of
biomass, the most accessible raw material on Earth [5]. For instance, selective photooxidation
of 5-hydroxymethylfurfural (5-HMF) can produce 5-formyl-2-furancarboxylic acid (FFCA) and
subsequently 2,5-furandicarboxylic acid (FDCA) [6]. The FFCA and FDCA are an alternative
substitute for phthalic acid and furan polymers, which are obtained from fossil resources and are
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widely used in industry. The ability to use sunlight as a radiation source and non-toxic, low-cost
materials as catalysts makes photocatalysis a safe and environmentally friendly method.

The effectiveness of PC technologies primarily depends on the catalyst characteristics. Cur-
rently, the most successful and promising photocatalysts are materials based on semiconductor
nanoparticles (NPs). Due to a wide choice of semiconductor materials, it is possible to se-
lect a photocatalyst with the desired value of the band gap (E,) for optimal light absorption.
The use of NPs as photocatalysts is due to their unique physical-chemical properties, including
size, morphology, surface charge, large specific surface area, spectroscopic characteristics, and
the presence of defects. Among the wide variety of photocatalysts, bismuth-based materials are
distinguished [7, 8], in particular bismuth silicates (BizSiOs, Bij2SiOgg) [9, 10], which feature
suitable physical-chemical properties. However, as in the majority of single-phase semiconduc-
tors, a relatively rapid charge recombination occurs in bismuth silicates, which reduces their
PC activity [11]. The best solution to this problem is currently considered to be the creation
of heterostructured NPs consisting of two or more semiconductors with different band gaps.
If the heterojunction is of the so-called type II, then spatial charge separation occurs better
in such a composite particle. If the Z-scheme of operation is implemented in NPs based on
such a heterojunction, then it is also possible to increase the oxidation-reduction capacity of the
photocatalyst [12,13].

An important task in the development of the PC technologies is the elaboration of methods
to synthesize new photocatalysts. It is possible to increase the variability and effectively con-
trol the structure and properties of materials by combining different synthesis methods. This
approach also allows one to avoid the limitations inherent in any single method. For instance,
along with traditional chemical synthesis approaches, the laser methods to synthesize the nano-
materials for photocatalysis have recently been actively developed [14,15]. Thus, by combining
procedures such as pulsed laser ablation (PLA), laser treatment (LT) of colloids, coprecipitation,
drying and annealing, various single-phase and composite particles based on bismuth oxides and
silicates were obtained [16,17].

In this work, a new approach to prepare the heterostructured NPs of bismuth silicates
BiySiO5/Bi12Si09 was proposed. The approach was based on solid-phase synthesis by an-
nealing a pre-homogenized mixture of 8-Bi;O3 and SiOs powders in different ratios by grinding.
In this case, S-bismuth oxide powder obtained by PLA in air was used as one of the precursors.
The structure and properties of the obtained powders as well as their PC activity in the reac-
tions of Rhodamine B (Rh B) decomposition and selective oxidation of 5-HMF were studied and
analyzed.

1. Materials and methods

The samples were obtained by the solid-phase synthesis from precursors, namely, SiO, and (-
BiyO3 nanopowders. The 8-Bi2O3 powder was obtained by PLA of metallic bismuth (99.5 % pu-
rity) in atmospheric air. Ablation was carried out by focusing radiation of the LS2131-20 Nd:YAG
laser (LOTIS TII, Belarus) (1064 nm, 7 ns, 150 mJ, 20 Hz) onto the target. The laser power
density on the target surface was 1200 MW /cm?. The nanopowder obtained as a result of the
PLA consisted predominantly of the 8-bismuth oxide phase (~94 %, with an admixture of non-
stoichiometric bismuth oxide) with an average particle size of 20 nm and a specific surface area
of 44 m?/g. The experimental technique and powder characteristics are described in detail in
Ref. [18]. Silica of the Polysorb MP brand (JSC "Polysorb", Russia) had a particle size of less
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than 10 nm and a specific surface area of 300 m?/g.

Bismuth and silicon oxides were mixed at atomic ratios Bi:Si = 2:1, 4:1, 6:1, 8:1, 12:1.
The extreme ratios in this series correspond to stoichiometric Bi3SiOs and Bi;j2SiOsg bismuth
silicates. The mixtures were then thoroughly ground in an agate mortar for 15 min. The resulting
series of samples was calcined at 600 °C in a muffle furnace for 4 h.

The size and shape of the NPs were analyzed using the CM12 transmission electron microscope
(Philips, Netherlands). The crystal structure of the powders was studied by X-ray diffraction
using the XRD 6000 diffractometer (Shimadzu, Japan). The phase content was analyzed using
the Powder Diffraction Database PDF-4 (ICDD, USA) and PowderCell 2.4 software. The optical
properties of the powders were studied by diffuse reflectance spectroscopy (DRS) in the UV-Vis
range using the Cary 100SCAN spectrophotometer (Varian, Australia) with the DRA-CA-301I
add-on (Labsphere, USA). The band gap (E,) was estimated using two methods. The widely
used Tauc method involved estimating the E, by the edge of the absorption band using the
following equation:

(ah)'™ = A (hw — E,), (1)

where « is the absorption coefficient, hv is the photon energy, A is a constant independent of
energy, n is a parameter depending on the type of transition (n = 2 for indirect transition,
n = 1/2 for direct transition).

As an alternative, the DASF (Derivation of Absorption Spectrum Fitting) method [19] was
used. This method is not sensitive to the transition type and is particularly effective in assessing
multiphase composite semiconductor particles. The F, is estimated according to the equation:

9o (a/A)] /O[1/A] = m/ (hv — Eg), 2)

where m is constant, A is a wavelength.

The PC activity of the samples was studied in the reactions of Rh B decomposition and
selective oxidation of 5-HMF under LED irradiation with a wavelength of A = 375 nm.

During the Rh B decomposition in water, the total optical power of the LEDs was
Wiad = 50 mW, the solution volume was 30 ml, the photocatalyst mass was 15 mg, and the
dye concentration was 5 x 1076 M. Before the irradiation, the dispersion was stirred in the dark
for 1 h to establish the adsorption-desorption equilibrium. After irradiation, the absorption
spectra of the Rh B were recorded at regular intervals on the SF-56 spectrophotometer (LLC
"SDB SPEKTR", Russia). Based on the change in the Rh B concentration at the absorption
maximum at A = 553 nm, the rate constant of the first-order reaction was calculated according
to the equation:

In(Cy/C) = Knt, (3)

where Cj is the concentration of Rh B at the initial moment of time, C' is the current concentration
value, t is the time of the PC reaction.

During selective photooxidation of 5-HMF, the total optical power of the LEDs was
Wiaa = 2 W. The reactor was loaded with 100 mg of the photocatalyst under study and 100 ml
of the HMF aqueous solution with a concentration of 0.01 M. Na;CO3 was added as an alkaline
agent at a concentration of 0.04 M. The dispersion was stirred in the dark for 1 h, similar to the
experiment with Rh B. During the photocatalysis, the reactor with the dispersion was purged
with atmospheric air. Photoproducts were analyzed by a high-performance liquid chromatogra-
phy (HPLC) using the Prominence-i LC-2030C chromatograph (Shimadzu, Japan). The Rezex
ROA-Organic Acid H+ (8 %) LC column and 0.025 M HySOy eluent as well as PDA detector
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were used for separation and registration of the components. The 5-HMF, 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA), 2,5-furandicarboxylic acid (FDCA), 2,5-diformylfuran (DFF),
and 5-formyl-2-furancarboxylic acid (FFCA) reference solutions were used to calibrate the detec-
tor, with the compound concentrations being determined from the peak areas. The analysis was
carried out at the eluent flow rate of 0.8 mL/min, and the injection volume was 10 pL. Prior to
the analysis, 50 pul aliquot taken was diluted with 1 mL of 0.0125 M H>SO4. The HMF conversion
X(HMF), product yield Y(4), and selectivity S(i), were calculated based on the concentrations
determined by HPLC:

X (HMF) = o -100%, (4)

HMF), — C (HMF)
C (HMF),
C(i

i)
C (HMF), — C (HMF)

where C(HMF)y and C(HMF) are initial and current HMF concentrations, mol/1; C(i) is current
concentration of the i product, mol/l; i = HFCA, FDCA, DFF, and FFCA.

S(i) = - 100%, (5)

2. Results and discussion

Fig. 1 shows the diffraction patterns, and Tab. 1 presents the phase composition of the
obtained samples. The samples synthesized at the 2Bi:1Si and 12Bi:1Si ratios are pre-
dominantly represented by the phases of the orthorhombic bismuth metasilicate BisSiOg
(PDF-4 #00-036-0287) with the space group Cmc2; and the lattice constants a = 15.22 A,
b=5.47 A, ¢ = 5.33 A and cubic sillenite Bi;12SiOs (PDF-4 #04-007-2767) with the space group
123 and the latticie constant a = 10.11 A, respectively. At intermediate non-stoichiometric Bi:Si
ratios, two phases of bismuth silicates BisSiO5 and Bi;2SiOso are formed in the samples after
calcination. Their content correlates with the bismuth oxide and silicon oxide ratios selected
during the synthesis. Tab. 1 shows the data on the phase content in the samples and crystallite
sizes (based on the calculation of coherent scattering regions (CSR)). According to the XRD
analysis, with varying Bi-to-Si ratio, the CSR size changes in the range and does not exceed
56—90 nm.

2Bi1Si
3Bi:1Si

4Bi:1Si

6Bi:1Si

8Bi:1Si

12Bi:1Si

—— Bi,Si0, (PDF-4 #00-036-0287)
—— Bi,,8i0,, (PDF-4 #04-007-2767)

LA
T
” A
e
. H“ l dod Gl o) JJJH.ul e )
10 2IO 3IO 4I0 SIO 6IO 7IO 80
20, degree

Fig. 1. XRD patterns for synthesized powders
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Table 1. Phase content, CSR size, and Fg values for studied samples

Sample Phase content, mass. % CSR size, nm Eg4, eV
BiQSiO5 BimSiOgo BiQSiO5 B11281020 Tauc method DASF method

2Bi:1Si 99.8 0.2 57 — 3.9 3.8
3Bi:1Si 66 36 87 90 3.3/39 3.3/38
4Bi:1Si 47 53 75 90 3.3/39 3.3/38
6Bi:1Si 21 79 56 77 3.2 3.0-3.3
8Bi:1Si 19 81 62 82 3.2 3.0-3.3
12Bi:1Si 3 97 — 82 3.1 3.0

In solid-phase synthesis, as a result of calcination, a homogenized mixture of powders of
NPs of amorphous silica and highly active particles of the quasi-stable phase of the S-bismuth
oxide, their effective chemical interaction with the formation of bismuth silicate phases, sintering
and coarsening occur. Fig. 2 shows the morphology of the obtained particles. The NPs feature
an irregular shape with rounded edges, some of the particles are fused together, forming spatial
structures, which is typical for such materials [16]. In addition, at high magnification, small
(~5 nm) spherical NPs are observed in the samples, which are located on the surface of large
particles. Depending on the Bi-to-Si ratio, these particles can be attributed to either bismuth
metasilicate or silica [16]. Due to the complex shape and sintering, we did not evaluate the particle
size, but from Fig. 2, it is evident that with an increase in the Bi fraction in the samples in
relation to Si, an increase in the average particle size can also be observed. The largest particles
are characteristic of the sample obtained with a ratio of 12Bi:1Si and represented predominantly
by the metasilicate phase. Fig. 2d shows a single composite particle of the 4Bi:1Si sample and
the corresponding selected area electron diffraction (SAED) (Fig. 2e). The SAED data (Fig. 2e)
show the presence of reflections belonging to two the BiSiO5 and Bi;2SiO4 silicate phases,
which is consistent with the XRD data and confirms the presence of the composite particles
in the sample.

Fig. 3a shows the UV-vis spectra of the samples characterizing the absorption. They were ob-
tained by transforming the reflectance spectra using the Kubelka-Munk function F(R). For the
nearly monophase 2Bi:1Si sample consisting of Bi»SiOs5, the absorption band edge lies in the spec-
tral region of 300-340 nm. With an increase in the Bi concentration, the absorption band edge
shifts towards the long-wavelength region of the spectrum to 380-420 nm for the 12Bi:1Si sample
consisting of the Bi;2SiOoy phase. For the 3Bi:1Si and 4Bi:1Si samples, two absorption bands
can be observed in the spectra, which is consistent with the XRD analysis data on the presence
of several phases in the sample.

Tab. 1 and in Fig. 3b (an example for the DASF method) show the results of the E, esti-
mation. According to the literature data [20,21], both BisSiO5; and Bi;2SiOgg are direct-gap
semiconductors, the £, values for them are 3.9-3.5 eV and 2.9-3.3 eV, respectively, and can vary
depending on the particle size and a number of other factors. In our case, for single-phase bis-
muth metasilicate BiySiO5 (sample 2Bi:18i), the E, value is estimated by both Tauc and DASF
methods as 3.8-3.9 eV, for sillenite Bi;2S109 (sample 12Bi:18i), the E, value is 3.0-3.1 eV.

In heterostructured NPs, the absorption of the short-wave semiconductor can be observed
up to the 4Bi:1Si ratio. The optical width of its band gap remains unchanged (the position of
the short-wave peak in Fig. 3b). The long-wave band related to Bi12SiOgg and the corresponding
band gap with an increase in the content of this phase in the heterostructure is shifted towards
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Fig. 2. TEM images of 2Bi:1Si (a), 4Bi:1Si (b, d), 12Bi:1Si (c¢) samples and SAED of 4Bi:1Si
sample (e)

the long-wave region from 3.3 to 3.0 V. A broad band with the redistributed maxima can indicate
the presence of particles with different ratios of bismuth metasilicate and sillenite in such samples.
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Fig. 3. UV-Vis spectra (a) and DASF plots (b) of Bi2SiOs5/Bi;251029 samples

Fig. 4 shows the results of the study of the PC decomposition of Rh B in the presence of
the obtained photocatalysts. Without a catalyst, no decomposition of the dye occurs during
the experiment under soft UV irradiation (Fig. 4b). As a result of the Rh B destruction in the
presence of the photocatalyst, a decrease in its intensity occurs in the entire spectrum range, and
a shift in the absorption maximum from 553 nm towards the short-wave region of the spectrum
is observed (Fig. 4a), which indicates the occurrence of the process of Rh B N-deethylation with
the formation of the intermediate product Rhodamine 110 [22]. Calculation of the reaction rate
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Fig. 4. Rh B spectra during PC decomposition (a), kinetic curves (b), and deethylation rate
constant K for different samples (c)

constant Ky (Fig. 4c¢) shows that at a non-stoichiometric Bi:Si ratio, the samples work more
efficiently than the monophasic samples 2Bi:1Si (BizSiO5) and 12Bi:1Si (Bi125i02). The highest
efficiency is demonstrated by the 4Bi:1Si sample, in which the phase ratio is 47 % BiySiO5 and
53 % Bi12Si09g. For comparison, the catalytic activity of a simple mixture of 2Bi:1Si and 12Bi:1Si
monophasic powders in a 50/50 ratio, corresponding in composition to the 4Bi:1Si composite,
was also investigated. The data in Fig. 4 show that the powder mixture works significantly
worse than the 4Bi:1Si sample obtained by the solid-phase synthesis. The reaction rate constant
Ky for the mixture lies between those for the monophasic samples indicating the independent
operation of the two phases in the powder mixture during photocatalysis. Based on the data
obtained, it can be concluded that in the composite samples consisting of two phases of bismuth
silicates, there is a better separation of the photogenerated charges. Thus, it can be assumed
that a type II heterojunction is formed between two semiconductors BisSiO5 and Bij2SiOgg.

Fig. 5 shows the histograms of 5-HMF conversion and product yield in the selective PC
oxidation of 5-HMF. It is evident from Fig. 5 that the oxidation of 5-HMF occurs both through
the formation of DFF and HMFCA. Then, the subsequent oxidation of the semi-products to
FFCA and even to FDCA occurs. The lowest 5-HMF conversion (~11 %) and selectivity are
demonstrated by the 2Bi:1Si sample, which consists of the Bi2SiO5 phase (Fig. 5a). As in the
case of the Rh B decomposition, the best efficiency is demonstrated by the sample obtained
at the 4Bi:1Si ratio with a similar contents of bismuth metasilicate and sillenite. The 5-HMF
conversion for this sample for 8 h of irradiation reached 35.1 %, while the yields of the products
FFCA and FDCA are 10.0 and 2.1 %, respectively (Fig. 5¢). It is noteworthy that the samples
synthesized in this work by the solid-phase synthesis method show better PC characteristics in the
5-HMF oxidation under the same conditions compared to the composite NPs $-BisO3/Bij2SiO2g
(conversion is 20.6 %, selectivity towards FFCA is 9.4 % and the one to FDCA is 1.3 %), which
we obtained earlier using the PLA in liquid [17].

Using the optical band gap estimated from the spectra, the energy band positions were
calculated and the energy state diagram was constructed (Fig. 6). The calculation was based
on the technique described in Refs. [23,24]. In the literature, BisSiOs is defined as the n-type
semiconductor [25], and Bij2SiOgg is defined as the p-type semiconductor [26]. After contact,
these semiconductors form a type II heterojunction. In addition, sillenite Bi;2SiO9y has a unique
feature: upon photoexcitation, the long-lived electron-donor center Big;”rh*, which is 1 eV above
the valence band [27], is populated; this leads to a decrease in the band gap and an additional
shift of the Fermi level. In this case, the conductivity type also changes from p-type to n-type
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Fig. 5. Photocatalytic oxidation of 5-HMF in the presence of NasCOjs over 2Bi:1Si (a),
3Bi:1Si (b), 4Bi:1Si (c¢), 6Bi:1Si (d), 8Bi:1Si (e), and 12Bi:1Si (f) samples
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Fig. 6. Scheme of energy states in individual semiconductor NPs (left) the BiySiO5/Bi;2SiO20
heterostructure in the dark (middle) and under the influence of light (right)

(Fig. 6, left). It can be assumed that during the operation of such a heterojunction, the Z-scheme
(dotted arrow) is implemented, however, this assumption requires additional studies.

Conclusion

In the present work, heterostructures based on bismuth silicates BizSiO5/Bi;2SiO20 were
obtained by the solid-phase synthesis from a mixture of bismuth and silicon oxides, their
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phase composition, morphology and optical properties were studied. Photocatalytic activity
of powders was tested in reactions of Rhodamine B decomposition and selective oxidation of
5-hydroxymethylfurfural. Successful synthesis was ensured by both high dispersions of both
precursors and high activity of the powder of unstable 8-BizO3 phase obtained by pulsed laser
ablation of metallic bismuth in air. It was shown that at stoichiometric ratios Bi:Si = 2:1 and
12:1, BisSiO5 and Bi2SiO9g powders similar to single-phase composition were formed, respec-
tively. At the Bi:Si ratios of 3:1, 4:1, 6:1, and 8:1, the samples consisted of two phases of bismuth
silicates, thus forming a heterojunction. Formation of composite particles was confirmed by the
SAED data. Analysis of the optical characteristics of the obtained BisSiO5/Bij2SiOgp nanopar-
ticles showed that the heterojunction belonged to the second type. This explained the increase
in the PC activity of the composite nanoparticles, which was maximum for the sample with
a similar content of bismuth metasilicate and sillenite obtained at the Bi:Si ratio of 4:1.

This work was supported by the Russian Science Foundation, grant no. 19-73-30026-P.
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Teepaodasublii cuntes u POTOKATAJIUTUIECKNE CBOMCTBA
rerepocTpyKTyp BisSiO5/BinSiOy

Anekcangapa I'. TosryboBcKast
Tamapa C. XapJisiamoBa

Banepnit A. CBeTsimuHbI
Tomckuit TOCy1apCTBEHHBIN YHUBEPCUTET
Towmck, Poccuiickass @enepartiust

Awnnoranus. B pabore npeyiozken u peaqn3oBaH HOBBIN IOAXOJ K CO3JAHUIO ME€TEPOCTPYKTYPHBIX Ha-
nouacrur, (HY) va ocHoBe cuimkaros BucMyTa BiaSiOs/Bii2SiO2. B ocHOBE JAHHOTO MOAXOA JIEKUT
TBEPI0DA3HBIN CUHTE3 IIyTEM OTYKHUTA MPEIBAPUTETHHO TOMOTEeHU3NPOBAHHON MIEPETUPAHNEM CMECH IT0-
pomikoB 3-BizOs un SiO2 B paznuunom coorHomienun. JIjisi 9TOro UCIOIb30BAIUCH TPOMBIIIJICHHBINA Ha-
HOIIOPOIIOK JIMOKCUJIa KPEMHHUs U ITOPOIIOK HAHOYACTHUI[ [-OKCHJ@ BHUCMYyTa, HOJYYEHHBIH MMITYJIbLCHOMN
nazepuoii absanueit (MJIA) B Bosmyxe. Uccrenosansr Mmopdosorus, hba3oBbIil COCTAB U ONITUIECKHUE CBOM-
CTBA TOJIyYEHHBIX MaTEePUAJIOB. VI3MeHsisi COOTHOIIEHUE IPEKYPCOPOB, ObLIN IOy YeHbl TIOPOIIKY, OJII3-
KHe TI0 CTPYKType K MOHO(a3HbIM cuiaukaraM BucMyTa BiaSiOs u Bi12SiOgg, Tak u rerepocTpyKTypHBIE
HY na nx ocuope. OneHeHa aKTHUBHOCTBH (DOTOKATAJIU3ATOPOB B PeaKIUsaX pasJoxkenus Pomamuna B un
CEJIEKTUBHOTO OKucsienus S-ruppokcumernsidbypdypona (5-HMF). Jlyumyo dhoToKaTaInTHIeCKyO aK-
TUBHOCTb JE€MOHCTPUPYIOT MOPOIIKHU ¢ Giu3kuM coorHommerneM da3 BiaSiOs/Bi12Si02 (mm 4Bi:181).
B pesynbrare ananmmza mosryIeHHBIX PEe3yIbTATOB OBLIO IMIPEIIIOIOKEHO (POPMUPOBAHUE TeTEPOITEPEXOIA
II Tumna.

KuroueBbie cioBa: TBepoda3HbIil CUHTE3, CUJIUKATHI BUCMYTA, FeTEPOCTPYKTYPHBbIE HAHOYACTHUIIHI,
UMIYJIbCHAs Jia3epHasi abysnusa, (porokaraans, rereporepexon 11 tuma, 5-rugporcumerundypdypoit,
pomavua B.
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Abstract. A model of three-layer sandwich plate consisting of two layers of composite material con-
nected by an elastic isotropic layer is considered in the paper. Composite layers with different tensile
and compression moduli of elasticity are described as an orthotropic material reinforced with parallel
carbon fibres. Constitutive equations of the model are based on the generalized rheological method. The
energy functional is constructed with the use of the Lagrange variational method which is minimized
using the initial stress method and the finite element method. The results of a series of computational
experiments are presented wherein the stress-strain state of a vertical section of a plate under the action
of cylindrical load is calculated.

Keywords: composite material, multi-modular theory of elasticity, generalized rheological method,
composite plate, finite element method.
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Composite materials are materials consisting of two or more distinct components and they
have properties different from the properties of the original materials. In addition, the compo-
sition and distribution of individual components are known in advance, the proportion of each
component is not lower than a certain value, and there are clear boundaries separating the start-
ing materials [1,2]. Despite the heterogeneity of composites on micro-scale they can be considered
as homogeneous materials on macro-scale. The components of a composite material are divided
into a continuous phase, which is called the matrix, and a reinforcing phase. Moreover, the same
material can play the role of a matrix or be a reinforcing material in various composites [3].

Various industries such as automotive industry, mechanical engineering, aircraft manufac-
turing and space industry widely use composite materials. The use of composite materials is
growing in aerospace industry. The share of composites ranges from 15% to 30% of the total
weight in modern aircraft, and in rocket engines reaches 90% [4,5].

One of the composite materials is sandwich structures consisting of a filler and a shell. Poly-
mers reinforced with glass fibre, carbon fibre or biofilter [6] can be used as shell material. Sand-
wich structures are increasingly used in industry, building structures and transportation due to
their light weight and strength under heavy loads. A sandwich structure in which the shell is a
fibrous composite reinforced with long parallel fibres, and the filler is an elastic isotropic mate-
rial is considered in this paper. Since such shell material has different moduli of elasticity and
different strengths it is necessary to take this into account when calculating structures made of
such material [7].

*petigr@icm.krasn.ru
© Siberian Federal University. All rights reserved
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One of the approaches that allows one to construct model that takes into account different
moduli of elasticity of a composite under tension and compression is the generalized rheological
method [8]. The method provides thermodynamically correct governing equations for fibre com-
posites. The method is based on the construction of rheological schemes using basic elements
(elastic spring, viscous damper and plastic hinge) and a new element — hard contact that sim-
ulates the behaviour of ideal granular medium with absolutely solid particles. The rheological
method has proven itself well in modelling the dynamics and statics of granular and porous
materials with a threshold change in rigidity during the collapse of pores. A similar change in
stiffness occurs in fibre composite when the sign of deformation changes.

1. Generalized rheological method

Let us construct the scheme describing a three-layer structure that consists of two layers of
a multi-modulus composite and one layer of isotropic filler. Fig. 1 shows rheological scheme
consisting of five elastic elements and two rigid contact elements, where o is the actual stress
tensor, a; is the tensor of elastic moduli in compression for i-th layer, b; is the tensor of additional
moduli under tension for the i-th layer.

a; by

Fig. 1. Scheme of three-layer sandwich plate

Derivation of the rigid contact equations used to describe heteromodularity is presented
in [9,10]. Two equivalent variational inequalities for the reverse rigid contact are

ole—£€)20, <0 (0 —6)>20, 0,6 20. (1)

Let us consider layer of composite material separatly.

Layer of a material with different moduli is described by the diagram shown in Fig. 2, where €
is the strain tensor, o is the actual stress tensor, ¢’ is the additional stress tensor, a is the tensor
of elastic moduli in compression, b is the tensor of additional moduli in tension. The governing
equations of the stress-strain state of elastic composites for finite linear or non-linear relations
between stress tensors o and strain tensors € admit the potential representation

L 00(e) 0U(o)
T o 0 T To0 @)

g
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— Q

Fig. 2. Scheme of layer of composite material

Here ® and U are elastic potentials of stress and strain related to each other through the Young
transformation:

V(o) =sup(o : € — P(e)), (3)

€

®(e) =sup(o: e — ¥(0)), (4)

(o2

where the colon denotes double convolution of tensors.
According to [11,12] such scheme corresponds to the following governing equation

oc=a:e+b: (e 1)), (5)
where TI(¢) is the projection of tensor £ onto the cone C according to the norm |e] = Ve :b:¢e
and stress and strain potentials

1 1 9

<I>(5):§sza:€+§(sfﬂ(s)) , (6)
1 -1 Lo 2

\11(0)250:(1 :J—§||7T(U)|| , (7)

where 7(7) is the projection of stress tensor ¢ onto the cone that is conjugate to the cone C
according to the norm ||o||2 = o : (a™! +b7!) : 0. The equivalent form of equation (9) are two
equations for the actual stress tensor o, the additional stress tensor ¢’ and the intrinsic strain
tensor of the rigid contact &’

o—od =a:e, o =b:(e—¢). (8)

Let us assume that governing equation at each point of composite layers of the plate has the
form

o=a(x1,xe,x3) : € + b(x1,x2,23) : (6 — (e)), (9)
where a(x1,z2,23) and b(x1, xq, 23) take constant values aj, b; and ag, by for each layer, respec-

tively, cones C; are half-spaces associated with direction of reinforcement. In the filler layer,
potentials and the governing equation take the form

1 1 1

@(5):§E:am:5, \I/(U):iﬂia 10, O =G :E. (10)
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2. Sandwich plate section

Let us consider the stress-strain state of the sandwich plate section. Let the x; axis of the
Cartesian coordinate system Ozizo be located in the direction of fibre. Let us assume that
during compression the plate material is described by the Hooke law for transversally isotropic
body. Then the first equation of system (8) can be written in the following matrix form

1 _ v o
€11 yo E; 0 o11 =01y
— V1 /
E22 | = —E s 0 022 — 099 | (11)
1 /
€12 0 0 brel 012 — 0719

where F; and Es are the Young moduli along the fibre and perpendicular to the fibre, respectively,
v1 and 1o are the corresponding Poisson’s ratios, and G is the shear modulus. When the strain
of fibres is positive additional stress is

/
011 = biien,

which is introduced using tensor b. In the case under consideration it has only one non-zero
component bi;. To ensure that introduced tensor is non-degenerate and positive definite small
positive components [ and v are introduced, and they subsequently tend to zero. Let us write
the second equation of system (8)

/ 1 /

€11 — €11 by (1) 0 011
/ _ 4 /!

€22 — €99 = 0 B 0 099 . (12)
/ 1 /

€12 — €19 0 0 55 O1s

Substituting the resulting expressions into (9), governing equations for the plane stress state are

obtained:
Eq(e11 + v2e22)

= b —1II
o11 1= 10 + b11(e11 1),
_ Es(exn +rvien) (13)
022 = ——
1-— 148%)

012 = 2G€12.

Let us write out tensor a=! + b~! and represent it in matrix form

1 1
T h 1—%1 0
1%
—Efll E+E 10 ) . (14)

Consider the minor of size 2 x 2 of the matrix (a=! +b~1)71:

1 (bn(ﬂ + E9)E4 v1bBE, > ' (15)

(b11 + E1)(B + E2) — v1abf v1b118E> B(bi1 + E1)Es

Taking the limit 8,y — 0, matrix with single non-zero element bE; /(b + E) is obtained. Thus,
components of the conditional stress tensor & are

_ Eq1b1y (011 022

— _— _ = O =0 = 0. 1
011 bt B \E, 2] E2>’ 020 =012 =0 (16)
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Let us assume that each layer of the shell is reinforced with parallel fibres in the plane of the
plate at an angle R; to the x axis. Let us write down the governing equations for this case. Since
the rotation occurs in the plane of the plate, components 25 and o712 remain unchanged:

(El cos R; + E> sin Ri)(sll + V2€22)
o =
H 1-— 1%4R%)

+ bi1cos Ri(enn — Hu)) ,

Es(e99 + vi€11) (17)

022 =
1-— 140 %)

012 — 2G€12.
Let us consider the following problem. Region 2 with boundary I' coincide with the vertical

section of the sandwich plate. Boundary I" consists of a part ', on which there are no movements
and part I', that does not intersect with it, and distributed load is specified on part I',:

=0 Ly,

on =q Ha [y

It is required to determine the vector displacement field v and the tensor field o that satisfy the
differential equations
V-o=0, 2e(u) = Vu + (Vu)*,

and boundary conditions (18), and for which the following variational equations are satisfied in
Q
oi=a;:€+b;: (g, —1i(g;)), Om =am:&Em. (19)

Components of the small strain tensor are related to displacements as follows

ey = e O L (Ous Ouy
11_8x’ 22_8;1/’ 12—2 By or )

Let us formulate variational principles that are equivalent to the differential formulation of
the problem under consideration. The required displacement field minimizes the integral

J(u) = / (®(=(u))) dO2 — / qudl (20)
Q I
on the linear space U of generalized functions u € H'(Q).

To obtain the equation of the stress-strain state, the Lagrange variational principle is used.
The actual distribution of plate displacements is minimized on a set of variations consistent with
the main boundary conditions by the elastic energy functional:

Z (/ (;Vu s(a; +b;) : Vu—b; : ;(e)o : Vu) dQ; —/ q"-udl"i> +
Q; r;

i=1,2
1
+/ (Vu:am:Vu>de—/ q-udl',, =0,
0, \2 r

m

where index i denotes the layer number, u is the vector field of displacements in €2, V is the
Hamilton operator, ¢ is the stress vector at the boundary of the plate I',, a; is the tensor of
elastic moduli under compression, b; is the tensor of additional moduli under tension, a,, is the
tensor of elastic moduli of the interlayer.
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Let us apply the obtained constitutive equations to the analysis of the plane stress state of
the section of a sandwich plate loaded along the edge with static self-balanced stress system,
using the initial stress method. To do this, defining equation of the fibre composite in form (19)
is replaced the with the following iterative formula

ot = Z ((ai +b;) " = AoF™Y) +ap, 1 ¥, Acf™! =0, : I(e"7H).

i=1,2

At the first step, the problem for unstressed plate is solved when initial stress tensor Ag? is
identically equal to zero. In this case, the elastic modulus tensor is a + b. For the next steps,
tensor Ac*~! is determined, using the projection of tensor e*~!'. Taking into account the

iterative formula, the elastic energy functional takes the following form
1
> </ <2Vu H(ai+bi) s Vu— Ach w) ds; —/ q udl“i) +

i=1,2
1
+/ (Vu S Vu) dQm, —/ q-udly, =0. (21)
Qe \ 2 T\

To ensure the uniqueness of the solution any point on the plate is fixed, and rotation around
this point is excluded. By minimizing functional (21) at each step of the algorithm, the required
displacement vector u is obtained.

3. Numerical results

The finite element method is used for the numerical solution. The triangular Lagrange element
with three nodes is used, and displacements u,,u, are specified at the nodes. An irregular
triangular mesh is constructed in domain €. Vector of generalized coordinates U of dimension
2n is introduced, where n is the number of grid nodes. The functional is represented as a sum
of integrals over all triangles of the mesh

J(U) = Z// ()T ST K (21, 22)SU;, — BIL(SUF ™) SU; — qUy) day das, (22)
=1 Q

where €; is the domain of the [th finite element, U; is the local vector of generalized coordinates,
S; is the local matrix of displacements and deformations, K is the matrix of elastic constants,
q is a global vector of generalized forces, the superscript 7" means transpose. When conducting
computational experiments, sandwich plates with different layer thicknesses were considered.
Loading schemes are presented in Fig. 3. The shell parameters corresponded to carbon fibre
plastic are Ef = 114, Ef =57, E; = 14, G = 3.5 GPa, v; = 0.19. The filler is isotropic
epoxy resin with parameters £ = 4, G = 1.54GPa, v = 0.3. In the first series of computational
experiments, tension-compression along fibres is considered. The figures show axial displacements
for the plate with shell layer thickness of 1 mm and filler of 3 mm. The force of 50 kN (tension,
Fig. 5) and —50 kN (compression, Fig. 6) is applied to the right side of the plate.

Similar calculations are carried out for the transverse direction. The deformation is calculated
under the action of distributed load applied to the upper boundary of the plate. Displacements
for tension and compression are shown in Fig. 7.
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Fig. 3. Schemes of sandwich plate loading under tension-compression along and across fibres

As a result of calculations for the described material, the following values of effective elastic
moduli for the sandwich structure are obtained

Ef =41TMa, E; =23TTla, Ej =5.88Ma, E; = 5.93[la.

A series of computational experiments on bending of the sandwich plate under the action of
concentrated force (diagram is shown in Fig. 4) is carried out.

v

M
/4

Fig. 4. Loading diagram for cylindrical bending
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0.04 0.5 0.04
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g i 0.3 3 ‘
< 000 | = ' < 0.00] —~ 0.000
0.2 ~0.005
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x,m x,m

Fig. 5. Displacement of sandwich plate under tension with force applied along the shell rein-
forcement

Displacements and strains €1; during bending for sandwich plate with shell layer thickness of
4 mm and filler layer of 4 mm are shown in Fig. 8. One can observe the distribution of tension
and compression zones near edges and the centre of the plate.
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Fig. 6. Displacement of sandwich plate under compression with force applied along the shell
reinforcement
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Fig. 7. Displacement of sandwich plate under tensile (top pictures) and compressive (bottom
pictures) with force applied across the shell reinforcement

Tab. 1 shows values of deflections for various ratios of shell and filler thicknesses, where T; is
the thickness of the interlayer, Ty, is the thickness of the reinforcement, w, is the deflection when
difference in modularity is taken into account, w is the deflection when difference in modularity
is not taken into account. As thickness of the shell layers increases the influence of different
moduli on the value of deflection is also increased. When difference in moduli is not taken into
account different moduli the error of calculation of deflection can reach 10%.
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Table 1. Deflection of sandwich plate under the action of concentrated force

T;, mm | T,, mm | wg, mm | w, mm | dw, %
0.24 0.96 1.88 1.66 11%
0.48 0.72 1.99 1.78 10%
0.72 0.48 2.11 1.9 10%
0.96 0.24 2.24 2.08 7%
uy,, mm
Uy, mm Y 0.0
0.03
0.04 0.04
0.02 -0.1
024 0.01 0.02 1
0.02 0.2
e e e o————
5 —_—— = o 5 HE AR W
0.001 = 0.00 S i 4 03
~0.01
~0.021 ~0.021
-0.02 -04
0,041 | | | | | -0.03 0041, ] ] ] ] ] 05
000 002 004 006 008 0.10 000 002 004 006 008 0.10
X, m X, m
£ £
u 0.003 1 —0.004
0.04 0.002 0.04 r0.003
L0.002
0.001
0.021 0.021 0.001
- E— - 0.000 = e s
g e - g > | 7000
> 0.001 = - - ~0.001 > 0.00
 —0.001
~0.021 ~0.002 0021 - —0.002
~0.003 —r—0.003
~0.041, I ] I ] J —0.04 . . . . L9004
000 002 004 006 008 0.10 0.00 002 004 006 008 0.0
X, m X, m

Fig. 8. Strain and displacement of sandwich plate with equal thickness of layers under the action
of concentrated force

Conclusion

Model of sandwich plate that takes into account the different resistance of the material to
tension and compression was considered. Computational algorithm for solving the problem of
calculating the stress-strain state of sandwich plate section under the influence of cylindrical load
has been developed. The developed model allows one to determine tension-compression zones of
the sandwich plate section. Analysis of the results of numerical calculations showed the influence
of different moduli on the deformed state of sandwich plate under cylindrical bending.

This work is supported by the Krasnoyarsk Mathematical Center and financed by the Ministry
of Science and Higher Education of the Russian Federation in the framework of the establish-
ment and development of regional Centers for Mathematics Research and Education (Agreement
No. 075-02-2024-1378).
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MopaeaupoBaHue cedeHUsl COHIABUY-IIJIACTIHBI
NPpY IUJINHIPUYECKNX HATPYy3KaX C y4eTOM
Pa3HOMO/IYJIBbHOCTH MaTepuaJia

Urops E. Ilerpakosn
MNucruryT Bhraucauresbaoro mogenuposanus CO PAH
Kpacnosipck, Poccuiickass @eeparus

Awnnoranusi. B pabore paccmaTpruBaeTcst MOIETh TPEXCIONHOM COHIBUY-TIJIACTUHBI, COCTOSIIEN U3 IBYX
CJI0EB KOMIIO3UTHOI'O MaTepUaJia, CBA3AHHOI'O YIPYTOil M30TPOIHOIN Mpocioiikoii. CIou KOMIIO3UTHOTO
MaTepuaJia MOJIEJIUPYIOTCS C yYeTOM PAa3J/IMYHBIX MOJYJIeil yIPYT'OCTU IPU PACTSI?>KEHUU U C2KATUH U IIPEJI-
CTaBJISAIOT COOO# OPTOTPOIHBIN MaTepwas, apMUPOBAHHBIN MAPAJIICILHBIMA YIIEPOIHBIMUA BOJOKHAMU.
IIpencraBiena Momens Ha OCHOBE OOOOIIIEHHOTO PEOJIOTMYECKOTO METOMAA, C IIOMOIIBIO KOTOPOI'O IOJIY-
YEHBbI OTpeIelIsione ypasHenusi. C MOMOIIBIO BAPUAIMOHHOIO MeTOj1a Jlarpanka mocTpoeH (yHKIIO-
HaJI S9HEPIUW, MUHAMHA3AnUud KOTOPOT'O IPOBEIEHA C UCIOJIb30BaHUEM METONA HAYAJIbHBIX HAIPSAXKCHUNA U
MeTO/Ia KOHEYHBIX 3JIEMEeHTOB. lIpencTaBieHbl pe3y/IbTaThl CEPUH BBIYUCIUTENLHBIX KCIIEPUMEHTOB 10
pacdeTy HaIpsi>KEHHO-1e(POPMUPOBAHHOTO COCTOSIHUSI BEPTUKAJIBHOIO CEYEHUsI TIJIACTUHBI TIOJT JIEHCTBUEM
UATUHAPUYECKON HArpy3KHU.

KuroueBrbie ciioBa: KOMIIO3UTHBIN MaTepHasl, pa3HOMOYJIbHAS TEOPUs YIIPYTOCTH, OOOOIIEHHBII peo-
JIOTUYECKUN METOJ, COH/IBUY-IIJIACTUHA, METO/T KOHEYHBIX JJIEMEHTOB.
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Abstract. The conditions for spectrum broadening of 60 fs radiation pulse at a central wavelength 950
nm in fused quartz plates due to phase self-modulation are studied experimentally and theoretically.
The studies are conducted at radiation intensities from 50 to 400 GW /cm? and plates thicknesses from
1 to 10 cm. The experimental conditions and a calculation model based on solving a system of nonlinear
Schrédinger equations in the approximation of a slowly changing wave are described. The possibility of
compressing radiation pulse with a broadened spectrum in case of quadratic nonlinear phase compensa-
tion is estimated. It is shown that in case spectrum broadening it is possible to reduce the spectrally
limited duration by no more than two times.
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Introduction

Currently, powerful infrared (0.8 — 1 pm) laser systems are usually used to obtain powerful
radiation pulses in the visible spectrum, the radiation pulses of which are converted into the
second harmonic (SH) in nonlinear crystals. In Tomsk (IHCE SB RAS) together with Moscow
group (FIAN), the alternative way of obtaining such pulses in visible region (475 nm) is being
developed based on the THL-100 hybrid laser system. This way is associated with the initial
production of femtosecond SH pulse in visible region with low energies (1 — 5 mJ) and subsequent
increase in energy in a gas amplifier on XeF(C-A) molecules to the Joule level. The THL-100
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laser system, operating on this principle, is currently one of the most powerful systems in visible
spectrum [1,2]. The general interest in powerful pulses of radiation in visible spectrum is con-
nected with the higher quantum energy, which allows to increase the efficiency of interaction of
laser beam with various materials and environments. Powerful pulses also help to develop new
applications, which include the creation of an X-ray laser in transparency window of water and
the generation of powerful terahertz radiation [3-5].

One of the ways to increase the power of THL-100 laser system is to reduce the duration
of output radiation pulse while maintaining the radiation energy. To do this, it is necessary to
increase the spectral width of SH radiation pulse in the Ti:Sa complex and amplify it in active
medium on XeF(C-A) molecules, which has a wide gain contour corresponding to a spectrally
limited duration of 10 fs [6]. Since the femtosecond complex operates at the gain contour edge
(950 nm) to match the SH wavelength with gas amplifier, it does not allow forming a radiation
pulse shorter than 60 fs at the fundamental harmonic. To reduce the spectrally limited duration
of radiation pulse, it is necessary to increase the width of its spectral contour by some artifi-
cial method. At present, the most common method of spectrum broadening for reducing the
spectrally limited pulse duration is self-phase modulation in a medium with cubic nonlinearity.

This approach was proposed for high-power laser systems [7] and demonstrated at the PEARL
facility (central wavelength 910 nm, pulse duration 65 — 75 fs, pulse energy up to 17 J, beam
diameter 18 cm) [8]. The pulse spectrum at the laser output was broadened due to self-phase
modulation in fused silica and then the pulse was compressed by chirped mirrors. It was demon-
strated that with optimal choice of mirror dispersion a pulse with energy of 17 J can be com-
pressed from 70 to 14 fs. This compression has undoubted merits: simplicity, low cost, negligible
pulse energy losses, and applicability to any high-power laser.

This paper presents theoretical and experimental results of studies aimed at studying the
possibility of broadening the radiation spectrum with a central wavelength of 950 nm depending
on the glass block thickness and radiation intensity.

1. The equipment and methods

In the experiments, the femtosecond Ti:Sa laser complex operating at the gain contour edge
(central wavelength is 950 nm) and serving as master oscillator (front end) for multiterawatt
THL-100 laser system was used. The laser complex consists of master oscillator, stretcher, re-
generative and two multi-pass amplifiers, and compressor on diffraction gratings. The output
pulse at the fundamental harmonic has duration of 60 fs, beam diameter of 15 mm with in-
tensity decay of e? times and energy of up to 10 mJ. The beam was directed without focusing
onto polished fused quartz plates of different thickness (from 1 to 10 cm), where the spectrum
was broadened due to self-phase modulation. After that, the radiation was recorded with an
Ocean Optics HR4000 spectrometer (200 — 1100 nm, 0.7 nm). The laser radiation energy in the
experiments was measured by Gentec-e maestro energy meter.

The model that takes into account the influence of phase self-modulation, group velocity
dispersion and nonlinear response, nonlinear absorption, plasma formation and spatial effects
associated with self-focusing was used in simulations. The model is based on solving the system
of nonlinear Schrédinger equations in approximation of slowly varying wave [9] in cylindrical
coordinate system and it has the following form:

0A 0?A ik3ns 9 B
62+D82+2DJ_AJ_A+Z o <1+w0377></ R(t)|A(n t)|dt) 0 (1)
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where 7 is the dimensionless time in the traveling coordinate system, z is the longitudinal co-
ordinate, D is the coefficient characterizing the second-order dispersion, wy is the average pulse
frequency, kg is the wave number, A(n, r, z) is the complex envelope of the electric field (the
initial distribution was Gaussian), R(t) is the nonlinear response function, including the fast and
slow part, ng and ng are linear and nonlinear refractive coefficients. For numerical solution of
nonlinear Schrodinger equations the conservative difference scheme with second order approxi-
mation was used both in the spatial coordinate and in time [10]. The simulations were carried
out for laser beam intensity from 50 to 400 GW /cm?. The thickness of fused quartz was varied
in the same range as in experiments.

2. Results and discussion

The experimental study of spectrum broadening of first harmonic radiation was carried out
at laser pulse energy of 8 mJ and radiation intensity at entrance to the material of 76 GW /cm?.
The initial width of laser radiation spectrum at half-maximum (FWHM) was 28 nm (Fig. 1).

0,8 1

0,6
AL=28 nm

0.4

Intensity , a.u.

0,21

0,0+
900 920 940 960 980 1000

Wavelength, nm

Fig. 1. Spectral contour of the fundamental harmonic radiation

The beam was passed through plates of fused quartz starting from 1 cm thickness and up
to 10 cm. At the same time with thickness increase of the plates to 6 cm the spectrum width
was increased, and with its further increase the spectrum width began to decrease due to Kerr
nonlinearity. Here we present the spectrum only for the optimal regions. Thus, the spectrum
width increased to 41.8 nm when using a 4 cm thick plate (Fig. 2a). When using a 6 cm plate,
the spectrum width increased to 53.3 nm (Fig. 2b). That is, for these conditions, the spectrum
width increased by 1.5 and 2 times, respectively. It is clear that, in general, the spectrum shifts to
the short-wave side. Most likely, this is due to the fact that the temporal shape of laser radiation
pulse is not Gaussian and the trailing edge is significantly steeper than the leading edge. Deep
amplitude modulation of the radiation intensity is typical for spectral form behavior in phase
self-modulation. In this case the duration of spectrally limited pulse is usually determined by
the spectrum envelope at half amplitude. That is, we can hope that in our case the duration will
be reduced by about two times.

Simulations close to the experiment showed that at intensity of 100 GW/em? and 4 and 6
cm thick plates the spectrum width increases to 38.9 and 42.6 nm, respectively (Fig. 3a). In
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Fig. 2. Experimental spectral contours of broadened radiation obtained after passing through
4 m (a) and 6 cm (b) of fused quartz

this case, the broadening occurs symmetrically on both sides of the central wavelength. With
increasing of intensity to 400 GW /cm? the spectrum width increased to 72 nm (Fig. 3b). In this
case a significant width increase at the spectrum base was observed. Simulations showed that
the spectrum broadening occurs mainly due to phase self-modulation. The simplified model did
not allow obtaining a real picture of the spectrum with modulation.

1,0 ‘ : » 1,0
’ \
4 cm quartz /\ 4 cm quartz /\
6 cm quartz / \ . 0,84 6 cm quartz T

100 GW/cm’ / \ 5 400 GW/em®
0,6 // \\ 0,6 \
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B \ 0’0 i

0,0
1000 850 900 950 1000 1050
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Intensity , a.u
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Wavelength, nm Wavelength, nm

(a) (b)

Fig. 3. Theoretical spectral contours of broadened radiation obtained after passing 4 (black) and
6 (red) cm of fused quartz at laser beam intensity of 100 (a) and 400 (b) GW /cm?

To calculate the pulse duration of radiation with a broadened spectrum the beam was prop-
agated in medium with negative dispersion. It was shown that pulse duration was reduced no
more than twice. That is compensation for only the second-order dispersion is sufficient for

Gaussian beam profile.

Conclusion

Thus experimental and theoretical studies of the broadening possibility of radiation spectral
contour of the fundamental harmonic at a central wavelength of 950 nm in fused quartz have
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been carried out and the possibility of compression of the radiation pulse with a broadened
spectrum when compensating for the quadratic nonlinear phase was evaluated. It was shown
that with increase of the material thickness from 1 to 6 cm in experiment and simulations the
spectrum widens up to two times. However, the calculated shape of broadened spectral contour
does not coincide with the experiment. To reconcile these data, both further refinement of the
computational model (accounting for absorption and scattering) and greater approximation of
the calculation conditions to the experiments (non-Gaussian pulse, the presence of cubic phase,
etc.) are required. This is planned in our further research. Actually, in calculations, it is possible
to reduce the spectrally limited duration up to two times. A similar pattern is expected in the
experiment when compensating for the positive dispersion.

The work was supported by the Ministry of Science and Higher Education of the Russian
Federation (FWRM-2021-0014).
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Yrmpenne cneKTpa (peMTOCEKYHTHOTO NMITYJIbCA N3JTy YeHU
Ha AJnHe BoJHBI 950 HM B MaTepuaJie ¢ KyOmJdeckoii
HEJIMHENHOCTBIO

Cepreii B. AnekceeB
Banepnit @. JIocen

MucruryT cunpHOTOYHOM stekTpoHnkn CO PAH
Tomck, Poccuiickast @enepariust

Axos B. I'pyaiibia

Anpgpeii B. Kopubyt

Banepuii 1. daoBoii

Ousznyeckuit uacruryt um. [TH. Jleenesa PAH
Mocksa, Poccuiickast @enepariust

AnHOTalUsI. DKCIEPUMEHTATBHO M TEOPETUYECKH WUCCJEAYIOTCsS yCJIOBUs ymmpeHus crmekTtpa 60 dbc
UMILyJIbCa U3JIyUeHHUs HA IEHTPaJIbHON JjIuHe BOJIHBI 950 HM B IJIACTMHAX M3 ILIABJIEHOrO KBapIia 3a
cuer azoBoii camomomyssiun. VcciemoBanns IpoBOAATCS IPU WHTEHCUBHOCTH H3JyydeHuss oT 50 1o
400 TBr/cm? u rommuee mmactun or 1 10 10 cM. ONHCHIBAIOTCS YCIOBHS SKCIEPEMEHTOB W PACUeT-
Hasl MOJeJIb, OCHOBaHHAsI Ha PENIeHUHN CHCTEMbI HeJnHeHHbIX ypasHennit lllpenunrepa B npubmmxenun
MeJIJIEHHO MeHsonleicss BoJIHbL. OIeHNBaeTCs BO3MOXKHOCTD CXKATHUSI MMILYJIbCA U3JIydYeHUs C yIIUpeH-
HBIM CIEKTPOM IIPU KOMIIEHCAIIUN KBAIPATUIHON HeTnHeHo# daspl. IlokaspiBaercs, 9T0 Ipy yImupeHnn
CIEKTPa YIJAETCsS COKPATUTH CIEKTPAJILHO OIPAHUYIEHHYIO JJINTEIHLHOCTD He OoJlee IBYX pas.

KuroueBrie cioBa: heMTOCEKYHIHBIN UMITYJIBC, IIUPUHA CIEKTPA, IIJIaBJIEHBIH KBaPII.
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Abstract. Analysis of the orientational thermoelasticity effect using a two-dimensional simplified dy-
namic model of liquid crystal in the acoustic approximation is presented in the paper. It is assumed
that effect occurs when one of the boundaries of a rectangular liquid crystal layer is heated. To solve the
system of model equations, the method of two-cycle splitting with respect to spatial variables is used in
combination with the finite-difference Godunov scheme for the acoustic equations and the Ivanov scheme
with controlled energy dissipation for the heat conduction equation. This combination of finite-difference
methods allows one to calculate related thermomechanical processes using the same time and space steps
that satisfy the Courant-Friedrichs-Levy criterion. The numerical algorithm was implemented as a par-
allel program written in C++. Parallelization of computations was performed with NVIDIA graphic
accelerators using CUDA technology. Simulations demonstrate that it is impossible to observe the effect
of reorientation of liquid crystal molecules under the influence of temperature for the presented simplified
model in the acoustic approximation. It was concluded that when surface tension forces are taken into
account this effect will be observed for the model used in this work.

Keywords: liquid crystal, thermal conductivity, dynamics, CUDA technology.
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Introduction

Liquid crystals are substances combining the optical anisotropy of crystals and the molecular
mobility of liquids in some temperature range. This is the most important property of such
systems [1,2]. Liquid crystal molecules have a specific shape but they also have the property of
fluidity. Depending on the initial orientation, liquid crystals are divided into nematic, smectic
and cholesteric. The most common type of liquid crystals, namely, nematic crystal is considered
in present which best reflects the dual nature of these substances. This type has a wide range
of applications, ranging from information display technologies to optical devices and sensors. It
helps to regulate the brightness of the screen in LCDs by changing the strength of the electric
field acting on the crystal. In addition, orientation of liquid crystals is sensitive to temperature
change. If liquid crystals are heated they take a more ordered state which can be used, for
example, for data storage. If such liquid crystals are cooled they return to their original state.
It means that data can be erased and rewritten. Liquid crystal sensors are used for temperature
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measurement and biochemical analysis, they continue to be of interest due to their controllable
optical and electro-optical properties. Studies in this field are progressing, and new applications
are being developed so liquid crystals play an important role in modern constantly evolving
technologies. By now, dynamic model of Ericksen and Leslie [3,4]| has been developed on the
basis of conservation laws. It takes into account all types of movements as well as the flow of liquid
crystals. However, it turned out to be too complex to solve using numerical methods because it
includes a large number of equations and parameters that must be determined experimentally
which is not always possible. Then, there was a need to develop simpler models allowing for a
detailed description of the processes occurring in liquid crystals that would significantly facilitate
their study.

This paper presents analysis of the orientational thermoelasticity effect using a simplified two-
dimensional model in the acoustic approximation. It takes into account mechanical, temperature
and electrical effects in liquid crystals [5]. The effect occurs when the boundary of a horizontal
liquid crystal layer is heated. The effect of temperature on the orientation of liquid crystal
molecules was studied experimentally [6]. It was concluded that susceptibility to heat flows
is similar to the interaction with electromagnetic fields. However, a plate with significantly
different coefficient of volumetric expansion was used in experiments. It is likely that the effect
of molecular reorientation is associated with the thermal expansion of the plate but not with the
effect of the heat flow.

1. Mathematical model of liquid crystal in acoustic approxi-
mation

The equations of the model that describe behaviour of liquid crystals under thermomechanical
and electrical perturbations are derived from the integral conservation laws of energy, momentum,

and angular momentum on the basis of the Cosserat continuum theory [7] using the Clausius—
Duhem inequality. In the planar case, the model includes the following equations

vy dp  9q dva, Oq  Op

translational moti — = - - =5 — 5 1
ranslational motion P 5 0. 9y +fi, p 9t~ 021 O +f2, (1)
rotational motion J aa—o; =2q+ 27/;1 + % + m, (2)

O _ 0w O Ow

ot o ot ozy’

angle of rotation % =w, (4)

couple stresses

state for pressure and tangential stress
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where v; and vy are the components of the velocity vector, w is the angular velocity, 8 is the
rotation angle of molecules, p is the pressure, ¢ is the tangential stress, u; and pe are the
couple stresses, T is the temperature, p is the density, J is the moment of inertia, x is the bulk
compression modulus, « is the modulus of elastic resistance to rotation, 3 is the coefficient of
thermal expansion, v is the modulus of elastic resistance to curvature change, n is the viscosity
coefficient, H is the intensity of heat sources, c is the specific heat capacity, & and &, are
the thermal conductivity coefficients of a liquid crystal in the direction of molecular orientation
and in the transverse direction, f1, fo and m are the bulk forces and couple force caused by the
electric field. Here, they are not taken into account when studying the thermodynamic effect
since they do not affect the temperature change. The algorithm of the electric effect is presented,
for example, in [§].

2. Computational algorithm

A rectangular region of liquid crystal is considered with dimensions [z and x5 in the direc-
tions x1 and xo, respectively. The finite-difference grid is

Rt

11 12

= {(ti,iﬁlil,LEQQ) : ti: iAt, I,

i

1: ilAl‘l, $2i2= iQAQSQ,

iZO,...,Nt, Z'1:07...,N.Z‘1, iQZO,...,N.CCQ},

where Az, and Azs are space steps in the directions x1 and x5 such that ry,, € 0,1.,), Tg,, €
(0,15,), At is the time step, Nt is the number of time steps, Nx; and Nz, are the arbitrary
numbers of cells of the finite difference grid in the directions x; and z5. At the initial moment of
time, zero values are set in this region for all quantities except 6 = 6y and T' = Ty. The boundary
conditions are presented in terms of pressure, velocity, stress and temperature. The load on the
boundary can act continuously or for a given number of time steps.

System of equations (1)—(6) is hyperbolic in the sense of Friedrichs so the formulation of the
Cauchy problem is correct. The system is solved using the method of two-cycle splitting by
spatial variables, and it is assumed that five consecutive stages occur at each time step. At the
1st and 5th stages, one-dimensional equations that depend on x; are solved at different half-steps
in time:

9 _ 9 v _ 9q g _om
Por T on P ot T o ot or -
op_ _ov | da_ v ) O Ow
ot " om ot on ot oz
8T_8h1 (%1 - oT oT
pcﬁ - 8.131 T 8.1717 hl - 8561 +®1 81‘2. (8)

To solve equations (7), the finite-difference Godunov scheme [9] of the "predictor-corrector"
type is used. At the "predictor" step, the following equations on characteristics obtained from
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(7) are used
dry = F\/k/pdt . dIf =0, I =p+uv/rp

de) = +\/afpdt: dIFf =0, If =q+uv/ap (9)

dry = +£/v/Jdt . dIy =0, IF = +wy/vJ.
These equations allow one to determine the values with fractional indices on the lateral faces of
the cells of the finite difference grid in the plane x; and ¢:

+ - + - + -
. I 0 — 1oy, o S o Iy =1y 1
U1i171/2 - 2 ﬁpn I pi1,1/2 - 9 —, ’U2i1—1/2 = 72 oa s
(10)
+ - -+ — + —
o Iys + 15,1 o I, — I3, 1 o I + 13,1
4, _1/2 = 9 o W1 T QW s M 1y T D) ’
where integer indices refer to the internal nodes of the grid i, = 2,..., Nz;. At the boundary

nodes, these values are found from the boundary conditions. Then heat conduction equation (7)
is solved with the help of the Ivanov finite-difference scheme [10] that is used to solve problems
of the dynamics of solids, plates and shells. The idea of the method is to implement the law of
conservation of energy at discrete level. Let us consider the extended system in the x; direction

or _oh -, o
pcat—ax17 _86118:81 9,

where the unknown functions are T' # T and h # h. For this system, the energy balance equation

_ 2 _ _ _ _
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is satisfied. It is transformed into a dissipative inequality
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The closing equations of the extended system take the form

o
[T—T] __D 835} D= [Du Du] 7
h—h oT Da1 Do
dxy

where D is a positive definite matrix. The discrete analogue of the extended system is the

“corrector” step of the finite difference scheme:

T — T; _ hi1+% B hil*% B — e s Ti1+% B Til*%
Atj2 Az, o THa Az

For a more brief notation, there are no indices of the second direction, the upper indices

correspond to the current time step, the lower indices correspond to the previous one, Axq,
h; and @17 are the spatial step, fluxes with mixed derivatives and the thermal conductivity
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coefficient in the x; direction. The quantities g; are calculated explicitly using the values from
the previous time step, and they include mixed derivatives with the coefficient &15. The solution
is constructed with the time step At/2 as required for the splitting stages. The discrete analogue
of equation (11) is

pe 2 2

Th-‘,—% _Til—% he — hi1+% +hi1—% + (Th)il-‘r% o (Th)ll—% o Ti1+% _Til—
Al‘l “ 2 Aml g“ A1‘1

(Th)? = (L) _<Ti1+; —Til;f _ iy Ry <T“ +T, Ty +T¢1;) N
At "’ Az Axq

1
2

+

The closing equations take the form

Th+ T, =T, 1 — T, —op [P+t —hi—s

2hi, = hy, 41 — by

Ax
! Til'i‘% - ,Til—%

For simplicity, matrix D with one non-zero element with free parameter d is used: Di; =
=d—At/c Az > 0 since the scheme approximates the heat conduction equation only with small
elements of this matrix. The closing equations take the form
Ti1+% + Til*% hi1+% —hy 1 Ti1+% - Til*% hi1+% + hi1*%

S T e

The equations for heat fluxes are obtained by adding and subtracting the closing equations:

Ti Jrl_Ti _1 Ti +l +/1—1L‘,l
dhili% :d%llvil - ZA.’El — — 2 2 Zl:CT“ +dgu
The step "predictor" for temperature is calculated using three-point sweep method in each
direction:
dern, 1 d(ee11,i, + &®11,i,-1) deeirg -1 1
(g (1 T for ™ \Tae, T2t

=T +Tiy—1+d(gi, — gir—1)-

The final step of the splitting stage is the "corrector" step of the Godunov scheme. Taking
into account that temperature in the right part is already found, the unknown quantities are
determined as follows

U1 = U1 _ Py —Pi-1 V2V ¢ —Gn-1 PP :_K_/,Ulil — UL, n BT—T
At 27z, T At W, At 271, At
q—q _ aUQil — V2,1 J(D —w _ 'ulil - M1i171 M1 — 1 _ Wi, T Wi
At 28a; At 28e; T At 2An

The values with a bar denote the values at the current time step, without a bar - at the
previous time step. The indices for the second direction iy — 1/2 are omitted for brevity. In the
finite differences in time, the indices iy — 1/2, i3 — 1/2 are also omitted. At the 2nd and 4th
stages, system of acoustic equations (13) and heat conduction equation (14) for the direction zo
are solved in a similar way:
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v _ _ 9 vz __ 9p O _Op2
Pot = Oas Pot = Oxs at  Ozs "
og _ 0w | op_ 0w | Opp 0w
ot~ " 0w, ot~ "oz ot~ s
8T 8h2 3’02 8T 8T
o2 BTI2 hy=myy—— = 14
PE0t = Oy oz 2T 2 oy e 0wy 14
At the 3rd stage the equations
Ow 00 Oq q or  2¢?
—_— = 2 _— = e 2 = _ =
Tor =20 5 =9 5 O‘<w+ n)’ P ~

are solved in accordance with the Crank—Nicholson scheme:

o 7 -0 - ptw g T-T (3+q)
JO-w _ydta _wtw dma (Pt ata) @+a°
At 2 2n

At 2p

At 2 At 2

The indices i1 — 1/2, io — 1/2 for the values at the previous time step ¢, w, 6 and T as well as
at the current time step g, @, # and T are omitted for brevity. Calculations are performed using
the following formulas

__Jn—Ata(Atn+J) 2AtaJn "

1= TnsataAtn+ 01T Tn+ Ata bty + )

At _ At _ At
D = —(q 0:0 — (W T:T q 2'
w=w+—(+q), + 5 @+w), +2pcn(q+q)

3. Results of computations

The described algorithm was implemented using the CUDA parallel programming technology
[11]. Numerical calculations were performed for the 5CB liquid crystal. Parameters of the liquid
crystal are [12,13] p = 1022 kg/m?, j = 0.03 - 1072 kg/m, x = 11.1 GPa, a = 360 Pa,
B=03-10"K' y=6-10"'2 N, n=0.036 Pa-c, c =100 J/(kg - K), & = 0.226 W/(m - K),
e, =0.135 W/(m - K).

A rectangular LC layer with dimensions of 200 x 80 pum was considered. The finite difference
grid contains 640 x 256 cells. At the initial moment of time Ty = 297 K and 6 = 7/2. At the
upper border the temperature is set as follows T = Ty + T’e’4(“’i1*xc)2/zi, where T’ is some
constant, x. is the centre of load application, x,. is the radius of the load.

Fig. 1 shows the results of the action of four heat sources with the radius of 20 pym on the
lower boundary. In this case, z. = (i — 0.5)lx1/n, where n = 4 is the number of heat sources,
1 =1,2,3,4. Fig. 2 demonstrates the propagation and reflection of pressure waves initiated in
the heating region. Fig. 3 shows the vector field of velocities. Fig. 4 shows the results of the
action of one heat source in the middle of the right boundary. The other parameters are similar
to the previous case. Fig. 5 and Fig. 6 show the propagation of pressure waves and the vector
field of velocities, respectively. In both cases, velocities change in accordance with the change in
pressure. Tangential stress, angular velocity and moment stresses in this case are equal to zero.
The rotation angle remains unchanged due to the absence of tangential stresses. Thus, within
the framework of the described model it is impossible to change the orientation of nematic liquid
crystal molecules by varying only temperature field.
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Conclusion

The paper presents: a simplified model of thermomechanical and electrical effects in the
acoustic approximation; an algorithm for numerical solution of the model equations; implemen-
tation of the algorithm as a parallel program in the C++ language with the help of the CUDA
technology; a series of simulations that demonstrate that it is impossibile to observe the effect
of orientational thermoelasticity using the presented dynamic model. It is assumed that if the
surface tension forces will be taken into account then orientation of the molecules would change
when one of the boundaries of the liquid crystal layer is heated.

This work is supported by the Krasnoyarsk Mathematical Center and financed by the Ministry
of Science and Higher Education of the Russian Federation in the framework of the establish-
ment and development of regional Centers for Mathematics Research and Education (Agreement

No. 075-02-2024-1378).
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UccnenoBanmne apdekTa OpueHTAMTMOHHON TePMOYITPYTOCTHI
C NIOMOMIBIO YIPOIIIEHHO! MO/ieJ I HEMATUYECKOro K1/IKOTO
KpHUCTaJJla B aKyCTUIE€CKOM NPUOJINKEeHUN

HNpuna B. Cmosiexo
NucruryT Boraucauresbaoro mogenuposanus CO PAH
Kpacnosipck, Poccuitickas ®enepartust

Ansotauusa. B pabore npesicrasien anann3 3dpdeKTa OPpUEeHTAITMOHHON TEPMOYIIPYTOCTH C IIPUMEHe-
HHEM JBYMEDHON YIPOIIEHHON IMHAMUYIECKON MOJE/NN KUIKOTO0 KPHUCTAJIAa B AKyCTHIECKOM TPUOJIH-
xkennn. IIpeanosmaraercs, 4ro 3ddekT BO3HUKAET IPU HATPEBAHHUU OJHON W3 IPAHMUI] IPSIMOYTOJLHOTO
2KUJKOKPHUCTAJIndecKoro cjiod. [Ipm pemreHnu cucreMbl ypaBHEHMI MOJEIN IIPUMEHSIETCS METOJ, JIBY-
[AKJITYECKOTO PACIIENJIEHUs 110 MPOCTPAHCTBEHHBIM II€PEMEHHBIM B COYETAHUH C KOHEYHO-PA3HOCTHOMN
cxeMOil pacmajzia pa3pbiBa [0lyHOBa /I ypaBHEHMII aKyCTHKNA W CXeMbl VIBaHOBa ¢ KOHTPOIUPYEMOit
JECCUIIAIAE SHEPIUuu JJIsl ypaBHEHUS TEIUIONPOBoaHOCTH. Vcnonp30Banne Takoit KOMOMHAIIMN KOHETHO-
PA3HOCTHBIX CXEM II03BOJISIET IPOBOJAUTH PACYETHI CBA3aHHBIX TEPMOMEXAHUIECKUX IIPOIECCOB C OJUHA-
KOBBIMU IIIaraM¥ II0 BPEMEHU U II0 IPOCTPAHCTBY, yIOBJeTBOpsiomuMu ycaosuio Kypanra-@punpuxca-
JleBu. YnciieHHBI aJTOPUTM PEAJN30BAH B BUJIE MAPAJIIEIbLHON MPOrpaMMBbl, HAIIUCAHHON Ha SI3bIKE
C+-+. PacnapasutesninBanve BBIYUCTEHUN BBITIOJTHEHO /TSI KOMITBIOTEPOB C TPAMUIECCKUMU YCKOPUTEISIMU
NVIDIA 1o rexnosorun CUDA. IIpoBesens! pactueTsl, JeMOHCTPUPYIOIIAE HEBO3MOXKHOCTE HAOJIIOIEHUS
3ddexTa epeopueHTAIIE MOJIEKYJI »KHAJIKOTO KPHUCTAJLJIa II0JT eMCTBUEM TEMIIEPATYPHI JJIS IIPeCTaB-
JIEHHOIi YIIPOIIIEHHON MOJIEJIA B aKyCTHIeCKOM npubsmkennu. OIHAKO BO3/IEHCTBUE TEMIIEPATyPhI CYIIe-
CTBEHHO BJIMSIET Ha JaBjieHne U ckopoctu. CHesaHo 3aKIOYEHne, YTO MPU yIeTe CUJI TOBEPXHOCTHOTO
HaTSKEHUsT 3TOT 3O dPeKT Oy/reT HabIIOAATHCS JIJIsT UCIIOIB3yeMOi B paboTe MOJIENH.

KiroueBsle ciioBa: >KUJIKUN KPUCTAJLI, TEIJIONPOBOIHOCTD, quHaMuka, TexHosioruss CUDA.
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Abstract. In this paper, we study the effects of plasmonic enhancement of spontaneous emission in
colloidal nanoclusters consisting of Au nanoparticles and CeYTbF3 phosphor. Based on numerical sim-
ulation of various configurations of Au nanoparticles coated with polyethyleneimine, we analyzed the
dependence of plasmonic resonances position on their number and distribution. The results showed
that optimal nanoparticle configurations significantly enhance luminescence in the desired region of the
visible spectrum, which opens up new possibilities for the development of highly sensitive nanosensors.
At the same time, nanoclusters located on a Au substrate demonstrate a lower luminescence enhance-
ment coefficient, while having a more inhomogeneous distribution of the optical near field. The results
obtained reveal the dependence of the luminescence enhancement coefficient on the spatial distribution
and coordination number of plasmonic nanoparticles in a nanocluster. This study contributes to the
understanding of plasmonic interaction mechanisms and its applications in optical immunoassay and
biomedical technologies.
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Introduction

The scale of quantitative and dynamic analysis, which allows determining the state and
behavioral characteristics of chemical and biological objects, is steadily growing [1]. Over the
past decades, a number of electronic methods and devices have been developed for the detection
of biomolecules. On the other hand, analysis based on the detection of photons rather than
electrons is of growing interest to researchers due to the simplification of analytical instruments
and their low cost. Moreover, optical analysis methods are more suitable for studying biological
samples, are non-invasive and allow the sample to be examined under normal conditions. One
such method is immunoassay based on the use of luminescent labels, the emission of which
changes when an antigen with this label (refered to as probe when combined) is attached to
the analyte [2]. Organic molecules are primarily used as labels in many areas of biomedicine.
Nevertheless, despite the significant amount of research devoted to optical sensor systems using
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organic probes, the difficulties associated with the preparation and production of such systems,
as well as the photonic instability of organic materials, to some extent limit their practical
application, especially in the context of long-term monitoring. In this regard, it seems advisable
to develop stable optical systems based on new materials.

In the context dynamic progress in various fields of medicine, nanomaterials with a high spe-
cific surface area and unique optoelectronic properties are widely used for adsorption, in catalysis
and analyte detection [3-5]. In particular, optical analysis based on plasmonic nanoparticles is
applied to study various target objects, including chemical compounds, biomolecules, as well as
physical characteristics such as temperature and viscosity to name a few [6-8|. Localized surface
plasmon resonance (LSPR) in noble metal nanoparticles, associated with collective oscillations
of free electrons, not only determines the color of the nanoparticles, but also leads to a change in
the luminescence of nearby emitters due to interaction with the their near-field. In this regard,
optical analysis based on plasmonic nanoparticles can be carried out both through absorption
and through fluorescence. The high stability of LSPR allows for long-term tracking of individual
plasmonic nanoparticles, which facilitates the detection of transient processes and detailed study
of chemical and biological reactions [9].

LSPRs significantly increase the efficiency of photon absorption and scattering. As a result,
plasmonic nanoparticles, unlike traditional organic dyes, demonstrate a significantly higher ex-
tinction coefficient, which often exceeds that of dyes by several orders of magnitude. LSPRs
enhance electric fields near the surface of nanoparticles, with the magnitude of the enhancement
depends on the inverse of the distance to the surface. In addition, the LSPR, characteristics of
nanoparticles can be tuned by varying parameters such as size, morphology, distance between
nanoparticles, and properties of the environment [10,11]. In particular, the aggregation of col-
loidal plasmonic nanoparticles into clusters can significantly modify the fields on their surface.
Recent studies have demonstrated that excited conduction electrons located on the surface of
plasmonic nanoparticles are also capable of interacting with the dipoles of nearby luminescent
nanoparticles (LNPs) used to detect a specific target molecule, changing their luminescent prop-
erties [11,12]. This interaction can lead to two opposite results: luminescence quenching and
enhancement. In particular, the degree of quenching or enhancement caused by LSPR is affected
by the LNP characteristics and the distance between the LNP and plasmonic nanoparticles in
addition to the LSPR parameters. An increase in the signal level is usually achieved when the
LSPR frequency of the metal nanostructure coincides with the LNP excitation frequency. This
contributes to an increase in the excitation intensity due to the localization of the electromag-
netic field near the metal nanostructure. An increase in the luminescence intensity can also be
realized by increasing the rate of radiative transition of emitters, which is known as the Purcell
effect [13]. This effect is observed when the LSPR frequency of the metal nanostructure coincides
with the radiation frequency of the LNP.

In addition to enhancing luminescence, this condition can lead to non-radiative resonant
energy transfer (RET) from the donor ion to the metal nanostructure through their near fields.
This interaction can cause luminescence quenching, known as the Forster effect [14,15]. Most
studies indicate that the luminescence of LNPs is enhanced by interaction with various types
of plasmonic metal nanostructures, such as silver periodic nanogratings [16], gold pyramids,
nanoholes, nanorods and planar triangular nanoantennas [17-20]. A 20-30-fold enhancement
of the fluorescence of labeled biomarkers on cells was also demonstrated using plasmonic gold
nanoisland films [9]. A significant Purcell factor (~100) and a limiting detection concentration
of 3.1 pmol/L were demonstrated using a system consisting of an organic label and an Au/Ag
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oligomer [21]. In the work [22], the influence of the geometry and number of NPs in Au oligomers
on the luminescence of organic label was studied, but the authors did not distinguish Purcell
effect from other causes of decay rate increasing. However, luminescence quenching has also been
observed in other studies. For example, Zhang et al. [23] reported a decrease in the luminescence
brightness of 120 nm diameter LNPs with a 20 nm thick silica shell when interacting with 9.4 nm
diameter gold nanoparticles. Luminescence quenching due to non-radiative RET in LNPs has
also been demonstrated when interacting with gold nanoparticles of similar or smaller size [24, 25].

In the context of the above, plasmon-enhanced luminescence is the result of the influence of
many factors. In particular, the sensitivity of LSPR to the surrounding analyte molecules can
be used. In our work, nanoclusters are considered, the cores of which are LNPs of CeYTbF3
surrounded by gold nanoparticles (AuNP). The luminescence of these LNPs occurs due to tran-
sitions from the 5Dy level to the sublevels of the "F state [26]. The wavelengths of the four
observed transitions are approximately 490 nm, 540 nm, 590 nm and 620 nm. These lines are
partially or completely overlapped by the LSPR band of AuNP, which enables Purcell effect.
This system can be synthesized in a colloidal solution and then deposited on a substrate. An
idea arises to use such structures as labels for immunoassay of biologically significant analytes
both in liquid and in the form of special substrates for analysis. Radachlorin, which has absorp-
tion bands in the violet and red-orange regions of the visible spectrum, is considered as a test
analyte in the work. Among the extensive set of experimental data on the control of particle
luminescence using plasmonic nanostructures, two main aspects are distinguished that determine
the unique properties of hybrid systems: the size and shape of the subsystems, as well as the
distance between them. Our main goal is to characterize from a fundamental perspective the
possibility of plasmonic enhancement of luminescence as the number of plasmonic nanoparticles
and their configuration change. This will allow us to predict the average Purcell factor and to
determine the configurations that contribute most to the luminescence enhancement for different
concentrations of AuNPs and their ratio to the concentration of LNPs. This will be a significant
step in the development of nanosensors based on luminescence quenching or enhancement.

1. Simulation parameters and conditions

Simulation of plasmonic enhancement of spontaneous emission (Purcell effect) in a nanocluster
was carried out, consisting of a core — a dielectric particle of CeYTbF3 phosphor with a radius
of 10 nm and ligands surrounding the core — plasmonic AuNP with a radius of 47 nm, coated
with a polyethyleneimine (PEI) shell with a thickness of 4 nm. The polymer shell was used as a
linker between the core and ligands, as well as to reduce the influence of near-field energy transfer
(Forster effect). Radachlorin was considered as a possible analyte near the examined system.
The finite-difference time-domain (FDTD) method was used. The size of the simulation region
was 600x600x650 nm, the cell size of the computational grid was 4 nm, and a denser grid with
a cell size of 1 nm was set on the objects. The refractive index of the surrounding space was
chosen to be constant and equal to 1.33 (water). The boundary conditions chosen were perfectly
matched layers (PML) with a total of 8 layers with a standard profile in the stretched-coordinate
formulation. To mitigate the consequences of the staircasing approximation of non-flat surfaces
on a Cartesian computational grid, a conformal sub-pixel smoothing algorithm was applied. The
dielectric permittivity of the phosphor was specified using the Lorentz model:

Ne2 fOSC

€E=¢€q+ ) 5
meg wi — w? — iwy

(1)
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where ¢4 = 2 is the dielectric permittivity of the crystalline matrix, N = 102! cm™3 is the
concentration of Tb ions, fyse = 6 - 10~% is the oscillator strength of the transition from the
ground state to the 5Dy level [27,28], wy and v are the cyclic frequency and linewidth, taken
from the experimental spectrum [26], m, e are the mass and charge of the electron. The dielectric
permittivity of gold was taken from the CRC Handbook [29]. Tabulated values are approximated
by built-in models of the simulation software (Ansys Lumerical FDTD). The refractive index of
the polymer linker shell (PEI) was assumed constant and equal to 1.52 [30].

The Purcell factor was calculated as the ratio of local densities of electromagnetic states in
the presence and absence of plasmonic nanoparticles. The power emitted by a unit point light
source was calculated for this. The local density of states is defined by the formula:

pu(r,w) = % {nM -Im {G(r, r,w)} . nu} (2)

where c is the speed of light in vacuum, n, is the unit vector in the direction of the dipole
moment, G is the total dyadic Green’s function for the electric field. The light source was a
point dipole located at the center of the LNP. The range of emitted wavelengths was 300-800
nm. As follows from the Eq. (2), the Purcell effect depends on the Green’s function, which means
the enhancement of luminescence is influenced by the environment. For the sensor to be most
sensitive to the presence of a specific analyte, the absorption bands of the analyte should fall
within the band of the LSPR. In this case, the influence of the analyte on the Purcell effect will
be greatest, potentially shifting the peak of luminescence enhancement.

2. Modeling of different configurations of Au ligands
surrounding a CeYTbF3; nanoparticle on an Au substrate

In order to achieve a significant change in the Purcell effect in the presence of one or more
analyte molecules near a nanoparticle or nanocluster, it is necessary to use structures with LSPR
in the analyte absorption region. To find structures with such properties, we simulated the
plasmonic enhancement of spontaneous emission in a system consisting of one dielectric particle
of the CeTbF3 phosphor and a different number (from 1 to 5) of AuNPs coated with a PEI shell
and lying on an Au substrate.

The number of all simulated configurations of the ligand arrangement around the LNP was 7:
there were 1 configuration with one AuNP, 1 with two AulNPs, 2 with three AuNPs, 2 with four
AuNPs, and 1 with five AuNPs.

In the first configuration, one AuNP and a LNP were positioned vertically one above the other
relative to the Au substrate, with the AuNP being closer to the substrate surface. The dipole
moment of the source was directed along the vertical axis of the nanocluster, perpendicular to
the substrate surface (Fig. 1(a)). In this configuration, the plasmon resonance was in the green
region of the visible spectrum. In the second configuration, two AuNPs and a LNP lay on the
surface of an Au substrate on one straight line, the dipole moment of the source was directed
parallel to the substrate surface (Fig. 1(b)). The main peak of the plasmon resonance was also in
the green region of the visible spectrum, but, in addition, there were also bands in the red-orange
region.

In the configuration with three AuNPs, the ligands were arranged on the substrate surface in
such a way that they formed an isosceles triangle, with the LNP located at its center. The dipole
moment was oriented parallel to the substrate surface and parallel (blue curve) or perpendicular
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Fig. 1. The Purcell factor: (a) in the presence of one ligand on the Au substrate with the source
dipole moment oriented along the vertical axis of the nanocluster, perpendicular to the substrate
surface, (b) in a linear configuration of 2 ligands on the Au substrate with the source dipole
moment oriented parallel to the line of connection of AuNPs, (¢) in a triangular configuration
of 3 ligands on the Au substrate with the source dipole moment oriented along the height (blue
curve) and perpendicular to the height (orange curve) of the triangle, (d) in a square configuration
of 4 ligands on the Au substrate with the source dipole moment oriented along the side (blue
curve) and the diagonal (orange curve) of the square. The insets show the nanocluster geometry
(side view for (a-b) and top view for (c-d)

(orange curve) to the height of the triangle. The Purcell factor for this configuration are presented
in Fig. 1(c).

In the configuration with four AuNPs, the ligands were arranged on the surface of the Au
substrate to form a square, with the LNP at its center. The dipole moment was oriented parallel
to the substrate surface along the side (blue curve) or the diagonal (orange curve) of the square.
Fig. 1(d) shows the Purcell factor in this configuration.

In the configuration with five AuNPs, the ligands were located on the surface of the Au
substrate, forming a regular quadrangular pyramid, the LNP was in the center of the pyramid.
The dipole moment was oriented parallel to the surface of the substrate along the diagonal
of the pyramid base. A schematic representation of this configuration (side view) is shown in
Fig. 2. Tt should be noted that the spectrum contains additional plasmon resonance peaks at
other wavelengths, which is due to the fact that the geometry of this cluster supports several
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plasmon resonance modes. When using radachlorin as an analyte, configurations with four and
five AuNPs on a substrate are optimal, since they exhibit a plasmonic enhancement peak that
coincides with the long-wavelength absorption region of radachlorin.

Purcell factor

T T T
400 500 600 700 800
Wavelength (nm)

Fig. 2. Purcell factor in a configuration with 5 AuNPs forming a regular quadrangular pyramid
with the LNP in the center, on an Au substrate. The dipole moment was oriented parallel
to the substrate surface along the diagonal of the pyramid base. The inset shows a schematic
representation of the system configuration (side view)

3. Modeling of different configurations of Au ligands
surrounding a CeYTbF3; nanoparticle in a colloidal solution

In order to clarify the overall picture of luminescence enhancement in a colloidal solution,
the simulations of plasmonic enhancement of spontaneous emission were performed in a system
consisting of one dielectric particle of the CeTbF3 phosphor and a different number (from 1 to 4)
of Au ligands in nonequivalent configurations. The number of all simulated configurations of the
arrangement of AulNPs around the phosphor was 19, of which there were 1 configuration with
one nanoparticle, 4 with two AuNPs, 7 with three AuNPs, and 7 with four AuNPs. In the case
of two AuNPs, we simulated the local density of states in the following configurations:

2.1. Two AuNPs are adjacent to the LNP along the diameter, the source dipole moment
vector is parallel to the system axis;

2.2. Two AuNPs are adjacent to the LNP and touch each other, forming a dimer, the dipole
moment is directed towards the center of one of the AuNP of the dimer;

2.3. Two AuNPs are adjacent to the LNP and are in contact with each other, forming a
dimer, the dipole moment is directed perpendicular to the direction of the center of one of the
AuNPs;

2.4. Two AuNPs are adjacent to the LNP and are in contact with each other, forming a
dimer, the dipole moment is parallel to the dimer axis.

In the case of three gold particles, we performed numerical simulation of the local density of
states in the following configurations:

3.1. The third AuNP is added to the configuration 2.1 adjacent with one of the AuNPs along
the diameter;
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3.2. Three AuNP are adjacent each to the LNP and placed at the vertices of the isosceles
triangle, which lateral sides are formed by contacting AuNP, the source dipole moment is oriented
along the height of the isosceles triangle;

3.3. Similar to the configuration 3.2, but the source dipole moment is oriented parallel the
base of the isosceles triangle formed by the centers of AuNPs;

3.4. Similar to the configuration 3.2, but the source dipole moment is oriented parallel the
leg of the isosceles triangle formed by the centers of AuNPs;

3.5. Three AuNPs are in contact and are located at the vertices of the square, in the center
of which is the LNP, leaving one corner of the square free; the dipole moment is directed along
the diagonal of the square;

3.6. The third AuNP is added to the configuration 2.1 adjacent with both of the AuNPs,
but no touching LNP, the source dipole moment is oriented along the base of the acute-angled
isosceles triangle formed by the centers of AuNPs;

3.7. Three AulNPs are in contact and are located at the vertices of obtuse-angled isosceles
triangle, the LNP occupies the base center, contacting only the middle AuNP (at the obtuse
angle), the source dipole moment is oriented along the base of the triangle;

In the case of four AuNPs, we modeled the local density of states in the following configura-
tions:

4.1. Two dimers of AuNPs are arranged along the diameter of the LNP, touching it so that
the centers of all five nanoparticles lie on the same line; the dipole moment of the source is
parallel to the axis of the system:;

4.2. The fourth AuNP is added at the free corner of the square in the configuration 3.5, the
dipole moment of the source is directed parallel to the side of the square;

4.3. Similar to the configuration 4.2, but the source dipole moment is directed parallel to the
diagonal of the square;

4.4. The four contacting AuNPs are located at the corners of a rhombus and the LNP
occupies the center, touching two AuNPs and forming the minor diagonal of the rhombus; the
dipole moment of the source is directed parallel to the major diagonal of the rhombus;

4.5. Similar to the configuration 4.4, but the dipole moment of the source is directed parallel
to the minor diagonal of the rhombus;

4.6. Two dimers are each contacting the LNP by all their AuNPs so that the axes of the dimers
are mutually perpendicular, and they themselves form two of the six edges of a tetrahedron with
the LNP in the center; the dipole moment of the source is oriented orthogonally to the axes of
both dimers;

4.7. Similar to the configuration 4.6, but the source dipole moment is oriented parallel to the
axis of one dimer and perpendicular to the axis of the other dimer.

Several plasmon resonance modes were observed in clusters of plasmonic nanoparticles. For
each configuration, the positions and values of the Purcell factor function were found in no more
than two most intense maxima of the spectrum. The results are shown in Fig. 3(a). In most
configurations, the plasmon resonance peak is in the green part of the visible spectrum. Due to
the large inhomogeneity of the field near the contacts of AuNPs, plasmon resonance peaks at
other wavelengths are also observed in the spectrum. For example, in the configurations 2.4, 4.2
and 4.4, the main plasmon resonance peak is located in the orange part of the spectrum, and
in the configuration 4.5, both plasmon resonance peaks (green and orange) have approximately
the same intensity. For instance, the Purcell factor for different configurations of two AuNPs are
given in Fig. 3(b).
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Fig. 3. (a) Purcell enhancement factor as a function of the number of AuNPs for different
configurations of their arrangement. The wavelength of the plasmon resonance peaks is shown
in color. (b) Purcell enhancement factor for different configurations of two AuNP as a function
of wavelength

Conclusion

The study yielded interesting results concerning plasmonic enhancement of spontaneous emis-
sion in Au-CeYTbF3 colloidal nanoclusters. Modeling of various AuNP configurations showed
that the number and spatial arrangement of nanoparticles relative to each other significantly
affect plasmonic resonances and, accordingly, the luminescence efficiency. The Purcell factor at
the peak of plasmonic resonance in the most nanocluster configurations reaches about a hundred.

In the studied configurations, the main peaks of plasmon resonance were observed, which
were mainly located in the green part of the visible spectrum. This peak is associated with the
main dipole mode of plasmon resonance of nanoparticles. However, depending on the geometry
of the nanoclusters, peaks were also recorded at other wavelengths, which indicates a complex
nature of interactions between nanoparticles. There are configurations where plasmon resonance
is observed in the red-orange region of the visible spectrum. This is also a dipole resonance, but
not in individual particles, but in the cluster as a whole. In this case, the remaining peaks are
associated with the excitation of a higher order multipolar resonances. As a consequence, the
optical near-field of these modes decays in space much faster.

Numerical simulation of clusters on the Au substrate showed that there also can be excited
several plasmon resonance modes. The substrate acts as a mirror, as if doubling the number of
particles, thereby leading to greater inhomogeneity in the space of the exciting field, and this
in turn leads to the excitation of modes of greater multipolarity, while the field has a greater
localization in the space between the particles. If it is necessary to control the symmetry of
individual configurations, the system of clusters on a substrate looks preferable. In addition,
a nanocluster located on a substrate leads to the excitation of surface plasmons on its surface,
thereby part of the energy leaks away. Therefore, for these systems, a smaller value of the Purcell
factor is observed than in colloidal nanoclusters.

The best results in terms of plasmonic enhancement were obtained for configurations with four
and five AulNPs, where the plasmonic enhancement peaks coincided with the long-wavelength
absorption region of radachlorin.
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The study allows us to determine the number of particles in a cluster that is required for a
given analyte to produce plasmonic resonance in the desired region. Specific configurations can
be controlled in the case of a nanocluster on a substrate, but cannot be controlled in a colloidal
solution. Thus, by changing the particle size and changing the concentration of plasmonic par-
ticles, it is possible to tune the sensor for a specific desired substance. Given the importance of
the spatial distribution and orientation of nanoparticles, further research can focus on optimizing
the configurations and studying the effect of the ligand material on the plasmonic resonance of
the nanoparticle cluster, which will improve the performance of future sensor systems.

This paper has been supported by the Kazan Federal University Strategic Academic Leadership
Program "Priority 2030".
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AddekThI 6IMKHEII0JIEBOTO B3aNMO/IefiCTBUS B KOJIJIOUTHBIX

HaHokJyactepax Au-CeYTbF; npu mimazmorHOM
MUMMYHOAQHAJI3e

Qumuna A.W3bacaposBa

Amaz P.T'azuzos

Nucruryt dusuxn

Kazanckuit denepanbHblil yHUBEpCATET
Kaszaub, Poccuiickas @epepanms

AnHoTaiuda. B nanHoii crarbe nccsieayorces 3O@eKThI IMIa3MOHHOIO YCUJIEHUs CHOHTAHHOT'O U3JIy YeHU s
B KOJJIOMJIHBIX HAHOKJIACTEpPAX, COCTOSIINX U3 30JI0ThIX HanodacTull u Jyiromunodopa CeYTbFs. C mo-
MOIIBIO MOJIEJIMPOBAHUS PA3INIHBIX KOH(MUTYPAII HAHOIACTHUIL, IOKPBITHIX MOJAITUICHUMUHOM, OBLIA
[IPOAHAJIN3UPOBAHA 3aBUCUMOCTD IOJIOYKEHUS IIJIA3MOHHBIX PE30HAHCOB OT WX KOJMYECTBA U PACIIOJIO-
JKeHUsi. Pe3yibTaThl MOKa3aJ/Ii, 9TO ONTHMAJIbHBIE KOH(DUTY AU HAHOYACTHUI] 3HAYUTETHHO YCUIUBAIOT
JIIOMUHECIIEHITHIO B TpeOyemoii 00/IaCTH BUAMMOTO CBETA, ITO OTKPBHIBAET HOBBIE BO3MOXKHOCTH JJIsT Pa3-
paboTKU BBICOKOYYBCTBUTEJBHBIX HAHOCEHCOPOB. B TO »Ke BpeMsi HAHOKJIACTEPBI, PACIIOJIOXKEHHBbIE Ha
30JI0TOM TOJJTOXKKE, JEMOHCTPUPYIOT MEHBIIHNH KO3(MQMUIIEHT YCUIEHUs JIIOMUHECIEHIINN, 00Ia1ast Ipu
3TOM 60Jiee HEOTHOPOMHBIM PACIPEIeIEHIEM OJIMKHETO ONTUIecKOro moJsi. [losyueHnHble pe3ysbrarh
PaCKpBIBAIOT 3aBUCUMOCTH KO3 DUIMEHTa YCUIEHUsI JTIOMUHECIEHIIUU OT IIPOCTPAHCTBEHHOI'O PacIpe-
JIeJIeHsT 1 KOOP/IMHAIIMOHHOTO YHCJIa MJIa3MOHHBIX HAHOYACTHI] B HaHOKJacTepe. /laHHOe ncciemoBanme
BHOCHT BKJIaJ B TIOHUMAHAE MEXaHU3MOB ILIA3MOHHOTO B3aMMOJIEHCTBUS W €ro IMPUMEHEHUsl B 00JacTu
ONTUYECKOrO UMMYHOAHAIN3a U OMOMEIUIIMHCKUX TEXHOJIOTHIA.

KuroueBble cjioBa: mia3MoHHbIE HAHOYACTHIEI, 3derT [lapcemna, apderr Pepcrepa, MomeTMPOBa-
aue merogom FDTD, sromuHeciieHTHBIE HAHOYACTHUIIHI.
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Abstract. The finite difference time domain method was used to simulate the propagation of Gaussian
beams and optical vortices with circular, radial, azimuthal polarization on subwavelength ring gratings
with standard and GRIN substrates in this paper. The height of individual zones of the optical elements
relief was varied. It was shown that it is possible to select the beam type and element parameters in
such a way that a long light needle (up to 8.2)X) and a narrow focal spot are formed on the optical axis
(up to 0.33X).
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Introduction

The materials and media with gradient refractive index (GRIN) have found wide application
in many areas of human activity [1-13]. The use of GRIN materials for light collimation [8, 14],
solving optical communication problems [15], light propagation control [5,16], and in biology
[6,12] is well known. One of the main features of gradient refractive index media is the non-
uniform distribution of the refractive index in space [2,4,9,17]. Such media can be classified
depending on the shape of the surfaces, for which the refractive index is constant [9], often
distinguishing symmetrical GRIN media with respect to a given coordinate [9] and arbitrary
GRIN media (F-GRIN), where an arbitrary three-dimensional distribution of the refractive index
is observed [4]. Also, neural networks are known to be used for designing such media [18§].

The vortex and Gaussian beams have been actively used to solve problems in optics and
photonics [19-36] in recent years. In particular, such laser beams are used for tight focusing
[16, 30, 25, 37|, optical information transmission [22, 38], optical manipulation [20, 24, 35, 39-41],
and probing [42]. To generate such beams, it is known to use such optical structures as metalenses
and metasurfaces [8, 20, 43], spiral phase plates [20,44, 45], and ring gratings [46-48]. It should
be noted that ring gratings and diffraction axicons in various combinations are also used to obtain
optical needles with a large focal depth [30,34,49-51].

The diffraction of Laguerre-Gaussian modes (0, 0) and (0, 1) (Gaussian beams and first-order
optical vortices with the azimuthal index is equal to one were considered) with circular, radial,
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azimuthal polarization in the near zone of subwavelength ring gratings with a standard substrate
and a GRIN substrate was studied in this paper. The height of individual zones of the element
relief was varied. Numerical 3D-modeling was performed by the finite difference time domain
(FDTD) method using the Meep software package [52].

1. The Gaussian beams diffraction on different substrates
with varying relief height

The FDTD simulation was performed with the following simulation parameters: the wave-
length X of the input radiation was 0.532 pm, the spatial simulation step was A/30, and the time
step was A\/(60c), where c is the speed of light.

The three-dimensional computational domain with 8.4 pym in size was considered in paper,
which was surrounded on all sides by a 0.6 pm thick PML absorbing layer.

The effect of three different types of substrates was analyzes in the paper: a standard sub-
strate with a refractive index of n = 1.47, and two types of GRIN substrates with different
directions of refractive index change. The case when the refractive index changes from a maxi-
mum value in the center to a minimum value at the edges will be called a direct GRIN substrate,
the opposite case, when the minimum refractive index is in the center and its uniform increase
occurs toward the edges of the substrate, will be called a reverse GRIN substrate.

The minimum refractive index size in the case of GRIN substrates was n = 1.47 (similar to
the standard substrate), the maximum refractive index was 2.7. The refractive index change step
was 0.123. It should be noted that the GRIN substrates were rings of the same width with differ-
ent radii, uniformly inscribed into each other on a square substrate measuring 16.5A x 16.5\ x A.
The height of all substrates was fixed and was .

The propagation of Laguerre-Gauss modes in free space can be described by the expression (1)
[63-55]:

Var

|m|
GLym (1, ¢, 2) = ((I(Z)> exp(ikz) exp[—i(2n + |m| + 1)n(z)] x

where r? = 22 +y%, ¢ = arctg(y/z), n = arctg(z/20), R(z) = 2(1+ 23/2%) — radius of curvature
of the light field parabolic front, o(z) = og\/1 + 22/22 — the effective beam radius, zg = mo3 /A
— confocal parameter, L7 (x) — generalized Laguerre polynomial.

The input beams were first-order optical vortices (Laguerre-Gaussian modes (0, 1)) and Gaus-
sian beams with o = 1.5 ym with circular, radial and azimuthal polarizations. It should be noted
that the circular polarization, in which the sign of the circular polarization is opposite to the sign
of the introduced vortex phase singularity, was considered in this paper. In this case the maxi-
mum intensity value is formed on the optical axis for the Laguerre-Gaussian modes (0, 1) [21].

The optical elements were considered: a diffraction axicon with a height of h = 1.06\ (the
relief height was chosen based on the phase jump of 7 radians), a direct ring grating (the height
of the relief rings changed from a maximum in the center hmax = 4.79\ to a minimum at the
edge hmin = 1.06\ with a step of 0.53)\), and an inverse ring grating (similar maximum height
and step of its change), in the case of which the height changed from a minimum in the center
hmin = 1.06\ to a maximum value hmax = 4.79\ at the edge of the element. The period of all
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optical elements considered was 1.05\.

The longitudinal and transverse dimensions of the light segments obtained on the optical axis
were estimated in the paper. The focal spot size was estimated by the standard full width at half
maximum (FWHM) at the point of maximum intensity on the optical axis outside the element,
and the length of the light needle along the radiation propagation axis (depth of focus — DOF)
was estimated in a similar manner.

It should be noted that a direct GRIN substrate allows for additional focusing of radiation
and, accordingly, a smaller focal spot size, while in the case of a reverse GRIN substrate, which
in this case acts as a diffusing lens, an extension of the light segment size is observed.

Fig. 1 shows the passage of a Gaussian beam through a diffraction axicon with a standard
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Fig. 1. Longitudinal cross-section (xz) of Gaussian beam propagation (intensity), diffraction
axicon for different types of substrate, circular polarization (a, b, c), radial polarization (d, e, f),
azimuthal polarization (g, h, i)

substrate and GRIN substrates for different polarizations of laser radiation; the element relief
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height was h = 1.06, and the numerical aperture was NA = 0.95. Focusing on the optical axis
is observed for circular and radial polarizations of laser radiation.

The minimum focal spot size was obtained for radial polarization with a direct GRIN substrate
FWHM = 0.33)\, which is 21.4% smaller than the focal spot size obtained with the same type of
polarization for a standard substrate.

The maximum size of the light needle was also obtained for radial polarization, but for a
reverse GRIN substrate DOF = 2.93\, which is 23.6% longer than the light needle obtained in
the case of a standard substrate. It also should be noted that for circular polarization, the use
of a direct GRIN substrate led to focusing of the beam inside the element.

Let us now consider the diffraction of Gaussian beams on the direct and inverse ring gratings
described above (Fig. 2 and Fig. 3, respectively). We will also monitor the longitudinal and
transverse sizes of the light segment on the optical axis. Accordingly, we will now consider
circular and radial polarization of laser radiation.

Standard substrate : Direct GRIN substrate : Reverse GRIN substrate
b

a)

Circular polarization

Radial polarization

The maximum is inside the element + The maximum is inside the element ., FWHM =045k, DOF =1.07%

Fig. 2. Longitudinal cross-section (xz) of Gaussian beam propagation (intensity), direct ring
grating for different types of substrate, circular polarization (a, b, c), radial polarization (d, e, f)

So, as can be seen from Fig. 2, the formation of intensity peaks on the optical axis inside the
element is observed for the standard substrate, as well as for the direct GRIN substrate with ra-
dial polarization. The smallest focal spot size was obtained for the reverse GRIN substrate with
circular polarization FWHM = 0.43\. The maximum size of the light needle was also obtained
for circular polarization with the direct GRIN substrate (DOF = 7.7)).

It should be noted that in the case of the direct GRIN substrate for radial polarization a
redistribution of intensity from the optical axis and the formation of a ring are observed at a
distance of over 4\ from the element relief.

In the case of the inverse ring grating (Fig. 3) the main intensity peak is formed inside
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the element for circular polarization and the standard and direct GRIN substrates, but then
the formation of maxima of comparable intensity values was observed outside the element.
The minimum focal spot size was obtained for the direct GRIN substrate with radial polar-
ization (FWHM = 0.54)). In this case, the maximum size of the light needle also was obtained:
DOF = 8.2\.
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Fig. 3. Longitudinal cross-section (xz) of Gaussian beam propagation (intensity), inverse ring
grating for different types of substrate, circular polarization (a, b, c), radial polarization (d, e, f)

Thus, the direct GRIN substrate with radial polarization of laser radiation demonstrated its
efficiency for Gaussian beams: the minimum focal spot size (FWHM = 0.33)\) was obtained for
the usual relief of the diffraction axicon, the maximum size of the light needle was obtained for
the relief of the inverse ring grating (DOF = 8.2)).

Let us further consider similar optical elements with a different type of input laser radiation —
the Laguerre-Gauss mode (0, 1).

2. The Laguerre-Gauss mode (0, 1) diffraction on different
substrates with varying relief height

This section presents studies on the influence of changes in the height of individual relief zones,
the type of substrates, and the polarization of the input laser radiation for Laguerre-Gaussian
modes (0,1) on the diffraction pattern in the near zone.

Fig. 4 shows the passage of first-order optical vortices through a standard substrate and GRIN
substrates for different laser radiation polarizations (the element relief height was h = 1.06\). The
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focusing on the optical axis is observed for circular and azimuthal laser radiation polarizations
as expected [21].

The minimum focal spot size was obtained for the direct GRIN substrate for azimuthal
polarization of laser radiation (FWHM = 0.42)). However, it should be noted that the decrease
in the focal spot size is insignificant. The maximum size of the light needle was also obtained for
azimuthal polarization in the case of the reverse GRIN substrate (DOF = 3.07)\).

Direct GRIN substrate

Standard substrate Reverse GRIN substrate

a)

Circular polarization
o o B B N N W W s oA

FWHM = 0.7, DOF = 2.17A

Radial polarization

Azimuthal polarization

FWHM = 0.48), DOF = 3.07A

FWHM = 0.43)., DOF = 2.46) FWHM = 0.42%, DOF = 2.38)

Fig. 4. Longitudinal cross-section (xz) of the propagation of first-order optical vortices (intensity),
diffraction axicon for different types of substrate, circular polarization (a, b, ¢), radial polarization
(d, e, f), azimuthal polarization (g, h, i)

Let us consider further, as before, the direct and inverse ring gratings (Fig. 5 and 6, respec-
tively), with circular and azimuthal polarization of laser radiation.

As can be seen from Fig. 5, the focusing is observed inside the element for a standard substrate,
as in the case of a Gaussian beam. It should be noted that the focusing on the optical axis is
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observed for a direct ring substrate only in two cases: for a reverse GRIN substrate with circular
polarization (with a focal spot size of FWHM = 0.52 \) and for a direct GRIN substrate in the
case of azimuthal polarization (DOF = 4.91\).

Standard substrate Reverse GRIN substrate

Direct GRIN substrate

a)

Circular polarization

Azimuthal polarization

The maximum is inside the element The maximum is inside the element

Fig. 5. Longitudinal cross-section (xz) of the propagation of first-order optical vortices (intensity),
direct ring grating for different types of substrate, circular polarization (a, b, c), azimuthal
polarization (d, e, f)

For a direct GRIN substrate a ring is formed in the case of circular polarization. But a
light needle was formed on the optical axis for a similar type of element and polarization for a
Gaussian beam.

In the case of a reverse ring grating (Fig. 6), for the considered types of polarization, intensity
oscillations are observed on the optical axis. Moreover, for circular polarization, with distance
from the element, a redistribution of intensity from the optical axis is observed and intensity
ring with a minimum intensity value on the optical axis is formed.

The minimum focal spot size was obtained for a direct GRIN substrate with azimuthal po-
larization of laser radiation (FWHM = 0.43X) in the first maximum outside the element.

The maximum size of the light needle is also obtained for this case, i.e. in the case of the
reverse GRIN substrate (DOF = 5.99\). However, it should also be noted that a powerful
light needle is formed for the case of the reverse GRIN substrate with azimuthal polarization
(DOF = 5.58)).

Thus, the use of both the direct and reverse GRIN substrates also allows one to obtain longer
focal segments for the Laguerre-Gaussian modes (0, 1) than when using a standard substrate.

In particular, the use of the reverse GRIN substrate for circular polarization allowed one to
achieve an increase in the focal light segment size by 31.8% (DOF = 2.86)) than when using a
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standard substrate in the case of a diffractive axicon. And both the direct and reverse GRIN
substrates in the case of a reverse ring grating for azimuthal polarization allow one to obtain an
extended light segment.
Moreover, the formation of a light needle 2.43 times longer than the light needle formed by a
standard diffractive axicon (DOF = 5.99)) is observed in the case of the direct GRIN substrate.
It should be noted that for a Gaussian beam, the maximum light tip size was also obtained
for the inverse ring grating relief (DOF = 8.2)) and the direct GRIN substrate.

Standard substrate ' Direct GRIN substrate ' Reverse GRIN substrate

Circular polarization

Azimuthal polarization

FWHM) = 0.47, DOF1 = 331\,
FWHM?: = 0.49%, DOF2 = DOF1,
FWHM:s = 0.58%, DOF3 = 336\

FWHMI = 0.49%, DOF2 = 0.61A,
FWHM2 = 0.48%, DOF2 = 0.834,
FWHM3 = 0.624, DOF3 = 5.58\

FWHM = 0.43%, DOF =2 48},
FWHM2 = 0.53%, DOF2 = 5.992,
FWHM3 = 0.61%, DOF3 = DOF2

Fig. 6. Longitudinal cross-section (xz) of the propagation of first-order optical vortices (intensity),
inverse ring grating for different types of substrate, circular polarization (a, b, ¢), azimuthal
polarization (d, e, f)

Conclusion

The FDTD method was used to simulate the diffraction of Gaussian beams and Laguerre-
Gauss modes (0, 1) with circular, radial, azimuthal polarization on subwavelength ring gratings
with standard and GRIN substrates in this paper. The height of individual zones of the element
relief was varied.

It should be noted that the use of a direct GRIN substrate resulted in a decrease in the focal
spot size for both the Gaussian beam (FWHM = 0.33)) and the Laguerre-Gaussian mode (0, 1),
FWHM = 0.42), compared to the action of a diffractive axicon with a conventional substrate.

The influence of the direct GRIN substrate for individual cases also manifested itself in the
formation of long light segments. In particular, for Gaussian beams, the maximum size of the
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light needle was obtained for the relief of the inverse ring grating (DOF = 8.2)) with radial
polarization. In the case of an optical vortex, this type of element also made it possible to form
an extended light segment with azimuthal polarization (DOF = 5.99\).

The use of the inverse GRIN substrate also resulted in the formation of extended light seg-
ments, in particular, for the inverse ring grating in the case of the Laguerre-Gaussian mode
(0,1), a powerful light needle with DOF = 5.58\ was obtained. The same type of element, when
illuminated by a conventional Gaussian beam, allowed the formation of a focal light segment
with an extension of DOF = 6.14\.

This research was funded by the Russian Science Foundation (project No. 24-22-00044),
https:/ /rscf.ru/en/project/24-22-00044/.
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Abstract. The paper presents experimental studies of physical processes and conditions for generate
high-directional white-light supercontinuum in visible range. It was shown that it occurs in filamenta-
tion area and postfilamentation channel under different spectral broadening mechanisms step by step.
Experimentally shown that these phenomena can be realized under aberration focusing.
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Introduction

One of the most interesting phenomena of modern nonlinear physical optics is the effect of
supercontinuum (SC) generation. A significant broadening of laser pulse spectrum during the
propagation in transparent media, including air, under self-focusing, channeling and filamentation
conditions leads to generation of white-light SC. Studies of SC generation present not only
fundamental interest, but also a practical one. The first is associated with the diversity of
nonlinear optical mechanisms involved in the formation of wide SC spectra and determining the
set of its properties, which can change both when using different optical media and when varying
the parameters of pump. Interest in the use of SC in various applications arose and increased
not only due to transportation of light energy over long distances, but also due to fundamental
possibility of remote monitoring of the environment and study of ultrafast processes. In this
case, not only the spectrum width, but also the directionality of the SC is important from both
scientific and practical points of view.

The listed parameters depend on the physical characteristics of the laser radiation such as, for
example: central wavelength, power and intensity, pulse duration and steepness of its leading and
trailing edges, width and shape of the pulse envelope, distribution of radiation in the beam, etc.,
as well as environmental parameters: media composition and concentration of elements, nonlinear
responsibility, external influences. In addition, the spectral parameters of the SC depend not
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only on the propagation medium parameters, but also on the conditions and mechanisms of
interaction of the electromagnetic field with the external environment. Moreover, environment
conditions strongly depend on the beam parameters in the case of high-intensity beams.

SC generation in air has a particular interest, which is accompanied by the filamentation phe-
nomenon during propagation of a powerful ultrashort laser pulse. This effect was first described
by Brown in [1]. Studies of various scientific groups were devoted to the investigation of processes
occurring during filamentation. Thus, the filament structure was studied by the teams of MSU
and Quebec Laval University [2-6], the same groups considered the process of broadening of SC
conical spectrum arising from self-phase modulation (SPM) during filamentation of collimated
beams [7,8]. The groups of National Research Institute of Quebec and Laval University investi-
gated the broadening of axial SC arising from focusing a beam in air [9,10]. In this case, using
dual-frequency pumping, the four-wave Raman mixing (FWRM) process with broadening of the
spectrum into the anti-Stokes region was realized. The generation of separate anti-Stokes lines
is also caused by the rotational SRS processes described in [11,12].

The filamentation process under fs pulse focusing in gases (air and nitrogen under pressure) is
considered in this paper. It is shown that under these conditions axial broadband SC is generated
by the alternate implementation of various spectrum broadening mechanisms which is promoted
by aberration focusing.

1. Results and discussion

The experiments were carried out on the laser complex "Start-480M’ (Avesta project, Russia)
with the following parameters: central wavelength of 940 nm, pulse energy up to 10 mJ, pulse
duration of 60+10 fs. Radiation focusing was performed both by lenses with a focal length of
400 to 1000 mm and by mirror with same foci. Laser beam was focused in a cell filled with air
at atmospheric pressure or with nitrogen of 1-3 atm. The tilt angle of the lens (mirror) and
the gas pressure were selected such that the laser pulse was transformed into an axial white
supercontinuum. The supercontinuum spectrum was recorded using an Ocean Optics HR4000
spectrometer (200-1100 nm): reflected beam sent directly to the spectrometer. The duration of
the pump pulse was measured using an autocorrelator ASF-20 (Avesta Project, Russia). The
energy parameters were recorded by a power and energy meter Gentec Maestro. The experimental
setup is shown in Fig. 1.

The experimental spectra, which are obtained from experiments with producing 2 beams,
are shown in Fig. 2. Results were similar for experiment with 1 beam. Spectral measurements
were made both in the middle of filamentation area (Fig. 2a) and at a distance of 10 meters
from it (Fig. 2b). To obtain stable generation of white light, the tilt angle of the lens (to obtain
one white-light beam) or the mirror (to obtain two white-light beams) was adjusted in each
experiment; in both cases, the tilt angle was about 15°. When focusing with a mirror, two
beams of white light arise due to diffraction on the plasma near the first geometric focus of the
system [13]. All presented spectra were recorded in atmospheric air.

In our investigations [14,15] it was shown that when focusing a high intensity fs pulse in
air medium, SRS on rotational transitions of nitrogen occurs. At the same time, coherent anti-
Stokes Raman scattering (CARS) is observed, producing a peak in the blue wing of the spectrum
(Fig. 2a). The presence of the resulting triplet triggers a cascade FWRM process in the anti-
Stokes region up to 300-500 nm (Fig. 2b). The evidence that it is precisely these processes lead
to spectrum broadening, versus, for example SPM [7] are: high conversion efficiency; dependence
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Fig. 2. Spectral measurements: a) in filamentation area (dotted line is spectra from output
laser); b) at distance of 10 m from filamentation area

of the threshold value of the pump energy required to generate a white-light beam on the pump
wavelength (in [16] the conditions of a same experiment to produce white-light with pumping
at 800 nm are described, but no explanation of the conversion mechanisms is given). Also,
the dependence of intensity of white-light beam on the gas pressure in the cell was obtained in
experiments. When the spectrum is broadened due to the SPM process such phenomena should
not be observed.

However, the fact of need to use aberration focusing to produce white light has previously
remained unnoticed. A number of experiments to determine the optimal lens (mirror) tilt angle
have shown that the optimal angle is 15+5°. At this tilt angle, stable generation of a narrow-
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Fig. 4. Photo of filamentation area under aberration focusing by mirror. Light propagation from
left to right. Bright regions are geometrical focuses. Plasma formation between two thick beams
in second foci region is an energetic reservoir

beam white-light supercontinuum is observed. A study of the spectral component of the white
supercontinuum in the 600-1000 nm region at different lens (mirror) tilt angles has shown that
at non-optimal angles, a process of FWRM to the anti-Stokes region containing only a few peaks
is observed (Fig. 3), whereas in the optimal mode, a cascade process is observed (Fig. 2b).
An analysis of different sources [17,18] shows the contribution of the energy reservoir to the
formation of a stable beam. The same energy reservoir in the region of the second geometric
focus of the system (Fig. 4) contributes to the processes of radiation amplification, which leads
to cascade generation of spectral lines.

Conclusions

The presented results allow us to state that aberration focusing of femtosecond radiation
causes a number of physical processes that lead to ultra-wideband broadening of the pump pulse
and formation of a beam with a divergence close to the diffraction limit. In the prefilament area,
stimulated Raman scattering on nitrogen molecules occurs, leading to the generation of first-
and second-order Stokes lines. Further, in the filamentation area, as a result of the process of
CARS an anti-Stokes component is generated. In the filament and post-filamentation channels,
a cascade process of FWRM is started, the seed components of which are the pump pulse and
the anti-Stokes line. Aberration focusing provides the cascade process, supplement energy from
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the paraxial energy reservoir. High intensity of white-light beam promotes self-channeling in the
post-filamentation area, providing a divergence close to the diffraction limit.

The work supported by the Ministry of Science and Higher Education of the Russian Federa-

tion (FWRM-2021-0014).
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Annoranusi. B paboTe IpuBOAATCS IKCIEPUMEHTAIbHBIE PE3YILTATHl UCCIEIOBAHIMI YCIOBU U MeXa-
HI3MOB (POPMUPOBAHHUS BBICOKOHAIIPABIEHHOTO ITHPOKOIIOJIOCHOTO CYNIEPKOHTUHYYMa B BHANMOI OOJia-
crtu crekTpa. Ilokazano, 4To opMHpPOBaHME TAKOrO M3JIydYeHHUs IIPOUCXOMUT B OOJIACTH (DUIAMEHTA U
MOCT(UIAMEHTAIIMOHHOM KaHAaJe IIyTeM IIOCJIEI0BATEILHON PeaIn3aluy Pa3InTIHbIX MEXAHIU3MOB YIIH-
peHus CleKTpa. DKCIEPUMEHTAIBLHO [TOITBEPXKIAETCsl, YTO JIAaHHOE U3JIydeHre HanboJiee ycToiranBo ¢op-
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Abstract. This work presents the simulation results demonstrating the successful application of single-
pixel imaging for the reconstruction of three-dimensional object images, in combination with LIDAR
technologies. Specifically, the integration of pulsed radiation-based Time of Flight (ToF) and Frequency
Modulated Continuous Wave (FMCW) LIDAR methods is explored. In the case of ToF, the simulations
reveal enhanced accuracy in distinguishing distances between objects that are smaller than the distance
light travels in half the duration of the scanning pulse. These findings highlight the potential of single-
pixel imaging in advanced 3D visualization and distance measurement applications.
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With the active development of autonomous vehicles, robotics, digitalization of the urban
environment, and the spread of smart home technology, object recognition, visualization, and
location detection systems are becoming key elements to ensure more advanced, secure, high-
precision implementations that can adapt to changing conditions. One of the popular methods
currently in use is LIDAR — a technology that stands for "Light Detection and Ranging". LIDAR
technologies are actively used for autonomous navigation [1], environmental monitoring [2], for
autonomous and safe precision landing on solar system bodies [3], service robots [4], odometry
and geospatial mapping [5]. Despite significant progress in remote 3D visualization, current
methods are limited by either detection range or application mode limitations.

The principle of distance measurement in LIDARs can be classified based on the type of
the source. Pulsed illumination is used in the Time of Flight (TOF) technique, where the
distance is calculated by measuring the time it takes for light to return from the object. Con-
tinuous frequency-modulated signal is used in Frequency Modulated Continuous Wave (FMCW)
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LIDAR systems, where the distance is determined using the beat frequency between the initial
and reflected from the object signals. Such techniques can be combined with different imaging
principles.

One of them is raster scanning. For example, advantages of TOF-systems with raster scanning
are a high resolution and long detection range due to the use of short pulses with high peak power.
Notably, the reconstruction of a scene comsisting of n x n x n pixels takes n? measurements.
Accordingly, there is a task of reducing the number of measurements while maintaining quality,
as, for example, increasing the image speed is important for visualizing moving targets. Another
implementation is a Flash camera that illuminates the entire field of view. Flash cameras utilize
a matrix of detectors, raising concerns related to increasing quality and distance range. The cost
associated with resolution enhancements can prove to be exorbitant when employing detector
matrices.

As an alternative can be considered single-pixel imaging (SPI) techniques. Single pixel imag-
ing has found applications in various fields, showcasing its versatility and potential impact. Some
notable applications are Terahertz imaging [7,8], X-ray imaging [9], where is a lack of detectors
with spatial resolution, remote sensing [10], microscopy [11], imaging in low light [12] and noisy
environments [13]. Instead of capturing the entire image at once, SPI relies on illuminating the
object with a series of known, structured light patterns. For each pattern, the light transmit-
ted or reflected by the object is collected by a single-pixel detector (sometimes called a "bucket
detector"), which measures the total intensity of light, without any spatial information. The
modulator position in the setup determines the setup configuration. In the case when the modu-
lator stays between the object and illumination source, the technique names as a ghost imaging
(GI) [14]. Currently from single-pixel technologies, the use of ghost imaging to improve LIDAR
technology has been investigated and has shown both distance improvement and reconstruction
speed increase [15-17].

Another approach is a single pixel camera method (SPC) that is based on structured detection
[18]. This method achieves higher quality of the reconstructed image with an increased distance
compared to the Ghost Imaging (GI) methods. This difference in quality can be attributed to the
contributions of the optical setup elements [19]. This shows the possibility of obtaining better
results when using the SPC method in lidar technologies compared to the GI.

In this work, SPC approach as a a method for obtaining information about the spatial dis-
tribution of objects was studied in combination with Time-of-Flight and Frequency modulated
continuous wave LIDAR technologies for three-dimensional Objects Image Reconstruction.

1. Methods

The simulation was conducted in a Matlab Software Package. The propagation of the spatial
distribution of radiation is considered using the example of the TOF configuration presented in
the Fig. la. Simulation of the spatial profile of radiation includes calculating the field in the
plane in front of the object Ey(x,y,t), its interaction with objects T'(x,y,t), propagation of the
interacted radiation to the DMD and its modulation by patterns.

The distribution of the field in the cross-section was given in the Gauss form according to [20].
The time distribution of pulses also took the form of a Gaussian distribution. The interaction
of the spatial profile with the objects with transfer function 7T'(z,y,t) is calculated as follows:
E(z,y,t) = Eo(z,y,t) x T(z,y,t). Propagation of whole reflected light to the DMD and all
transmitted light to the next objects were made via angular spectrum approach [21].

The pulse Epeforepmp(x,y,t), which came to the spatial light modulator, is modulated by
the mask P;(z,y) at each moment of time. After that, the integral intensity of the modulated
radiation coming to the detector is calculated:
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Fig. 1. A schematic diagram of (a)SPC TOF LIDAR. A pulsed radiation source illuminates the
scene with the object, the light from the target reflects and goes to a DMD. Modulated radiation
is collected on a single-pixel detector, (b) SPC FMCW LIDAR. Frequency chirped radiation
passes through a beamsplitter. The small fraction acts as a local oscillator, another one goes to
the target, reflects and passes to the DMD. After DMD object beam is combined with the LO
signal on the beamsplitter and combined radiation is detected by a balanced detector

The selection of patterns plays a crucial role in SPI, as there are various options available. One
approach is to utilize random patterns, which are particularly advantageous in image recognition
tasks where the full set of patterns is unnecessary. This approach can significantly reduce the
number of measurements, making the process faster and more efficient. However, achievement
of high-precision image restoration still requires a large number of measurements [22]. Another
option is to use Fourier patterns, although they involve gray-scale values, which adds complexity
to their generation and projection when compared to binary Hadamard patterns [23]. At the
same time, in order to obtain a correct image, there is no need to use the entire set of masks.
There are proposed techniques that help to reduce the required number of patterns based on
sorting the columns of the Hadamard matrix, vivid examples are cake-cutting basis sort [24] and
russian dolls [25]. In simulation the Hadamard patterns were used, the P; modulation pattern
is a 256 x 256 pixel matrix. To reduce the computational complexity, the generated mask was
64 x 64 and was expanded in 4 times. Hadamard patterns were formed from the Hadamard matrix
Han of order n = 6. Initially, the elements of the matrix contain values (—1.1), however, only
positive Hadamard patterns are used to restore the images, therefore the —1 value is changed to 0.
The Single pixel image were reconstructed with the use of Hadamard patterns by the following
formula for SPC approach:

N
1
i=1

The quality assessment can be performed using the structural similarity index (SSIM), which
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takes into account parameters such as luminance I(z,y), contrast ¢(z,y) and structure s(z,y)

SSIM(z,y) = [i(z,9)]* - [c(z,9)]” - [s(z, )], (4)

where o = 8=~ = 1.

The Fig. 1b shows a schematic diagram on which the simulation of the implementation of
FMCW SPC LIDAR based on heterodyne detection [26] was performed. Electric field of the
initial laser radiation Fy,odquiated has a linear frequency chirp with the start frequency fy and the
final fraz [27):

Emodulated(t) = Aexp <27Ti |:fo + fma;TUOt:| t) y (5)
where A is an amplitude, T is a period of modulation.

Signal splits on a beamsplitter, one part acts as a local oscillator Er .o = Enoduiated and
another fraction goes to the object, reflects and asquires time delay 7. The object signal is
modulated by spatial masks on the DMD. The spatial profile of radiation and its interaction
with the DMD is simulated as in the TOF case.

On the second beam splitter, Fy;, is combined with Fro and then the combined signal is
sent to the balanced photodetector. The signal on the balanced photodetector after filtering
sum-frequency signal components looks like this [27]:

2

PScope(t) = 9 \/5

iELo(t) + 32, Esig(t — 7;) x Pr(t)

NG ) = (6)

Avr; A
- EOCZALOAJ'PR(t) sin (27;7—]75 + voTj — 2;)7']2) .
J

€0C (‘ELo(t) +’izj ESig(t — Tj) * PR(t)

The received signal is amplified by the signal of the local oscillator, which is 2 orders of
magnitude more intense and at the same time contains only the following frequencies, which are
visible as peaks in the frequency spectrum after the Fourier transform Pscope(t):

VoT;
They are used to calculate the distance
v;Tc
d; =2
J 2AU (8)

the value of the peak is used to reconstruct an image of the object via SPI method.

2. Simulation results

The following parameters were used: wy = 15mm is the waist radius of a laser beam,
A = 1550 nm — laser wavelength. The spatial distribution of objects is shown in the Fig. 2a.
The size of the reconstructed images is 256 x 256 pixels or 0.04 x 0.04 m.

The single-pixel camera approach reconstructs the image that directly passed on the spatial
modulator, that is the diffracted one. When the Hadamard patterns are used for image recon-
struction due to the high accuracy and quality on reconstructed image the diffraction artefacts
are clearly visible (Fig. 2b). This necessitates the back propagation by the angular spectrum
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reconstructed image reverse propagated image

y - pixels
y - pixels

S — 200
~ 150
100 — e

> 50 X - pixels X - pixels
y - pixels 0 o X - pixels

(a) (b) (c)

Fig. 2. (a) Object’s spatial profile, (b) reconstructed image, (c) reverse propagated reconstructed
image

t
method over a distance of d; = LC, obtained using LIDAR technology. In the image obtained

with its help, objects become clearly visible (Fig. 2c).

The temporal profile of the radiation was simulated with the following parameters: standard
deviation o = 1.2 x 1072 and FWHM = 2.8 ns. This parameter determines the distance that
can be distinguished using the TOF technique and it is determined by the response time of the
detector. The time resolution of detected signal is controlled by an oscilloscope. On the market
are presented oscilloscopes with following sampling rate: 2,5 GSa/s ( Rohde Schwarz RTM3004),
8 GSa/s (RIGOL MS05104), up to the 4 GSa/s (GW Instek GDS-73504A). 4 GSa/s was selected

which corresponds to the time step 1 ps. The sampling rate F directly affects the resolution of
c
the distance 0R = —.
2F,

Globally, the time profiles of reflected signals can be divided into two cases: objects are
too close and the signals overlap into one indistinguishable peak (Fig. 3a) and objects are at a
sufficient distance for the reflected signals to be resolved by the detection system (Fig. 4a). Using
single-pixel imaging, it is possible to restore the image of objects at each discretized point, build
depth maps of objects using them, take the average distance at which the object is distinguishable
and thereby improve the quality of distance determination.

As an illustration of the construction of three-dimensional depth maps, two-dimensional re-
constructed images were taken, restored at each discretized time point with a signal intensity
above 20 %. After isolating objects from noise, the objects were built at a certain distance
FROM LIDAR technology, forming a three-dimensional map of the objects.

To evaluate the determination of distances using TOF LIDAR technology and using recon-
structed depth maps, error functions were constructed, calculated as a relative measurement

error:

dmeasured - dreal
error = (9)
dreal

where dpeasureq 1S @ calculated distance d,..q; 1S a real distance.

For comparison, the distance determination with using only the peak intensity (Fig. 5b) is
presented. It increases linearly for all objects except the central one until the peaks of the pulses
are distinguishable at a distance of about 60 centimeters between the objects. However, when
peaks are distinguishable, the technology produces a minimal error, which indicates that there is
no need to improve it and single-pixel imaging can be used only at peak points for visualization.
When determining the distance from depth maps (Fig. 5a) the advantage of the technology is
visible at distances less than 60 centimeters, since the error does not exceed 2.5% against 10%
for the case of classical determination.

During simulation of FMCW LIDAR were used following parameters of radiation: T = 3ms
— modulation time of each signal, fo = 0.5GHz — initial frequency, B = 4.3GHz — chirp

- 381 —



Anastasiia K. Lappo-Danilevskaia . . . Simulation of Single-Pixel Camera Method Application. ..

distance between objects = 0.05m
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Fig. 3. The SPC TOF realisation based depth maps of three objects located at the distences
5m — square, 5.05m — rectangle, 5.1 m — triangle, (a) Temporal profile of the reflected signals,
isometric (b) and side (c) view of depth maps constructed with single pixel images reconstructed
using Hadamard patterns

distance between objects = 0.8m
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Fig. 4. The SPC TOF realisation based depth maps of three objects located at the distences
5m — square, 5.85m — rectangle, 6.6 m — triangle, (a) Temporal profile of the reflected signals,
isometric (b) and side (c) view of depth maps constructed with single pixel images reconstructed
using Hadamard patterns
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Fig. 5. Relative error in distance determination via simulated TOF LIDAR, (a), with SPC and
Hadamard patterns, (b) without SPC

bandwidth. Range resolution of FMCW LIDAR system can can be calculated as: R = %
After the Fourier transform, just B determines the position and width of the frequency peak,

which directly affects the ability to recognize distances. The step between the frequencies is
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approximately 0.03 MHz, which, when converted to a distance using B = 4300 MHz 0.07 m. To
demonstrate the application of the single-pixel camera method using B = 4300 MHz frequency
peak intensities marked with red dots correlate with information about objects located at a
distance of 5 centimeters (Fig. 6). It indicates the possibility of improving the quality of distance
determination, as in the case of TOF LIDAR, Despite the proximity of the frequency peaks,
the single-pixel visualization method does not produce noise in the form of residual information
about neighboring objects.

B =4300 MHz d =0.05m

SSIM =0.107, d = 4.98 SSIM = 0.07,d =5.05 SSIM =0.061, d =5.09

0.8
06

0.4

0.2
X =256 pixels = 0.04 m X =256 pixels =0.04 m X =256 pixels =0.04 m

3 3.5 4 f”:/tlfiz 5 55 (b) (C) (d)

(a)
Fig. 6. The SPC FMCW realisation (B = 4300MHz) with three objects at the distances 5m —

square, 5.05m — rectangle, 5.1m — triangle: (a) Frequency spectrum of the reflected signals, (b),
(¢), (d) reconstructed images using Hadamard patterns

la.e
Y =256 pixels =0.04 m
Y =256 pixels = 0.04 m
Y =256 pixels =0.04 m

Conclusion

In this work, we explored the feasibility of integrating Time-of-Flight (TOF) and Frequency—
Modulated Continuous-Wave (FMCW) LIDAR technologies with the single-pixel camera ap-
proach to enhance systems for generating three-dimensional depth maps of objects. The success-
ful combination of LIDAR techniques with ghost imaging and the application of methods like
compressive sensing to accelerate image acquisition has inspired further research into developing
single-pixel LIDAR systems. While the use of single-pixel cameras for LIDAR applications has
received limited attention, it shows promise for improving object image reconstruction at longer
distances compared to ghost imaging.

The key result of this study is the simulation of the successful application of the single-pixel
camera method to both FMCW and TOF LIDAR technologies to restore three-dimensional object
maps. One important finding is the complementarity of these technologies: distance information
obtained from LIDAR systems is crucial for image reconstruction through backward propagation.
This confirms that three-dimensional single-pixel camera imaging relies on this data, highlighting
avenues for the continued development of 3D single-pixel visualization.

Additionally, single-pixel imaging demonstrates improvements in LIDAR systems, particu-
larly in visualizing objects that would otherwise be indistinguishable due to proximity. This
is especially relevant in cases where frequency peaks merge in FMCW systems. In the simula-
tions of SPC TOF and SPC FMCW systems, images of objects were successfully reconstructed
even when the distance between them was small enough that the reflected signals became indis-
tinguishable. For TOF LIDAR, this distance was less than 65 centimeters, demonstrating the
system’s ability to accurately locate objects based on compiled three-dimensional maps.

The successful integration of SPC TOF and SPC FMCW technologies demonstrated in this
research opens new possibilities for enhancing remote sensing systems. It enables the visualization
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of objects at greater distances than conventional TOF and FMCW LIDARs can achieve with
similar technical performance. For FMCW LIDAR, SPC presents an appealing alternative to
raster scanning, allowing for faster imaging. For TOF LIDAR, SPC offers an opportunity to
improve accuracy without increasing the response time or cost of the receiver
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Awnnorauusi. B mannoit paGore npecTaBiieHbl pe3ysibTaTbl MOIEIUPOBAHUS, JeMOHCTPUPYIOINIUE YCIIEIIl-
HOE NPUMEHEHUE OJ[HOINKCEJIbHON BU3yasu3alii JJis PEKOHCTPYKIINN TPEXMEPHBIX M300pakeHuil 00b-
E€KTOB B COYETAHUU C TEXHOJIOTUSIMU JIA3€PHBIX TaJbHOMEPOB. B 9acTHOCTH, pacCMaTpPUBAETCs MHTErPa-
Usl METOJIOB JIA3€PHOrO JAJLHOMEDA ¢ UMITYJILCHBIM M3JIydeHueM Ha oCcHOBe BpeMenu nposera (ToF) u
JaCTOTHO-MOYJIMPOBaHHOrO HenpepbiBHOro usinydenus (FMCW). B ciayuae ToF MozmenupoBanue moka-
3BIBAET MOBBIMIEHHYIO TOYHOCTD B PA3JIMIEHUN PACCTOSHUN MEXKTy 00bEeKTaMU, KOTOPhIEe MEHBIIIE PACCTO-
sIHUsI, KOTOPOE CBET IIPOXOJIUT 32 IOJIOBUHY JJIUTEIHLHOCTH CKAHUDYIOIIEr0 UMITYJIbCA. DTU Pe3yJIbTaThl
[I0/TYEPKUBAIOT IOTEHIINAJ OJHOIMKCEIbHON BU3YAJIN3AIMA B COBPEMEHHBIX ITPUJIOKEHHUAX TPEXMEPHOM
BU3YaJIN3AIIIH.

KuaroueBrbie ciioBa: ogHONMKCeIbHAS BU3YAJIU3AIs], TPEXMEPHAs BU3YAIU3AIN, JIUIaPHI.
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in the class of m-convex functions in real space R™. We also study capacity of condenser C'(E, D) in the
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1. Introduction and preliminaries

Let u(z) € C?(D) be a twice smooth function in the domain D C R™. Then the matrix

Pu N\ . , 2 0u _
—— | is symmetric, = . Therefore, after a suitable orthonormal transfor-
O0x;0xy, Ox;0zx,  Ori0x;

mation, it can be transformed into a diagonal form

A0 ... 0
[ — _> s
O0z;0 xy,

0 0 ... X\,

2
where A\; = A\;(z) € R are the eigenvalues of the matrix <6m88uxk> Let
J

HF(u) = H* (\) = > ANy Ay

1< < <grp<n
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be the Hessian of dimension k of the vector A = (A1, Aa,..., \n).

Definition 1.1. A twice smooth function u(z) € C?(D) is called m-convex in D C R", u €
m — cv(D), if its eigenvalue vector A = AN(x) = (A1(z), Aa(x), ..., Ay (z)) satisfies the conditions

m—cvNC*D)={H"(u)=H"(A\(z)) >0, Vz €D, k=1,....n—m+1}.

When m = n the class n — cv coincides with the class of subharmonic functions sh =
{M+X+--+ X, =0}, when m = 1 it coincides with the class of convex functions cv =
{M20,A220,...,\, >0}, moreover cv =1—cv C2—cv C --- C n—cv = sh. The theory
of subharmonic functions is a developed and important part of theory functions and mathe-
matical physics. The theory of convex functions is well studied and reflected in the works of
A. Aleksandrov, I. Bakelman, A.Pozdnyak and others (see [2-5]). When m > 1 this class was
studied in the series of works by N.Ivochkina, N.Trudinger, X. Wang et al. [11,19-21] (see
also [8]).

If we want to construct a good theory of m — cv functions, then the class of functions C?(D)
is not enough. For example, if we want to solve the equation

H* " (u) = f (u,x),
ulpp = ¢

or want to work with extreme m — cv functions, such as maximal m — cv functions, we need to
extend the definition of m — cv functions to a wider class of upper semi-continuous functions.
In the work of N.Trudinger, X.Wang [21] m — cv functions are introduced in the class of upper
semi-continuous functions u(z) in the domain D C R™, using the so-called "viscous" definition,
that is H*(q) > 0, k = 1,2,...,n — m + 1, for any quadratic polynomial ¢(z), such that the
difference u(x) — g(x) has only a finite number of local maximum in the domain D. In addition,
in this work H"~™%!(u) (maximum degree operator) is defined as a Borel measure and with the
help of this operator the capacity of condenser C(FE, D) was introduced, a number of potential
properties of this capacity was proved.

To expand the domain of definition of m — cv functions from C?(D) to a wider class of semi-
continuous functions, we have proposed a completely new approach, the connection of m—cv func-
tions with m-subharmonic (sh,,) functions in complex space C™. The theory of sh,,-functions is
well developed and is currently subject of study by many mathematicians (Z. Blocki [6], S. Dinew
and S. Kolodziej [9,10], S.Y.Li [13], H. C .Lu [14,15] and etc). Quite a complete overview of this
theory is available in the survey article by A.Sadullaev and B. Abdullaev [1] in proceedings of
Mathematical Institute of the RAS.

Let us recall that the theory of the sh,,-functions is based on differential forms and currents
(ddcu)k/\ﬂ"_k >0, k=1,2,...,n—m+1, where 8 = dd° ||zH2 is a standard volume form in C™.
A twice smooth function u (z) € C%(D), D C C" is called strongly m-subharmonic u € sh,, (D),
if at each point of the domain D

shm(D):{u€C2: (ddcu)k/\ﬁ”_k20, k:1,27...,n—m—|—1}:

(1)
_ {u € O2: ddoun Bt >0, (dduw)® A B2 2 0,. .., (ddeuw)" T A gl > o} ,

where 8 = dd¢ ||z||* is a standard volume form in C™.
Operators (ddcu)’C A B"F are closely related to the Hessians. For a twice smooth function

: 2
u € C?(D), the second-order differential dd“u = 1 > &dzj Ad Zi (at a fixed point o € D) is
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a Hermitian quadratic form. After a suitable unitary coordinate transformation, it is reduced to

a diagonal form dd‘u = % [Mdzy AdZ + -+ Apdzy AdZ,], where A1, ..., A\, are eigenvalues
2

of the Hermitian matrix ( ), which are real: A = (A1,...,A,) € R”. Note that the

g
6Zj(9 2k

unitary transformation does not change the differential form 8 = dd¢ ||z||* . It is easy to see that
(dd“u)* A B"F = kl(n — k) H" (u)B", (2)

where H*(u) = > Aj, ... Aj, is the Hessian of dimension k& of the vector A = A(u) € R™.
1< < <jp<n
Hence, the twice smooth function u(z) € C?*(D), D C C™ is strongly m-subharmonic if at
each point o € D it satisfies the following inequalities

H*(u) = HF(u) >0, k=1,2,....n—m+ 1. (3)

Note that, the concept of the strongly m-subharmonic functions in a generalized sense is also
defined for upper-semicontinuous functions.

Definition 1.2. The function u(z) defined in a domain D C C™ is called shy,, if it is upper
semi-continuous and for any twice smooth sh,, functions vi,...,vn_py € C%(D) N shy,(D) the
current dd°u A ddvi A -+ A dd°vyp_m A B defined as

[ddcu AddCvi A ANdd°vp—pm N 5’”’1] (w) =

= /uddcvl Ao Addvp_m A BT AddCw, we FOY. (4)

is positive, | udd®vi A --- Add“vy_pm A BT Addw =0 Vw e FOY w > 0. Here FOO(D) is
a family of infinitely smooth finite in D functions.

In the Blocki’s work [6] it was proved that, this definition is correct, that for u € C?(D)
functions this definition coincides with the initial definition of sh,,-functions.

2. Relation between m — cv and sh,, functions

To establish a connection between m — cv functions and sh,, functions, we embed a real
space R} into a complex space C7, R} C CI = R} + iR} (2 =z +iy), as a real n-dimensional
subspace. Then, we extend the function u(z), given in the domain D C R} into domain
Q=D x iR} C C? as u®(z) = u® (z + iy) = u(w), by assuming it is a constant on parallel planes
110 :{ZE(C": =20, yER"}.

Theorem 2.1 (see [16,18]). A twice smooth function u(z) € C*(D), D C R?, ism — cv in D,

€T
if and only if a function u®(z) = u®(z +iy) = u(z), that does not depend on variables y € R}, is
shyy, in the domain ).
Theorem 2.1 allows us to define a m-convex function in the class of semi-continuous functions.

Definition 2.1. An upper semi-continuous function u(z) in a domain D C R? is called m-convex
in D, if the function u¢(z) is strongly m-subharmonic, i.e. u(z) € shy, ().

This definition is convenient in the study of m-convex functions, by transferring well-known
properties of sh,,-functions to the class m — cv. We present some non-trivial ones:
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— (Approzimation). We take a standard kernel K;(z) = %K (%), 0 > 0, where
- K(z) = K(|2|);

- K(z) € C*(R");

- suppK = B(0,1);

- [K(z)de = [ K(z)dx=1.
Rn B(0,1)
Then the convolution

usty) = [ u@)Ksto =)o = [ ula+9)Ksa)da (5)

has the property, that us(z) € m — cv(Djs), where Ds = {x € D : dist(x,0D) > §}, us(x)
decreases as ¢ | 0 and converges point wise to the function u(z) € m — cv(D).
— the limit of a uniformly convergent or decreasing sequence of m — cv functions is m — cv;
— the maximum of a finite number of m — cv functions is an m — cv function;

— for an arbitrary locally uniformly bounded family, {ug} C m — cv the regularization u*(x)
of the supremum u(z) = 4 sup ue(x)} will also be an m — cv function. Since m — cv C sh, then
0

the set {u(z) < u*(z)} is polar in C" ~ R?". In particular, it has Lebesgue measure zero.
Similarly, for a locally uniformly bounded sequence, {u;} C m — cv the regularization u* (x)
of the limit u (z) = _li?rolouj (x) will also be an m — cv function, and the set {u (z) < u* (x)} is
polar; ’
—if u(z) € m—cv(D), then for any hyperplane IT C R™ the restriction u|g € m—cv (D N1II).
From this property it easily follows that if u(xz) € m — cv(D), then for any plane II C
R™, dimII = m, the restriction u| € sh(D NII).
For m = 1 it is not difficult to prove that a convex function u(z) € 1 — cv(D) belongs
to Lipschitz class, i.e. wu(x) € Lip(D). In the work [20] N.Trudinger and X.Wang proved a

n
generalization of this remarkable result, that any m-convex function u(x) € m—cv at m < 3 +1

n

is Holder with ta=2—— " Lipe (D).

is Holder with exponent « pem——— u(z) € Lips (D)
Example 2.1. (fundamental m — cv function).

Yon(2,0) = { Infa it m=1 41 (©)
— || m>g+1
Thus, for m < n + 1 the fundamental function is bounded and Lipschitz, and for m > n +1

it is equal to —oo at the point x = 0. Note that for m = n, i.e. for the subharmonic case it

1
coincides with the fundamental solution fﬁ of the Laplace operator A.
x

3. m — cv polar sets and m — cv measure
Definition 3.1. By analogy with polar sets in classical potential theory, a set E C D C R"™ is

called m — cv polar in D, if there exists a function u(z) € m — cv(D), u(x) # —oo, such that
u|lp = —o0.

-390 -



Azimbay Sadullaev ... m — cv measure w*(z, E, D) and condenser capacity C(E, D) ...

From the embedding m — cv(D) C sh(D) it follows that every m — cv polar set is polar
in the sense of classical potential theory. In particular, for a m — cv polar set F it is true
Hon—2+e(E) =0, Ve > 0: and, therefore, the Lebesgue measure of a m — cv polar set F is equal
to zero.

m — cv polar sets have another unexpected phenomenon, that when m < g + 1 they are

n
empty, i.e. if the set E C D is m — cv polar, m < 5 + 1, then £ = @. This follows from the
n
fact that for m < 5 + 1 any m — cv function is Holder continuous (see section 2). However, for
n
m > 5 + 1 there are non-empty m — cv polar sets. Therefore, the properties of m — cv polar sets

proved below are meaningful only for the cases m > g + 1.

Theorem 3.1. The countable union of m — cv polar sets is m — cv polar, i.e. if E; C D is

oo
m — cv polar, then E = |J Ej is also m — cv polar.
j=1
The proof is identical to a similar proof for polar sets and we omit it.
Potential theory is usually constructed in regular domains with respect to one or another
class of functions.

Definition 3.2. A domain D C R™ is called m— cv regular if there exists p(x) € m—cv(D) such

that p(x) <0, lm p(x) = 0. It is called strictly m — cv regular if there exists a twice smooth
z—0D

strictly m — cv function in some neighborhood of the closure D* D D such that D = {p(x) < 0} .
Strictly m-convexity of the function p(x) in DT means that for some 6 > 0 the difference
p(z) = & ||z||* is an m — cv function in D .

In the theory of m-convex functions, m — cv measure plays the same role as the harmonic
measure in classical potential theory. To exclude trivial cases, m — cv regular or even strictly
m — cv regular domains are usually taken as a fixed domain D C R™.

Let £ C D be some subset of a strictly m — cv regular domain D C R™.

Definition 3.3. Consider the class of functions
UE,D)={u(z) em—cv(D): ulp <0, ulp < -1} (7)

and put w(x, E,D) = sup{u(z) : u € U(E,D)}. Then the regularization w*(x, E, D) is called
m — cv measure of the set E with respect to the domain D.

From the property of the upper envelope of m — cv functions it follows that w*(z, E, D) €
m — cv(D). By Choquet’s lemma (see [12,17]) there is a countable subfamily U’ C U(E, D)
such that {sup {u(z)}: u(z) e U'(E,D)}" = w*(z,F, D). It follows that an m — cv measure
w*(xz,E,D) can be represented as a limit of a monotonically increasing sequence {u;(x)} C

U(E, D) : ngi uj(x)} . w*(x, B, D).

In the particular case when E CC D is compact, the functions u;(x) € U(E, D) can be
chosen to be continuous in D, which can be easily verified by continuing u,(x) € U(E,D)
into some fixed neighborhood Dt O D and then approximating them with smooth functions
i = uj 0 Kp(x —y) €em—co(DT)NC>®(DT), j,k=1,2,..., we can fined a sequense u;j, €

m—cv (D")NC> (D) monotonically increasing and {u;x, (z)} C U(E, D) : {im Ujk; (x)}
J—0o0
w*(z, E, D).
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Properties of m — cv measures:

1) (monotonicity) if Ey C FEs, then w*(x, E1,D) > w*(x,Es,D); if E C Dy C Ds, then
w*(z,E,D1) 2 w*(z, E, Ds).

2) w*(z,U, D) € U(U, D) for open sets U C D and, therefore w*(z,U, D) = w(z, U, D);

This property follows from the fact that for concentric balls B(z% r) ¢ B(2°,R) cC U,
0 <r < R, an m — cv measure

W (. B0 7 20 maxd 1 Xm (z,2°) — xm (R, 2°)
(7B( 3)7B( aR))* { ]-7 Xm(Rny)_Xm(Ta-TO)

and therefore in both cases m < —+1 or m > ® 11 we have w*(z°,U, D) = —1. Here xy, (z,2°)

is a fundamental m — cv function (see (6)).
3) If U C D is an open set, U = |J K, where K; C Io(, then w*(z, K;,D) | w(z,U, D)
Jj=1 J+1
(easily follows from property 2).
4) If E C D an arbitrary set, then there is a decreasing sequence of open sets U; D E,

U D Uj41 (j=1,2,...), such that w*(z, E,D) = [lim w(z, Uj,D)] .
j—00

In fact, if {u;(z)} C U(E,D) is monotonically increasing such that [_Iim u](x)} =

j—o0
1
w*(x, E, D), then an open set U; = {uj < -1+ } has the property as U; D E, U; D Uj1q
J
(j=1,2,...) and

1

*

Hence w*(z, E,D) = [‘lim w(x, Uj,D)]
j—o0

5) a m — cv measure w*(z, E, D) is either nowhere equal to zero or identically equal to zero.
w*(z, E,D) =0 if and only if E is m — cv polar in D.

Remark 3.1. Property 5 is meaningful only if m > g +1. At m < g + 1 non-empty m — cv

polar set does not exist, so the trivial m — cv measure w*(z, E, D) = 0 does not exist.

Example 3.1. Consider m = 1, a ball B = B(0,1) and a set in it F = {0}, consisting of one
point. Consider a 1 — cv measure v = w*(z, E, B), x € R”, v € R as a function in R?;l}). Then
it is easy to see that the convex function v = w*(z, F, B), x € R", v € R will be a cone, with a

vertex at point (0, —1) and a base at {z € 9B,v = 0}. Thus, 1 — cv measure w*(z, E, B) #Z 0.

Definition 3.4. A point 2° € K is called m — cv regular of a compact set K (relatively to D), if
w*(z', K, D) = —1. A compact set K C D is called m — cv regular compact if each of its points
20 € K is m — cv regular.

Since m—cv(D) C sh(D), then m — cv measure of a pair (K, D) is always no greater than the
harmonic measure of this pair. Consequently, regular compacts in the sense of classical potential
theory are always m — cv regular. Therefore, the closure of the domain G CC D, with a twice
smooth boundary dG is a m — cv regular compact. It follows that for any compact K C U C D,
where U is an open set, there is always a m — cv regular compact F': K C F CC U C D. All
this shows that the family m — cv regular compact is quite rich.
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6) If the set E lies compactly in a strictly m — cv regular domain D = {p(z) <0}, E CC D,
then m— cv measure w*(z, E, D) continues as m— cv function to a neighborhood p(z) < §, ¢ > 0,
of the closure D.

Actually, since E CC D is a compact set, then there is a constant C' > 0 such that Cp(z) <
—1, Vo € E. It follows that Cp(z) € U(F, D) and Cp(x) < w*(z, E, D). Therefore, the function

w(zx) = { max {Cp (z), w*(v,E,D)} if x€D

Cp () if ¢ D

is m — cv in some neighborhood D* D D, w (x) = w* (z, E, D), Vz € D.
The following theorem plays an important role in the introducing condenser capacity and
further studying the potential properties of m-convex functions.

Theorem 3.2. If a compact set E C D is m — cv regular, then a m — cv measure w* (z, E, D) =
w(z, E,D) and is a continuous function in D, w* (z, E, D) € C(D).

Proof. According to property 6) a m — cv measure w*(z, E, D) continues to the neighborhood
p(z) < 8, § >0, of the closure D and approximating w*(x, E, D) in some neighborhood D* > D
we fined w;(z) € C*° (DT)Nm —cv (D) : uj(z) | w* (z,E, D).

We fix a number ¢ > 0 and two neighborhoods U = {w*(z,E,D) < —1+¢} D E, D =
{w*(z, B, D) < €} D D. Applying Hartogs’ lemma twice to the sequence u;(x) | w* (z, E, D) and
U > E, D > D find the number j, € N : u;j(z) < —1+42¢, Vo € K, u;(z) < 2¢, Yoz € D, j > jo.
Then u;j(z) —2e < —1, Vo € E, uj(x) —2¢ <0, Yr € D, j > jo, i.e. uj(x)—2¢ € U(E,D).
From here, w* (z,E,D) — 2¢ < uj(x) — 2¢ < w*(z,E,D). This means that the sequence of
smooth functions u; (x) | w* (z, E, D) converges uniformly and w* (z, E, D) € C(D). O

4. Capacity value of a pair (F, D)

We fix a set £ C D, considering, as above, the domain D C R" to be strongly m-convex. Let
w*(z, E, D) be a m — cv measure of E C D. Then the integral

Pmev(E, D) = —/ w*(z, E,D)dV
D

is called m — cv capacity of the set E with relation to D.
m — cv capacity expresses the capacity value of a pair (F, D). It has the following obvious
properties: P (E, D) 2 0 and P (E, D) = 0 if and only if F is a polar set in D.

Theorem 4.1. The value Py, (E, D) is an increasing and countably subadditive function of the
set: Pmew(E1, D) < Pew (B2, D) for By C E2 and

Pmcv([j Ej;D> <

Jj=1

Prew (B, D) . (8)
1

oo
j:

Moreover, Ppe(E, D) is continuous on the right, i.e. for any set E C D and for any € > 0
there is an open set U D E such that Ppeo(U, D) — Prew(E, D) < €.

Proof. Monotonicity of Pp,e,(E, D) obviously follows from the monotonicity of the m — cv

measure. Proof of (8) follows from a similar inequality —w (x, U Ej,D) < —>Y w(x, E;,D)
j=1 j=1
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for m — cv measures: for any sets E; C D and u;(z) € U (E;, D) the sum ) u;j(z) is m — cv
=1
o0 ! o)
function in the broad sense (i.e., it can also equal —oc0). Besides > u;(x) € Z/l< U Ej, D> and
j=1 i=1

therefore, 3 u;(x) < ( U D). On the other side,

j=1

sup{Zuj : GU(EJ,D)}

= _sup{u;(x) : u;(e) €U (B, D)} =Y w(a, E;, D),
Jj=1 j=1

i.e. Zw e ( U )

Integrating this inequality and using Levy’s theorem, we get
(oo} (oo}
_/w<x, U Ej,D> v < —Z/w(m,Ej,D)dV,
j=1 j=1
so that (8) is true.

It remains to show the right continuity of the set function Pp,c, (F, D). We fix a set E C D
and according to the m — cv measure property, construct a sequence of open sets U; D E,

Uj D Ujya: [ lim w (z, Uj,D)} = w*(z, E, D). So, as w(x,Uj, D) increasing, then again by
j—o0

Levy’s theorem

lim Py (U, D) = = lim [ w(z,U;,D)dV = / lim w(z,U;,D) =

j—o0 j—o0 j—o0

- / [hm w (e, U],D)rdV = Pones (B, D).

J]—00

Hence, for any € > 0, there is a number jo such that for j > jo the inequality Pp,co (U, D) —
Prev (B, D) < € is true. The theorem is proved. O

Corollary 4.1. For any decreasing sequence of compacts K1 O Ky D ... the following right

continuity holds
mcv(ﬂ ) = lim Py, (K, D).

For arbitrary given sets G1 C G, C ..., G = U G, the left continuity holds
j=1

mcv( U GJ,D> = lim Ppey (G, D).

j=1

From Corollary 4.1 it follows that the introduced capacity satisfies the Choquet axioms on
the measurability of a capacity quantity Ppe, (E, D) (see [12,17]).
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Theorem 4.2 (Choquet). If a set function C(E) satisfies the following Choquet conditions

a) 0 < C(E) < o0, VE CC D;

b) ifEl C Eg, then C(El) < C(EQ);

c) for any set E C D and number € > 0 there exists an open set U D E such that C(U) —
C(E) <e;

d) for any increasing sequence E; C Ej i1 holds

C( U Eg—> = lim C(E;),

j=1

then any Borel set E € B is measurable, i.e. if E € B, then
C(E)=C.(F)=sup{C(K): K C E — compact}.

Thus, we have obtained that the capacity value Py, (E, D) we introduced above is a mea-
surable function of the sets E C D, Ppew(E, D) = sup {Ppeo(K,D) : K C E — compact}.

5. Hessians H* and condenser capacity

Although the Py, (F, D)-capacity of sets is simpler to define, measurable and has many
properties of capacities, the concept of a condenser capacity is more natural, which is defined
using the Hessians H* as total mass of the measure.

Let us first recall the definition of Hessians H* for a bounded semi-continuous function
u(z) € m — cv(D) N L*°(D) as positive Borel measures (see [16]). We embed R?} in C?, R} C
CL =R} + iR} (2 = z +1iy), as a real n—dimensional subspace of the complex space C7. Then
an upper semi-continuous function u(x) in the domain D C R? will be m-convex in D, if the
function u®(2) = u®(z + iy) = u(z) which does not depend on the variables y € R}, is strongly
m-subharmonic, u¢(z) € shy, (D X zRZ) in the domain D x iR}, (Theorem 2.1).

If an m-convex function u(z) € m — cv(D) is locally bounded in the domain D C R, then
u¢(z) will also be a locally bounded, strongly m-subharmonic function in the domain D x iRy C
C?. As it is known, the operators

(ddu®)" AB"F k=1,2,....n—m+1

are defined for any bounded function u € sh,, (D X z]RZ) as Borel measures in the domain
D x iR} C CZ, py, = (ddu®)* Ap"*, k=1,2,....n—m+1.

Since for a twice smooth function (dd“u®)*AB"—* = k! (n — k)!H* (u®) 8", then for a bounded,
strongly m-subharmonic function u°(z) in the domain D x iR} C C7, it is natural to determine
its Hessians, equating to the measure

() = i~ W (nl— () A B ©)

Since u‘(z) € shm (D x iR}) does not depend on y € Ry, then for any Borel sets

E, C D, E, C R} the measures mes B, px (Ez x Ey) do not depend on the set E, C R},

1 1
mes B, pi (B X Ey) = v (E;). Borel measures v @ v (By) = mes B, In®

k=1,2,...,n—m+1, we call hessians H*, k =1,2,...,n—m+1 for bounded, m-convex function

ie.

(ECE X Ey)7
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u(z) € m—cv(D) in the domain D C R”. For a twice smooth function, u(z) € m—cv(D)NC?(D)
the Hessians are ordinary functions; however, for a non-twice smooth but bounded semi-
continuous function, u(z) € m — cv(D) N L>(D) the Hessians H*, k = 1,2,...,n —m + 1,
are positive Borel measures.

Now we can define the concept of condenser capacity

Definition 5.1. Let K be a compact in the domain D C R™. Then the value
Cn(K)=0Cp(K,D) =

inf{HZ}m*l D)y:uem—cv(D)NC (D), ulg < -1, lim u(z) > 0}
z—0D

(10)

is called the condenser capacity (m-capacity of condenser) of (K,D). For easiness of writing
below, we omit the index "m” in the notation Cy,(K).

Let us prove the following properties of capacity C(K) = C,,(K) = C,,(K, D)

1) The capacity is monotonic, i.e. C(E) > C(K) VE D K (obviously).

2) For any m — cv regular compact K C D holds C(K) = H*; ™" (K).

Actually, since compact K C D is m — cv regular, then w* (z, K, D) = w(z, K, D) € C(D)
and w* (z, K, D) = —1 Vz € K. Consequently,

C(K) = inf {HS_’”H(D) cuem—cv(D)NC(D), ulg < -1, lim u(z) > O} < H', YK,
z—0D

Conversely, for any fixed €, 0 < ¢ < 1 and for any v € m — cv(D) N C(D), ulg < —1,

lim wu(z) > 0, an open set F = {:C €D:u(z)+ % <(l-e)w* (w,K7D)} CC D. Therefore,

according to the comparison principle,
Hy =™ F) 2 (1—e)" ™ ().
In addition, K C F and H";™*! (D\K) = 0 in D\K. So that
(1= ™M HE ™ (D) = (1= )" " T HIH(K) = (1— )" " R (F) <
< ™" (F) < HI ™ (D).
Due to the arbitrariness ¢, from here we get

H 7™ (D) < Hy=™ (D)

)

i.e. inf on the right side of (10) reaches at m — cv measure w*(z, K, D).
3) For any compact K C D

C(K)=inf{C(E): EDK, E m—cv regular} . (11)

In fact, from the monotonicity of capacity (property 1), the left side of (11) does not exceed
the right side, i.e.
C(K)<inf{C(E): ED K, E m— cv regular} . (12)

Now, for any £,0 < e < 1 there exists u € m — cv(D) N C(D) such that u|g < —1,

lim wu(z) > 0 and
x—0D
H'™(D) - C(K) < e. (13)
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Let U = {z € D: u(z) < —1+ ¢} a neighborhood of a compact K and F is a m — cv regular
compact set, such that K C E CC U. Consider the open set

F = {JJED: u(x)+g< (1—5)w*(z,E,D)} cc D.

Since F is m — cv regular compact, then £ C F CC D. Therefore, according to the comparison
principle and (13), we obtain

1
C(E)=HJ " (B) = HL-™ M (F) < WHKWLH (F) <
1 n—m-+1 1
\WHH (D)gW(C(K)+5).
1

Hence, the right side of (11) does not exceed (C(K) +¢). Since ¢ it is arbitrary,

(1 _ E)n_m+1
it does not exceed C(K), i.e.
C(K)>if{C(E): ED K, E m— cv regular} .

This inequality, together with (12), gives us the required statement.
4) If a compact K C D is m — cv regular, then

C(K) =sup{H} """ (K): uem—cv(D)NC(D), -1 <u<0}. (14)
Proof. Since C(K) = H? ™1 (K), then
C(K) <sup {H; """ (K): uem—cv(D)NC(D), -1 <u<0}. (15)

On the other hand, for any function v € m — cv(D) N C(D), we set v(r) =
=max{(1+e)w(z,K,D),u(x)}, 0 < e < 1. Thenv € m—cw(D)NCD), -1 < v <0
and li%lD v(x) = 0. Therefore, according to the comparison principle

rT—r

(14 &= (D) > Hy~™(D) > Hy ™1 (K)
Since H?~™*! (D\K) = 0, then
H=m () = B ().

From here,
(1 +€)n_77L+1H£_m+1(D) 2 qu]z—m—&-l(K) 2 Hg_m+1(K)

and tending € — 0 we will receive
C(K) = HE~"F1(K) > H2 " 1(K),
Due to the arbitrariness of the function u
C(K) zsup {H} """ (K): uem—cv(D)NC(D), -1 <u<0},

which together with (15) gives us (14).
We define the external capacity in a standard way by assuming

C*(E)=inf{C(U):U D E — open},
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where the capacity of an open set is
CU)=sup{C(K): KCcU}=sup{C(K): KcCU, K m—cv regular}.

Let us note the following properties of the external capacity

5) For any compact, K C D its external capacity C* (K) = C (K).
This follows from property 3).

The following property of capacity is very important in practice.

Theorem 5.1. If a set U C D 1is open, then
C(U)=sup{H; " (U): uem—cv(D)NC(D), -1 <u<0} =
=sup {H """ (U): uem—cv(D)NC>®(D), —1<u<0}. (16)
Proof. For any m — cv regular compact set K C U we have
C(K) =sup {H; """ (K): uem—cv(D)NC(D), -1 <u<0}.

Therefore, C(U) > C(K) > H! ™! (K) for any fixed u € m — cv(D) N C(D), —1 < u < 0.
Since K C U is an arbitrary m — cv regular compact, then C(U) > H?~™%1 (U). From here,

C(U) > sup {H]f_m'H (U): uem—co(D)NC(D), -1 <u<0} >

>sup {H} " (U): uem—cv(D)NC®(D), -1 <u<0}. (17)

On the other hand, we fix an arbitrary m — cv regular compact set K C U. According
to property 7) of the m — cv measure, the Py, (£, D)-measure w(zx, K, D) m — cv continues
into a certain neighborhood G' > D. It follows, that w(x, K, D) can be approximated in some
neighborhood of D by infinitely smooth m — cv convex functions u;(z) | w(x, K, D). Since the
compact K C U is m— cv regular, then w(z, K, D) is continuous in D. From this the convergence
u;j(z) } w(z, K, D) will be uniform and the sequence of Borel measures H{};m“ weakly converges
to the measure HJ =", Hp—"+ o HI =ML

From the properties of convergent Borel measures we have

C(K) = Hy™™ " (K) = H;7" " (U) < lim H;7" 1 (U). (18)
j—o0 ’
Let’s us now fix a € > 0 and put it down v; ulj_; °. Then —1 < wv; <0, for large j > jo and
€

therefore,
H ™ (U) = (L+e)" ™ HmH(U) <
<(1+e)" " sup {H™ N (U) s w e m—cv(D)NO®(D), ~1 <w <0} .
From here and according to (18) we have
C(K) < lim H}7"(U) <
<(1 +5)JS?1;O{H3)_’”+1 (U): wem—co(D)NC®(D), -1 <w<0}.

Due to the arbitrariness of the number ¢ > 0

C(K) <sup {Hp "™ (U): wem—cv(D)NC™(D), -1 <w <0}
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and taking here the supremum over all m — cv regular compacts K C U we get
C(U) < sup {/ (dd°w)" : wem—cv(D)NC®(D), 1< w< O} ,
U

which together with (17) proves the theorem completely. O

Remark 5.1. If U CC D and K C U is an arbitrary fixed compact, then m — cv measure
w*(z, K, D) m— cv continues into a fixed neighborhood D* > D such that the extended function
does not exceed 1 in DT. According to properties 2) and 4) we have

C(K) <sup {H} ™ (K):uem—cw(G)NC(G), -1<u<0inDand |ul<1in D'} <
<sup{H} " (U): uem—cv(D)NC(D), -1<u<0} =C(K).
So that
C(K)=sup {H! """ (K): uem—cv(G)NC(G), —1<u<0in D and |u| <1in DF}.
Using C(U) =sup{C (K): K cU, K m — cv regular}, for an open set U CC D we get
CU) =sup {H} ™ (U): uem—cv(D)NC(D), -1 <u<0 in Dand |u| <1 inG}.

Moreover, approximating w*(z, K, D) in the neighborhood D by infinitely smooth functions,
just as in the proof of Theorem 2.1, we obtain

Corollary 5.1. If U CC D— an open set lying compactly in D, then
cU)= sup{H]}_mH(U): uem—cv(D)NC*®(D), -1 <u<0in D and |u| <1in GDDD}.

This relation is useful in practice because the Hessian H?~™%! here is an ordinary function,
defined in the neighborhood of D.
6) The external capacity of condenser C*(FE) is monotonic, i.e. if By C FEs, then C*(F;) <

C*(Esy); it is countably subadditive, i.e. C* < U Ej) < Y C*(Ey).
J J

In fact, monotonicity C* follows from monotonicity C'(K) in the class of pluriregular com-
pacts. Let us show countably subadditivity: firstly let E; C D are open sets and E = |J Ej.
J

According to Theorem 5.1

C(E) =sup {H; """ (E): uem—cv(D)NC®(D), -1 <u <0}

/N

< sup { ZHZ;‘M'H (Ej):uem—co(D)NC*(D), —-1<u< O} <
J
< Zsup {H} " (E;): uem —cv(D)NC®(D), -1 <u<0} < ZC(Ej).
J J

For arbitrary sets F/; C D, for a fixed € > 0 we will construct open sets U; D E; such that
O(U;) — C*(E;) < 2% Then

S o) > Y oW -« > C’(UUj) s CME) —¢
J J J
and from here, at ¢ — 0 we obtain the required statement.
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7) For any increasing sequence of open sets U; C Uj11, C’(U Uj> = lim C(U;).
J

J]—00

It obviously follows from the fact that any compact space K C |JU; belongs to Uj, starting
J

from some j > jo.

We prove that the introduced outer condenser capacity C*(E) satisfies the Choquet axioms

on the measurability (see Theorem 4.2).

Theorem 5.2. Any Borel set E € B is measurable, i.e. if E € B, then

C*(E)=C.(E)=sup{C(K): K C E — compact}.
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m — cv mepa w*(z, F, D) n emkoctb kKougencaropa C(FE, D)
B KJIaCcCe M-BBIMYKJIbIX (OYyHKII

Azumbait Cagyniaen

HaruonasbHbiilt yHUBEpCUTET Y30€KHCTAHA

WNucruryr maremaruku nM. B. 1. PomanoBckoro Akaiemnn Hayk Y30ekucraHa
Tamkent, Y30ekucran

Pacynb6ek Illapunos

VPreHucKuii roCyJapCTBEHHbIN YHUBEPCUTET

Ypreud, Ysbekucran

Myxuanuu McmonsioB

Harmonasbuberit yHUBEpCUTET Y30€KHCTAHA

TarmkenT, ¥Y36ekucran

Annoranus. B nannoit pabore nsydarorcsi camble HadaJIbHbIE [IOHTHsI TEOPUH [IOTEHINAJIA: [TOJISIPHBIE
MHOXKECTBa U 1M — CU MEPhI B KJIACCE M-BBITYKIbIX (DYHKIUHA B BEIECTBEHHOM mpocrpancTse R™. Mbl
TaKk>Ke U3ydaeM eMKocThb Kongencaropa C(E, D) B knacce m-BblIyKJIbIX GyHKIMHA 1 Gy1eM JT0Ka3bIBATD
HEKOTOPBIE €€ IOTEHIINAJIbHbIE CBOWCTBA.

KuroueBslie ciroBa: m-cybrapMoHuUIecKue (OyHKITNN, BBITYKJIbIEe (DYHKIIUN, M-BBITYKJIbIe (DYHKITUH, 7 —
€U TOJITPHOE MHOXKECTBO, M — CU Mepa, OOPEJIeBCKUEe MEPbl, TeCCUAHbI.

—401 —



Journal of Siberian Federal University. Mathematics & Physics 2025, 18(3), 402411

EDN: WQGPWG
VIIK 515.124

Some Remarks and Corrections of Recent Results
from the Framework of S-metric Spaces

Nora Fetouci*

LMPA Laboratory

Department of Mathematics

Jijel University

Jijel, Algeria

Stojan Radenovié¢!
Faculty of Mechanical Engineering
University of Belgrade

Belgrad, Serbia

Received 09.10.2024, received in revised form 23.12.2024, accepted 24.02.2025

Abstract. The content of this paper consists of results on Wardowski’s F-contraction within S-metric
spaces. Namely, in it we present corrections to some recent results by using only the property F1 of
strict increasing of the function F'. In our results, we combine $-admissible functions with F-contractions.
Finally, we give an example that shows that F-contraction in the framework of S-metric spaces is a true
generalization of Banach’s contraction principle in the same framework.

Keywords: S-metric space, b-metric space, fixed point, F-contraction, S-admissible.

Citation: N.Fetouci, S.Radenovi¢, Some Remarks and Corrections of Recent Results from E E
the Framework of S-metric Spaces, J. Sib. Fed. Univ. Math. Phys., 2025, 18(3), 402-411.
EDN: WQGPWG.

=g

1. Introduction and preliminaries

After Banach’s result in 1922, many researchers in mathematics tried to somehow generalize
his famous result. They did this either by breaking the metric space axioms or by generalizing
the right-hand side "Ad(z,y)" of the Banach’s contractive condition d(fz, fy) < Ad(z,y) of the
mapping f from the metric space (X,d) to itself, where the scalar A € [0,1). Using the first
case, new classes of spaces called generalized metric spaces such as partial metric spaces, metric-
like spaces, b-metric spaces, partial b-metric and b-metric like spaces were created. In the last
20-30 years, these kinds of spaces have been studied a lot. According to the second case, many
contractive conditions arose within metric spaces, such as Kannan, Chatterjea, Reich, Hardy-
Rogers, Boyd-Wong, Meir-Keeler, Ciri¢ and many others. For more details on the various types
of contractions see [3]. In addition to the aforementioned generalizations of the famous Banach
result from 1922, in 2012 the Polish mathematician D. Wardowski [26] introduced a new type
of contraction called F-contraction. And by using it, he gives a result that in the true sense
generalizes Banach’s contraction principle from 1922. After that, many works appeared on F-
contractions that were applied to almost all the mentioned general metric spaces. Wardowski

*n.fetouci@univ-jijel.dz https://orcid.org/0000-0002-1474-6554
fsradenovic@mas.bg.ac.rs  https://orcid.org/0000-0001-8254-6688
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introduces a strictly increasing function F' defined on (0, 400) with values in R and denotes this
property by F1. In addition to it, it adds two more properties F2 (For each sequence {c,} of
positive numbers, the following holds: lim,, 1 ¢, = 0 if and only if lim,, 1 F (¢,) = —0)
and F3 (There exist k € (0,1) such that lim,_,q+ o *F (a) = 0). The set of all functions F' that
map (0,4+00) to R and that satisfy F1, F2 and F3 in the literature is denoted by F. For these
and more details, the reader can see the papers [9,10,25,26] and references therein. Particularly
useful is the paper [9] in which all known results are proved using only the property F1. In works
such as [2,13,14,18] some authors consider Wardowski’s approach but within the framework of
S-metric spaces. In doing so, they use all three properties of mapping F' and the so-called -
admissible mapping T from the given space (X, .5) to itself. We will substantially improve these
results in our discussion by using only the strictly increasing mapping F'. We will also take an
B-admissible mapping which is of transitive type (Definition 1.3., 1.4. and Lemma 1.3.). Also,
see [19]. In both previous cases, the "distance" between two points was considered as a function
with two variables, i.e., we had a mapping from X? to [0, +0c0) i.e. metric d, partial metric p,
b-metric b etc. Later, some researchers instead of two-variable functions went to three-variable
functions, i.e., the mappings from X3 to [0, +00) and thus arrived at the following four classes of
spaces: G-metric, Gp-metric spaces, S-metric and Sp-metric, The aim of this paper is to give an
overview of the results on the last two classes of space as well as to present some new observations
about them. We begin with definitions of basic terms in the class of S-metric spaces.

Definition 1.1 ([20]). Let X be a non-empty set and denote by S the mapping from X3 to
[0,400) that satisfies the following axioms:

(S1): S(z,y,2) =0 if and only if x =y = z;

(S2): S(z,y,z) < S(z,z,a)+ S (y,y,a) + S (z,2,a) for all z,y,z,a from X.

Then the pair (X,S) is called an S-metric space and the mapping S is called a S-metric
on X.

Some examples of S-metric spaces:

Example 1.1. Let ||.| a norm on the vector space V, then
S(z,y,2) = |y + 2z — 2z| + [ly — 2|| is an S—metric on V.

Example 1.2. Let ||.| a norm on the vector space V, then
S(x,y,2) = ||lx — 2| + ||y — z|| is an S—metric on vector space V.

Properties such as convergence of a sequence, Cauchyness of a sequence, complete of the space
and continuity of a function, all within S-metric spaces are given by the following definition:

Definition 1.2 ([20]). Let (X,S) be an S-metric space.
(1) A sequence {x,} in X converges to x if and only if S (zp,Zn,z) = 0 as n — +oo.
(2) A sequence {xy} in X is called a Cauchy sequence if S (Tp, Tn, Tm) — 0 as n,m — +o0.
(3) The S-metric space (X,S) is said to be complete if every Cauchy sequence is convergent.
(4) A mapping T : X — X is said to be S-continuous if {Txy} is S-convergent to Tx, where
{zn} is an S-convergent sequence converging to x.

For still details reader can see the following papers: [1,2,4-8,11-14,17,18,20-23,27].

Similar to metric and G-metric spaces, open and closed balls are defined and the corresponding
topology is based on them. For details, see the papers on S-metric spaces in the reference list.
Here, the sequence converges on the S-metric if and only if it converges on that resulting topology.
It is well known that such equivalence does not hold for b-metric, Gp-metric and Sp-metric spaces.
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This is because the open sphere defined in them does not have to be open in the generated
topology.

In this paper, we will discuss several recent results established by several authors and pub-
lished recently in [2,13,14,18]. All these results connect F-contractions to S-admissible mappings
of both within S-metric spaces. Using the connection of S-metric and b-metric spaces that is
given and explained in the following Proposition, we will in one of the next papers provide a sub-
stantial correction of the result from [5]. Now we state the position on the relationship between
S-metric and b-metric spaces:

Proposition 1.1. Let (X,S) be an S-metric space. Then with
b(x,y) = S(x,z,y) a b-metric on the set X is given.

The following applies:

a) (X,95) is complete S-metric space if and only if (X,b) is a complete b-metric space;

b) A Sequence x,, converges in S-metric space (X, S) if and only if it converges in b-metric
space (X, b);

c) The same applies when the sequence x, is a Cauchy sequence. Namely, it is Cauchy in
(X, S) if and only if it is Cauchy in the b-metric space (X,b);

d) The mapping T from X to itself is continuous in (X, S) if and only if it is continuous in
(X,0);

e) Since S is a continuous function with three variables, then the newly defined b-metric b is
also such, i.e., a continuous function with two variables.

Remark 1.1. For a proof of the mentioned properties, see the recent interesting paper [21].

3
Thus, the coefficient s in the obtained b-metric space is equal to 5 Let us also mention one error
from the work of G.S. Saluja [18]: If (X, S) is a given S-metric space, then with
de(z,y) = S(z,2,y) + S(y,y,x) a metric on the set X is defined. According to Proposition 1.1,
it 1s false. Indeed, if the above equality were possible, then we would have that the metric dg is
equal to the 2 - b from Proposition 1.1. But since the coefficient s of the b-metric b is equal to

3

3 > 1, it means that b is not a metric. It follows from the assertion of the author in [18] that
1 1

b= §dg, i.e., that b is a metric, because obviously §dG is a metric.

In the continuation of the work, we significantly improve the results from several works
([2,13,14,18]). We will only use the property F1, i.e. strict increasing of mapping F. In
addition to the two lemmas that will be listed, we will use the following important property
of the strictly increasing function F' from (0,+00) to R. It reads: For each strictly increasing
function F from (0, +00) to R the following applies: F'(a —0) < F(a) < F(a+0) where F(a—0)
and F(a 4 0) are respectively the left and right limits of the function F' at point a. Note that
the following also applies: either F'(0 + 0) = —oco or F'(0 + 0) = A where A is a real number.

In some works on F'-contractions in S-metric spaces, it is assumed that the contractive con-
dition

T+ F(S(Tz, Ty, Tz)) < F(S(x,y,2))
holds whenever S(Txz, Ty, Tz) > 0. In this case, in the proofs, instead of z, i.e., y and z, the
authors take x = y = x,,_1 and z = x,,, respectively. Namely, in some papers they assume that
T+ F(Tz, Tz, Ty)) < F(S(z,z,y)) is fulfilled whenever S(Tx, Tz, Ty) > 0.

As in the case of considering F-contractions within metric spaces ( [9,24]), the following two
Lemmas occupy an important place.

Lemma 1.1. Let (X,S) be an S-metric space and {x,} be a Picard’s sequence in it. If
S (Xnt1, Tnt1, Tn) < S (Tn, Tn,Tn—1) for alln € N then x, # x,, whenever n # m.
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Proof. Suppose the opposite, i.e., let x,, = z,, for some n,m from N with n < m. Due to the
fact that x, 41 = Tz, = T2y, = Ty41 we have

S (mn+1ax7L+17xn) =9 (xm—&-la mm-f—laxm) <S5 (xma zmath—l) < ...

s < S (Tnt2, Tng2s Tng1) < S (Tnt1, Tngl, Tn) < ovey

which is a contradiction. O

Lemma 1.2 ([22]). Let (X,S) be an S-metric space and let {x,} be a Picard’s sequence in it
such that

lim S(x T z,) = 0.
nos oo (n+1a n+1, n)

If {x,} is not a Cauchy sequence, then there exist an € > 0 and two sequences {my} and {ny},
n, > my > k of positive integers such that the following sequences tend to €™ when k — +oo :

{S (mmk’xmk’x"k)} ) {S (xmkaxmkaxnk-‘rl)} ) {S (xmk_l’xmk_:hxnk)} )

{S (xmkflﬂ Tmy—1, xnk+1)} ) {S (xkarlv Tmp+1, xnkJrl)} e

For the all details of the proof see [22] as well as [16].
The following two concepts and the result that connects them will be useful to us in the
continuation of our work.

Definition 1.3 ([27]). Let T : X — X and § : X® — [0,4+0). Then we say that T is f3-
admissible if for all x,y,z € X we have

B(x,y,z) = 1 implies 8 (Tx, Ty, Tz) > 1.
Definition 1.4 ([27]). Let 8: X® — [0,400). We say that j is transitive if
B(z,y,y) =21 and B (y,z,2) = 1 implies B (x,z,2) > 1,
forall x,y,z € X.

The next result is the key to our further consideration and correction of already published
results on F-contractions in S-metric spaces.

Lemma 1.3 ([27]). Let T : X — X and B : X® — [0,+00) be B-admissible and transitive,
respectively. Assume that there exists xg € X such that

B(xo, Txo, Txo) = 1. Define a sequence {x,} by x, = T"xqo. Then

B(Tm, Tn,Tn) 2 1, for all m,n € N with m < n.

We end this part of the paper with a list of all known F' — 8 contractive conditions, where F’
is a mapping from (0, +o0) to R with all three known properties, while 3 is a mapping from X3
to [0, +00) S—admissible or S-admissible and transitive. We list all those contractive conditions:

1) S(Tx, Ty, Tz) > 0 implies 7 + B(x,y, 2) - F(S(Tx,Ty,Tz)) < F(S(x,y, 2));

2) S(Tx,Ty,Tz) > 0 implies 7 + F(B(x,y,2) - S(Tx, Ty, Tz)) < F(S(x,y, 2));

3) S(Tx, Tz, Ty) > 0 implies 7 + B(x,x,y) - (F(S(Tx, Tz, Ty) < F(S(x,z,y));

4) S(Tx, Tz, Ty) > 0 implies 7 + F(B(z,z,y) - S(Tx, Tz, Ty)) < F(S(x,z,y))

If in 3)-4) on the right sides if S(x,z,y) is replaced with

M(z,z,y)=max {S(z,z,y),S(z,z,Tx),S(y,y, Ty), (S(x,z,Tx) +S(x, 2, Ty) +S(y,y,Tx))} ,
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then we have the so-called 8 — F—weak contractions. In some papers from the reference list,
theorems about the existence of a fixed point for 5 — F' contractions have been proven, but
only if the mapping F satisfies all 3 listed properties. In the continuation of the work, we will
significantly improve such results in the sense that we add the property of transitivity to the
mapping S and remove the properties F2 and F3 from the mapping F.

Remark 1.2. According to Proposition 1.1, we have that relations 3) and 4) give an
F'-contraction within b-metric spaces.

We now state one of the first results stated and proved in ( [14], Theorem 1).

Theorem 1.1. Let (X,S) be a complete S-metric space and T : X — X be a f — F—weak
contraction satisfying the following conditions:

(T1) T is B-admissible,

(T2) there exists ug € X such that 8 (ug,ug, Tuo) > 1,

(T8) T is S-continuous.

Then T has a fized point.

Remark 1.3. For several results of this type the reader can see ( [14], Theorem 2, [18], Theo-
rem 3.2, [23], Theorem 5, [15], Theorems 2, 3 and 4).

2. Main results

Our first new general result is given by the following Theorem:

Theorem 2.1. If (X, S) is a complete S-metric spaces and if there exists T > 0 such that
T+ F (S (T, Ty, Tz)) < F (S (z,y,2)),

whenever S (Tz, Ty, Tz) > 0, where F : [0,+00) — R is a strictly increasing function, then the
mapping T has a unique fized point in X. Moreover, if x is an arbitrary point in X, then the
Picard’s sequence T"x converges to this fized point.

Proof. If u and v are two different fixed points of the mapping 7', then

S(u,u,v) =S (Tu, Tu, Tv) > 0, because T'u # Tv. In this case, according to the given contractive
condition we get 7 + F (S (u,u,v)) < F (S (u,u,v)) which is a contradiction with 7 > 0. So, if
T has a fixed point it is unique. Also, from the given contractive condition the continuity of
the mapping T follows. Indeed, the given contractive condition gives S(Tx, Ty, Tz) < S(x,y, 2)
which means that the mapping T : X — X is S-continuous.

Now, we will prove the existence of the fixed point for the mapping T'. Let xy be an arbitrary
point in X and let z,, = T™x( be the corresponding Picard’s sequence. If z,,_; = xz,, for some
n € N, then obviously x,,_; is a unique fixed point of the mapping T. And hence Theorem is
proved. Let us now in the following prove that x,,_; is different from z,, for each n € N. Putting
in the given contractive condition x =y = x,,_1 and z = z,,, we get that
S(Tx,Ty,Tz) = S (xn, Tn, Tny1) which further means that:

T+F (S (xnaxnyanrl)) < F (S (xnflzxnflyxn)) .

Since 7 > 0 and F' is a strictly increasing function, we get that the sequence
{S (zn,ZTn,Tny1)} is strictly decreasing and therefore its limit S* > 0 exists when n — +oo.
Let us prove that S* = 0. Indeed, by switching to the limit when n — 400 in the last relation
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and using the property of the function F' about left and right limits we get 7 + F (S* 4+ 0) <
F (S* +0), which is a contradiction since 7 > 0. Note that according to Lemma 1.1 obtained
that all members of the sequence x,, are mutually different, i.e., that x,, # x,, whenever n # m.
We need this when we prove the Cauchyness of the sequence {z,} because we will need the area
of definition of the function F.

In order to prove that {z,} is a Cauchy sequence, we apply Lemma 1.2, i.e. We put
T =Y =Tp,, 2 = Tm, in the given contractive condition, and so we get the following

T+ F (S (xnk+17xnk+17xmk+1)) SF (S (mnmxnmxnk)) .

If, in the last relation, we let k tends to +oo and use the property on the left and right limits
of the function F, we get: 7+ F (¢7) < F (¢™), which is obviously a contradiction with 7 > 0.
Therefore, the sequence {x,,} is a Cauchy sequence and since (X, S) is a complete S-metric space,
it converges to some point, say u from X. By definition, this is written as S(xy, zn,u) — 0 when
n — +o00. From the continuity of the mapping T' we have that Tx,, — Tu as n — 400, which is
written as S (T'x,, Tz, Tu) — 0 when n — +o00 or in the equivalent form S(x,41,Znt1,Tu) — 0
when n — +o0o. The latter means that the sequence {z,41} — Tu when n — 4o00. Due to the
uniqueness of the limit within S-metric spaces, we have that Tu = u is a unique fixed point of
the F-contraction T on S-metric space. The proof of the Theorem is completed. (Il

The following theorem is a mild generalization of Theorem 2.1 and its proof is the same as
the proof of Theorem 2.1.

Theorem 2.2. If (X, S) is a complete S-metric spaces and if there exists T > 0 such that
T+ F(S(Tx, Tz, Ty)) < F (S (z,2,v)),

whenever S (Txz, Tx,Ty) > 0, where F : [0,400) = R is a strictly increasing function, then the
mapping T has a unique fized point in X. Moreover, if x is an arbitrary point in X, then the
Picard’s sequence T"x converges to this fized point.

Corollary 2.1. By putting F = In in the Theorems 2.1 and 2.2 we get one type of Banach
contraction principle within S-metric spaces. It reads

0<S(Tx, Ty, Tz)<e 7S(x,y,2z) and 0 < S(Tx, Tx,Ty) <e 7S (z,x,y),
respectively, where T > 0.

The previous Corollary shows that by choosing the function F, it is obtained that the
F-contraction within S-metric spaces is also a Banach’s contraction in the same framework.
While the following example shows that there is an F-contraction that is not a Banach’s con-
traction, i.e., that Wardowski’s approach is also a true generalization of the Banach’s contraction
in this class of spaces within S-metric spaces. It is inspired by Wardowsi’s example from the
paper [26].

1
Example 2.1. Consider the sequence {xy}, y as follows: z, = M Let

X = {z,:neN} and S(x,y,2) = |v — 2| + |y — 2|. Then (X,S) is a complete S-metric
space. Define the mapping T : X. — X by the formulae: T(x,) = xp—1 for n > 1 and
T(z1) = x1 =1, that is, z1 is a fized point of T. The mapping T with the F-contractive con-
dition as in Theorem 2.1. is not an F-contraction with F =In (which means that T is not the
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Banach’s contraction). Indeed, we check it. Since, x, # x, whenever n # m, we have for that
case S (Txy, Txy, Tx1) > 0. Therefore, for n > 1 we get

S(Txy, Tx,, Txy)

|Zn—1 — 1 + |21 — 1 _

lim = lim
n—too S (xy, Ty, 1) n—+oo |z, —x1| + |Tn — 1]
e R s
= lim ———+ = lim ————— =1.
n——4oo |J,‘n — 1| n—-+oo n(n;—l) -1

This means that the condition
T+In(S (Tan, Te,, Tr1)) < In (S (zn, Tn, 21)),

that is, the condition
STz, Tx,,Txy)

S ('rn7xn7x1)

—T
e

In

1s mot possible for sufficient large n and any positive T

Assuming now that F (o)) = a+1n«, we obtain, according to Theorem 2.1 that Wardowski F-
contraction in the framework of S-metric spaces is a true generalization of Banach contraction
principle in the same framework. And in this case we have that x, # x,, whenever n # m,
that is, S (Txp, T2y, Txy) > 0. Therefore, if = e~ ! we check the following relation

e+ S (Txp, Txp, Txm) + 0 (S (Txpn, TTn, TTm)) < S (Tn, Tn, Trm) + 10 (S (Tp, Ty Tin))

or equivalently,

S (Txna Txy, Txm)
S (xru .Tn, xm)

In < S (2, ny ) = S (T, Tp, Tay) — e,
that is,
S (T-rn7Txna T‘rm)eS(TEn,T$n,T$m)—S($n7$n7an) < 6_1
< .
S (xny Tn, zm)

Since Txy = p—1,TTym = Tm_1 whenever both n > m > 1 and Tz, = x1 the last inequality
become
|x’ﬂ*1 - xm*1|e|xn,1—zm,1\—\xn—xm| < 6_1
|15n - mm‘ h -

We further get
(n=Dn  (m=1)m

3 —s |(n—l)n—(m,—l)m|7|n(n+1)—m,(nz+1)
e 2 2 =
n(n+l)  m(m+41)

2 2

n+m-—1

_nEM T w1
n+m-+1
L +m—1 _
which is true, because ——— — < 1 as well as from n > m we get n — m > 1, ie.,

n+m+1

e—(n—m) < e~ 1.

About corrected results. Just as in Theorems 2.1 and 2.2, using Lemmas 1.1 and 1.2, we
managed to get rid of the application of the properties F2 and F3 in the proofs, so in the
rest of this paper we will describe (state) the steps of the proof of Theorem 1.1 using only
the property F1. The price that for what we pay for is adding transitivity to the mapping
B: X3 — [0,+00). The same procedure applies to the correction of the evidence of the results
mentioned in Remark 1.1. It is well known that in the presence of a S-admissible mapping, a
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possible fixed point is not necessarily unique. That is why we only approach proving its existence.
The first step in this proof would be to prove, starting from a given point g with properties (T2)
and (T1), the existence of a sequence {z,} such that 8(x,, zpn,Xn+1) > 1 for each n from N.
Using this obtained relation from the given contractive condition, it is obtained for the se-
quence x,, that the sequence S(x,, Ty, Z,11) is strictly decreasing. From there, according to the
property about the left and right limits of the strictly increasing function F, it is obtained that
S(xp, T, Tpt1) tends to zero when n tends to +o0o. According to Lemma 1.1, it follows from
the strictly decreasing sequence S(xy, &y, Ty 1) that all members of the sequence z,, are mutu-
ally different. Therefore, the conditions have been met to apply Lemma 1.2. to prove that the
sequence {x,} is Cauchy. Of course, to eliminate the sequence 8(xy,, Zpn, Zn+1) the Lemma 1.3 is
used. And then, in the last step, by letting &k tends to +o0, as in the proof of Theorems 2.1 and
2.2, we get a contradiction with 7 > 0. The rest of the proof is further as in Theorems 2.1. This
method can therefore be used to improve (shorten) all the proofs of the results mentioned in the
works from the list of references. To conclude: if any S-admissible function does not participate
in the contractive condition, the fixed point is unique and it is sufficient only for the function
F to assume the property F1. If a S-admissible function is present, with the addition that it is
transitive, it is again sufficient to assume only the property F1, but then the fixed point does
not have to be unique. O
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HeKOTOpre 3aMevdaHnd N HNCIIpaBJIEeHUA HeJaBHUX
PeE3yJIbTaTOB U3 Teopuun S—MeTpI/I‘IeCKI/IX IIPOCTPAaHCTB

Hopa Perycu
Jlaboparopus LMPA
Kadenpa maremarukn
Yuusepcurer Jxumxenb
Jxumkensb, Amkup
Crogn PangenoBu4
DakybTeT MAITMHOCTPOEHUSI
Benrpanckwuit yausepcurer
Benrpan, Cepbust

Amnnoranms. CozepkaHue 3TOil CTaTbW COCTOMT M3 pe3yiabraroB no F-cxkarmio Bapmosckoro B
S-MeTpPUYIECKUX MPOCTPAHCTBaX. B Hell MBI IPECTAB/IsIEM MOMPABKU K HEKOTOPBHIM HEJIABHUM PE3YiIb-
TaTaM, UCIOIb3ys TOJIBKO cBoicTBO F1 cTpororo Bospacranus dyuknun F. B mammx pesymabratax Mbl
obbenuusieM [-monycruMbie dyHKimy ¢ F-cxkarusmu. Hakonerr, Mbl IpUBOMM IpUMep, OKA3bIBAIONIHIA,
qro F-cxkaTue B paMKax S-MEeTPUYECKUX MPOCTPAHCTB SIBJISIETCST HCTUHHBIM 00OOIIEHEM TPUHITATIA, CXKa-
Tus BaHaxa B Tex >Ke paMKax.

Kro4geBble ciioBa: S-MeTpHUYeCKOe IPOCTPAHCTBO, b-MeTPUYeCKOoe IPOCTPAHCTBO, HELIOABIKHAS TOUKA,
F-cokpamenue, (-gomycTumo.
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of collagen-containing hydrogel with the addition of various components for personalized 3D bioprinting
of human supporting and connective tissues.
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Introduction

To date, 3D bioprinting of tissues and organs is one of the promising methods of biofabrica-
tion and is of great interest in the direction of creating complex cellular and tissue constructs
for tissue regeneration, which allows for the manufacture of personalized implants taking into
account the anatomy, pathology and biomechanical properties of organs and body parts of the
patient’s body [1]. The bioprinting process is carried out using bioinks, which include two main
components — cells and hydrogel. Hydrogels are three-dimensional polymer meshes that, due to
The properties of hydrophilicity are capable of retaining large amounts of water. Various natural
polymers are used to produce hydrogels, among them biopolymers of allogeneic origin have pre-
dominant characteristics, including good biocompatibility and biodegradability, as well as low
antigenicity and high regenerative potential. Commercial bioinks presented on the market today
are characterized by a fairly high cost, which makes it necessary to develop our own domestic
competitive analogues of such bioinks within the framework of the direction import substitution
[2, 3]

Among the large number of biogenic hydrogels available on the market today, the hydrogels
of PureColo "Cellink" (Sweden) and hydrogel can be distinguished INVIVO-GEL-ESSENTIAL
(Korea), which have already successfully proven themselves as products for bioprinting and per-
fectly combined with various types of cells. The presented products are mainly used in scientific
research tasks. Today, the Russian Federation is actively working on the development of domestic
hydrogels, the creation of which will solve the problem of import substitution of foreign bioinks.

An important step in the bioprinting process of various constructs is their standardization,
both at the stage of obtaining the initial material for bioprinting - hydrogels, and the final printed
product. Therefore, it is necessary to evaluate the quality of hydrogels and bioinks in order to
obtain data on the structure of the components contained in them. Among the physical research
methods, optical methods such as Raman spectroscopy and IR Fourier spectroscopy are widely
used, which They are non-destructive and operational methods of analysis, as well as widely used
for solving biomedical problems [4-9]. Thus, in the work of the authors [4-5], studies on the use
of Raman spectroscopy to assess the composition of tissues with a detailed interpretation of the
main lines of Raman are presented.

The authors of the work [6], using the method of Raman spectroscopy, investigated the
composition of biomaterials and extracellular matrix, including bone marrow. In the work of the
authors [7] it is shown that using this method it is possible to determine the composition of the
cell. So in The work of the authors [8] shows that non-destructive analysis of various biomaterials
can be carried out using IR spectroscopy (FTIR).

Therefore, the aim of the work was to evaluate the possibility of using optical methods in
the standardization of collagen-containing hydrogel for 3D bioprinting of human supporting and
connective tissues.

Materials and methods of research

The objects of the study were: group 1 — allogeneic collagen-containing hydrogel (obtained
from human bone tissue), Samara, Russia, Biotech Research Institute, Lioplast (C); group 2 —
PureCol hydrogel (© "Cellink" (Sweden); group 3 — INVIVO-GEL-ESSENTIAL hydrogel (Ko-
rea); group 4 — type I collagen sample "Cellink" (Sweden). The collagen-containing hydrogel was
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obtained from an allogeneic material of demineralized bone tissue, pretreated using the original
technology for obtaining bioimplants of the trademark "Lyoplast"(@©) (TU- 9398-001 -01963143-
2004, patent R+ No. 2366173 dated 05/15/2008; Certificate of conformity ISO 13485:2016, reg.
No. RU CMS-RU.PT02.00115; ISO 9001:2015 certificate, per TIC 15 100 159171) [9].

Raman spectroscopy and IR Fourier spectroscopy were used as research methods. The Raman
spectroscopy (Raman) method was implemented using an experimental stand consisting of a
semiconductor laser (LML-785.0RB-04.450 MW), a spectrograph (Andor Sharmrock SR-303i)
with an integrated digital camera cooled to —-60°C, an optical raman module (PBL785) and a
computer. The use of this spectrograph provided a resolution of 0.15 nm in wavelength at a low
level of intrinsic noise. In this work, the Raman spectra were analyzed in the range 700-1800
cm~!. The Raman spectra were recorded using an optical probe, which was located above the
object at a distance of 7 mm. Further processing of the Raman spectra consisted in filtering
autofluorescence in the Raman spectra using the method of subtracting the fluorescent component
by polynomial approximation I-ModPoly with polynomial degree 11 [10].

Normalization and smoothing of Raman spectra were performed using the SNV and Maximum
Likely good Estimation Savitzky—Golay filter (ME-SG) (=4) methods. Infrared spectra were
obtained using a Fourier spectrometer FT modification 801 (factory number 465; manufacturer
Limited Liability Company Scientific and production company "SIMEX" (LLC NPF "SIMEX"),
Novosibirsk). Transmission spectra were recorded using the prefix of multiple disturbed total
internal reflection (hereinafter referred to as the prefix MNPVO) at the following parameter
values:

- spectrum resolution of 8 cm™!;
- the number of scans (accumulations) for obtaining spectra is 36.

The results of the study

Fig. 1 shows the averaged Raman spectra of the samples.

Fig. 1. Research materials

It can be seen from Fig. 1 that lines are present in all three studied groups 1-3 of hydrogels
CR, which are characteristic of type I collagen "Cellink": 1242-1265 cm ™! (Amidelll/a-helix),
1412 em~! (CHy bending and scissoring modes of collagen and phospholipids), 1560 cm~! (Amid
IT Parallel/Antiparallel a-sheet structure). At the same time, it can be seen that in the hydrogel
of Korean production in the Raman spectra there are lines 1003 - 1075 cm~! (Phenylalanine,
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Breathingmode (collagenassignment)), 1650 cm~! (Amidel/a-helix), which also correspond to
type I collagen "CELLINK" and determine the elasticity of tissues. Spectra of allogeneic collagen-
containing hydrogel and hydrogel PureCol0 "Cellink" have similar spectral characteristics and,
unlike the Korean-made hydrogel, have a Raman line at 832 cm~! (C-C stretching, proline and
hydroxyproline (collagen assignment)), which determines the properties of collagen fibrils such
as elasticity and elasticity, which is important for tissue bioprinting. Further, a detailed analysis
of the studied objects was carried out, the results of which are presented in Tab. 1 and in
Figs. 2 and 3.

Table 1. Metric values for each sample group.

- Precision | Recall | fl-score | support
Hydrogel 0.00 0.00 0.00 2
Purecol 0.00 0.00 0.00 1
ESSENTIAL 0.40 1.00 0.57 2

As can be seen from Tab. 1, the value of the F1-Score model is at the level of 40 percent, the
ROC AUC is within 60 percent, and the rest of the metrics have low indicators, which indicates
that groups 1-3 are difficult to distinguish between each other, which indicates the spectral
similarity of their composition.

Intensity (a.u.)
&

800 1000 1200 1400 1600 1800
Raman shift (cm )

Fig. 2. Averaged Raman spectra of the samples: 1 (red line) — allogeneic collagen-containing hy-
drogel, 2(blue line) — PureCol® "Cellink" hydrogel, 3(green line) — INVIVO-GEL-ESSENTTAL
hydrogel, 4(brown line) — type I collagen sample "Cellink")

According to the decision matrix, it is clear that all test spectra are correctly classified (5).
According to the ROCAUC and Precision-Recall graphs, the low classifying ability of the resulting
classifier is also visible.

The value of ROC AUC (Receiver Operating Characteristic Area Under Curve) equal to 0.5
indicates that the model is not able to identify differences between the studied groups, which
also indicates their spectral similarity.

Thus, the results obtained using Raman spectroscopy showed spectral similarities of the three
studied hydrogels.

Fig. 4 shows the Fourier-infrared spectra of the three types of hydrogels studied from different
manufacturers, as well as type I collagen "Cellink".

In the infrared spectra of all samples in the range of 3310-3291 cm ™, a wide peak of high
intensity is observed, characteristic of valence vibrations of O-H, N-H ("Amide A") bound by
intermolecular interaction (hydrogen bonds) . In the region of 3078-3074 cm™!, both valence
vibrations of the C-H (sp3) bond of heterocyclic fragments of amino acids that make up col-
lagen (proline, oxyproline) and the "Amide B" band (stretching vibrations of C-N bonds) can

1
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ESSENTIAL
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Fig. 3. Results matrix

Extension of Receiver Operating
Characteristic to One-vs-Rest multiclass
.- micro-average (AUC=0.60)
macro-average [AUC=0.50)
chance level [AUC=0.50)
— Hydrogel (AUC=0.50)
PureCal (AUC=0.50) L
ESSENTIAL (AUC=D.50) .

The Positive Rate

o4 .'\l.i\. .'il.'| :.ﬂ
False Positive Rate

Fig. 4. Obtaining operating characteristics

manifest themselves. Absorption bands in the region of wave numbers 29582932 cm ™! and 2875
2874 cm~! correspond to valence bands fluctuations in the C-H (sp3) bond of alkyl groups. The
most significant and widely used band for the characterization of biological materials is the peak
"Amide 1", located near the range of 1700-1580 cm~!. It corresponds to the valence fluctuations
of the C=0 bond of the peptide group. In this case, high intensity bands at 1657-1631 cm ™! are
present on the infrared spectra of all samples See™!. These bands are characteristic of valence
vibrations of C=0 and N-H bonds (peak "Amide 1"). In the region of 1555-1536 cm~! on the
infrared spectra of the standard collagen type 1 "Cellink" and samples of all bands of high in-
tensity corresponding to stretching vibrations of C-N and planar vibrations of N-H bonds (peak
"Amide 2") are observed in the analyzed hydrogels.

In the region of 1453-1447 cm~! and 1405-1404 cm~!, bands of medium and low intensity are
present on all spectra , characteristic of both deformation vibrations of C-H and N-H bonds, and
valence vibrations of C-N, C-C bonds. Further, in the region of 1340-1332 cm™!, maxima are
observed, most likely associated with deformation fluctuations of the CHy groups of the proline
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Fig. 5. Averaged IR spectra of the samples: 1 (black line) — type I collagen sample "Cellink";
2(red line) — INVIVO-GEL-ESSENTIAL hydrogel; 3(green line) — PureCol® "Cellink" hydrogel;
4(blue line) — allogeneic collagen-containing hydrogel

residue in the collagen polypeptide chain.

Absorption bands in the area of 1240-1232 cm~! are caused by characteristic fluctuations of the
amide group, deformation fluctuations of the carbon skeleton of amino acids that are part of
the polypeptide chain of the material under study ("Amide 3"). Based on the spectral analysis
carried out, it can be concluded that the main absorption bands in the infrared spectrum of the
allogeneic hydrogel developed at the Biotech Research Institute are associated with characteris-
tic fluctuations of specific groups in polypeptides. The IR spectrum of the allogeneic hydrogel
is identical to the IR spectrum of the standard type 1 collagen "Cellink", which reflects their
qualitative composition. The transmission spectrum of the Biotech Research Institute hydrogel
has similar absorption bands with commercial hydrogels from "Rokit" and "Cellink" companies.

Taking into account the spectral similarities of the hydrogel developed by Vinni Biotech and
the PureCol Cellink hydrogel, it can be concluded that the allogeneic hydrogel developed at the
Biotech Research Institute can subsequently be applied to 3D bioprinting of human supporting
and connective tissues using commercially available 3D bioprinters in the framework of import
substitution.

Results

As a result of the conducted studies using the Raman spectroscopy method, it was found that
the composition of the studied hydrogels of imported production, as well as the manufactured
collagen-containing hydrogel, revealed AMIDII (Raman Spectroscopy lines 1200-1300 cm™1),
Amide IT (Raman Spectroscopy line 1554 cm 1), CHy bending and scissoring modes of collagen
and phospholipids 1450 cm~! and Amide I (KP line 16501665 cm~!. These CD lines indicate
the presence and preservation of the collagen structure in the composition of the studied hy-
drogels. The spectral composition of the developed at the Research Institute Biotech (Russia,
Samara, Biotech Research Institute, Lioplast8) of allogeneic hydrogel has a similar composition
to hydrogels of imported production. Additionally, using IR Furie spectroscopy, it was found
that the main absorption bands on the infrared spectrum of the allogeneic collagen hydrogel of
the Biotech Research Institute are associated with characteristic fluctuations of specific groups
in They are identical to the IR spectrum of the human type 1 collagen standard "Cellink", which
reflects their qualitative composition and confirms the preservation of the collagen structure, and
also has similar absorption bands with commercial hydrogels of Rokit and Cellink companies,
which indicates the possibility of using the proposed allogeneic hydrogel of the Biotech Research
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Institute in the future as an alternative to analogues available on the market as part of the
import substitution program. The obtained research results can be further used as an express
assessment and standardization of collagen-containing hydrogel with addition for personalized
3D bioprinting in the restoration of human supporting and connective tissues.
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Amnnoranusi. B pabore mpecTaBiieHbl pe3ybTAThl TPUMEHEHNUST OMTHIECKUX METO/IOB B CTAHIAPTU3A-
MK KOJJIANEHCOJIEPKAIIEr0 aJJIONEHHOro ruiporess, npoussegensoro 8 HUNM "Buorex" (r. Camapa,
Poccust) n3 GHOMMILIAHTATOB TOProBoit Mapku Lioplast(R) B cpaBHEHNY ¢ NMEIOIIUMUCS Ha PBIHKE THJIPO-
reasivu kommanmii "Rokit" u "Cellink". B kagecTBe OCHOBHOIO METOa UCCAEIOBAHNSA OBLI UCIOJIB30BAH
METOJI CIIEKTPOCKOIINY KOMOUHAIIMOHHOIO paccesiius. JLoTOTHUTEIbHBIM METOIOM MCCJIEIOBAHUS STBJISLI-
csa meton UK-Pypbe-ceKTpOCKOIINN.

B pesyabraTe mpoBeeHHBIX MCCIEIOBAHUN C TIOMOIIBIO OMITHYECKIX METO/IOB YCTAHOBJIEHO, YTO B COCTABE
AJIJIONE€HHOrO ruapores, npoussegennoro 8 HM "Buorex" (r. Camapa, Poccust), mosHOCTBIO coxpane-
Ha, KOJIJIAT€HOBasl CTPYKTypa. [1000HBIN CITIeKTpaIbHBIN COCTAB TaKKe UMEIOT THIPOTe/ I UMIIOPTHOTO
npoussozcTsa komnanuit Rokit n Cellink.Ilosryuennste pe3yibsrarsl MOy T OBITH B JaJIbHEHIIIEM UCIIOIB30-
BaHBI B KAYE€CTBE SKCIIPECC-OIEHKN U CTAHIAPTU3AINH KOJIJIAT€HCOIEPKAIIEro THIPOresis ¢ 100aBIeHueM
Pa3IUYIHBIX KOMIIOHEHTOB [IJIsT TIEPCOHATM3UPOBAHHOTO 3D-OMONPUHTHHTA OMTOPHBIX U COEIMHUTETHHBIX
TKaHeU 4YeJjIOoBeKa.

B pamkax akTyaJibHO#N Ha CEroJHSAIIHUN JIEHDb 33/1a9d UMIIOPTO3aMEIEeHNsT pa3pabOTaHHbBIH KOJIJIAare€HCO-
JepzKaIyii aJlIOTeHHBI THAPOTe/ib B MaJbHEHIIIEM MOXKET MPEICTABISATh COO0I KOHKYPEHTOCITOCOOHBIH
aHAJIOT 3apyOeKHBIM KOMMEPUIECKUM IPOIYKTaM — THPOreIsM B OMOMEYaTH.

KuaroueBrnie cioBa: nndpaxkpacHasd Pypbe-CIEKTPOCKOIN, METOJI CIEKTPOCKOINN KOMOMHAIIMOHHOTO
paccesiHusI, KOJIJIAr€HCOIEPKAIINN THIPOTE/b, OMOPHbIE U COeIMHUTEbHBIE TKaHu, 3D-6nonedars.
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Introduction

Harmonic analysis on topological groups plays an important role in mathematics and its
applications (see, for example, [1-8] and references therein). New directions of research are
related with nonassociative algebra, noncommutative geometry, nonassociative mathematical
physics, where quasigroups and loops appear frequently. They are nonassociative group analogs
(see [9-11] and references therein). Moreover, quasigroups are frequently and actively used in
informatics databases, since they open new possibilities in comparison with groups [18].

Harmonic analysis on nonassociative quasigroups and loops remains a little elaborated. There
is very little known about relations between topologies and algebraic structures of quasigroups
in comparison with groups. An existence of left- or right-invariant measure was studied earlier
on topological groups in [19]. There was obtained a result, that from an existence of a left-
or right-invariant nontrivial measure on the topological loop, it follows that it is everywhere
dense in a locally compact loop. In particular, on locally compact core quasigroups left-invariant
measures were constructed in [20]. Core quasigroups are particular cases of quasigroups. General
topological quasigroups are studied in this article, as well as left or right quasigroups and loops.
It is worth to emphasize, that the class of left (or right) quasigroups is wider than the class of
quasigroups. Therefore this article contains new aspects in this area.

There are specific features of topological quasigroups in comparison with groups. This is
caused by a reason, that in the associative case for the topological group G, there exists either
left- or right-invariant uniformity on G compatible with its topology [3,5,21]. For the topological
quasigroup generally the uniformity need not be neither symmetric, nor left-, nor right-invariant
because of its nonassociativity.

*ludkowski@mail.ru
© Siberian Federal University. All rights reserved
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In abstract harmonic analysis on groups a large role is played by invariant and quasiinvariant
measures. There is very little known about them in the nonassociative case. Therefore their
investigations on quasigroups is important for the development of abstract harmonic analysis
in the nonassociative case. The first section is devoted to this for smashed and twisted wreath
products of quasigroups. On the other hand, it permits to construct quasiinvariant or invariant
measures on a wide class of quasigroups. Moreover, the quasiinvariance of measures relative to
isotopies is investigated. Specific features are found for quasigroups in comparison with groups.
The second section deals with studies of ideals in the convolution algebra on a space of measures
with the help of invariant and quasiinvariant measures on the quasigroup. The convolution alge-
bra appears to be in general nonassociative because of the quasigroup nonassociativity. Minimal
ideals of the topological convolution algebra are investigated.

All main results of this article are obtained for the first time. Their applications are discussed
in the conclusion section.

We recall a definition in order to avoid any misunderstanding.

Definition 1. Let G be a set with multiplication (that is a single-valued binary operation)
G? > (a,b) — ab € G defined on G such that

(i) for each @ and b in G a unique = € G exists with ax = b.

The set G with multiplication satisfying condition (¢) is called a left quasigroup. Symmetri-
cally is considered the case:

(it) a unique y € G exists satisfying ya = b.

The set G with multiplication satisfying condition (%) is called a right quasigroup. Mappings
in (¢) and (i7) are denoted by = a \ b = Div;(a,b) and y = b/a = Div,(a,b) correspondingly.
If G is the left and right quasigroup, then it is called a quasigroup. If in addition

(#it) a neutral (that is unit) element exists eq = e € G: eg = ge = g for each g € G, then

the left (or right) quasigroup G with the unit element is called a left (or right correspondingly)
loop. If G is the left and right loop, then it called a loop (or a unital quasigroup). Assume that
G is the loop, C(G) is a center of the loop, C,,, (G) C C(G), Cin(G) is a commutative group such
that (ab)c = t3(a,b, c)a(be) for each a, b, ¢ belonging to G, where t3(a,b,c¢) € C,n(G). Then G is
called a metagroup.

Let T be a topology on a left (or right) quasigroup (or loop) G such that multiplication GXG >
(a,b) — ab € G and the mapping Div;(a,b) (or Div,(a,b) correspondingly) are jointly continuous
relative to T, then (G, 7T) is called a left (or right correspondingly) topological quasigroup (or
loop correspondingly). If G is the left and right topological quasigroup (loop), then it is called
a topological quasigroup (loop correspondingly).

It is supposed in this article that 7 is the 71 N T35 5 topology, if something other will not be
specified. For subsets A and B in G by means of A — B is denoted their difference A — B =
={a€A: a¢ B}.

Remark 1. The notation B(X) is used in this article for the Borel o-algebra on a topological
space X, F,(X) denotes a completion of B(X) by means of |u|, where x is a measure on B(X)
with values in R = [~00,00] or C, |u| is a variation of the measure y. Henceforth it assumed
that F,(X) D B(X), o-additive measures are considered on c-algebras, on locally compact
spaces Radon measures are investigated, if something other will not be specified. The measure
A Fa(G) = Ror A : Fa(G) — C is called left-quasiinvariant (or left-invariant) relative to
H, if A= is equivalent to A (or A*= = X correspondingly) for each x € H, where H C G,
A= (Q) = A(Q) for each Q € F)\(G). For H = G "relative to G" is frequently omitted for short.

Definitions of smashed products and twisted wreath products are given in the appendix.
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1. Quasiinvariant measures on smashed products
of quasigroups

Theorem 1. Assume that A and B are locally compact left Ty quasigroups with nontrivial left-
quasiinvariant measures Ay and \g both taking values either in R = [—oo, +00] or in C such that
Mg is also quasiinvariant relative to ¢1(a1) for each a; € A; C = Aps:&2:91:92:93 B s q smashed
product of A and B, with (jointly) continuous smashing mappings &, ¢; for each i € {1,2}
and j € {1,2,3}. Then a nontrivial left-quasiinvariant measure \¢ exists on C induced by Aa
and \g.

Proof. In view of Theorem 5.3 in [17] C as the topological space A x B is supplied with the
Tychonoff product topology T¢, consequently, C' is locally compact, since A and B are locally
compact. Multiplication on C' is given by the formula

(a1, b1), (az,b2)) = ((araz), [(€1 (a1, by, a2)b\") & (a1, by, az)]{913b21) for each ay, as in A;
by, bs in B, where

b3t = ¢y (a1)by, B\ = Gy(ag)by, bI™ = ds(ar)ba, @5 : A — A(B), where A(B) denotes a
family of all homeomorphisms from Bon B, & : AxBxA — Band AxB > (a,b) = ¢j(a)b € B
are (jointly) continuous mappings for each i € {1,2} and j € {1,2,3}, (a1,b1) € C, a product on
C' is shortly denoted by (a1, b1)(az,bs) instead of u((a1,b1), (az,bs2)). From the Radon-Nikodym
and the conditions of this theorem it follows that there exist factors of a quasiinvariance (that is

A (duwy) X5 (dws)
—~Nik ivati L = A =18 ¢/
Radon—Nikodym derivatives) d , (Lq, w1) Moaldion) dxg (¢1(a1), ws) o) and
AR (duws)
dry (Lp,, wa) = ))\BT)’ where A5 (W) = Ap(g(W>)) for a mapping g : B — B such that
Blaw2
g Fag(B) = Fag(B), drg(g,we) = m, Ly, ba = bibs for each by and by belonging
Bldws

to B, Wy € Fy,(B), where Fy,(B) denotes a completion o the Borel o-algebra B(B) relative
to the variation |Ag| of the measure Ag. Then it is possible to provide the product measure
Ac = Aa X Ap on C by virtue of theorem 1 in Ch. 3, Sect. 5 in [14], since B(C) D B(A) x B(B).
For each f € K(C,F) according to the Fubini theorem

|G pyetan) = [ ( / f((wl,w2>>ALBﬂ<%”1*“><dw;1>)Af:1<dw1>,

where L'z =c\z,z€C,ce C,w; € A, wy € B,
B = Blar, by, w1) = [(fl(alab17w1)b§w1))£2(a1,bl,wl)]{‘“}, K(C,F) denotes the space of all
continuous functions h : C' — F with a compact support, either F = R or F = C correspondingly.

Since )\f{” is equivalent to A4, also )\éb and )\gl(al) are equivalent \g for each a; € A, b € B,

Liay,by) - .
then )\C( 101 s equivalent to Ao. Moreover

dre (L(al’bl)’w) =dx, (Lawwl)d/\B (Lﬁvwgl>d>\3 (¢1(a1)’w2)a
where w = (w1, ws) € C, wy € A, wy € B, 8= B(a1,by,w1). ]

Corollary 1. If the conditions of theorem 1 are satisfied and in addition A4 and \g are left-
invariant, )\%l(al) = A\ for each a; € A, then \¢ is left-invariant.

Example 1. In particular, ¢1(a;) may be in theorem 1 compositions of left shift operators
of the form LCILZ(QI)LC2 with fixed ¢; and cp, where 7 : A — B is a continuous mapping,
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L.Lyx = L.(Lyx), Lyx = bz, L;lx =0b\ux, Lg“ = LyL}y for each a; € A, for each b, b1, ¢y,
c2, x belonging to B. From the left quasiinvariance of the Ap it follows in this case, that it is
quasiinvariant relative to the transformations ¢;(a1).

Theorem 2. Assume that a left topological loop C = DAﬁ’"’“’gF is smashed twisted wreath
product of D with F and (jointly) continuous smashed mappings £ : AX F x A — Cy and ¢, 1,
k, where F = BY, D and B are locally compact Ty metagroups, A is a submetagroup in D with
a finite discrete transversal set V' for A in D with a continuous transversal mapping T : D — V,
C1 = C(D)NC(B). Let Ap and Ap be nontrivial left-quasiinvariant measures taking values both
either in R of in C, such that A\p is also quasiinvariant relative to ¢(ay) for each a; € A. Then
there exists a nontrivial left-quasiinvariant measure Ao on C induced by \p and \p.

Proof. Since V is finite, then F' is a locally compact 17 metagroup by Theorem 4 and Corollary
3 in [15]. From the continuity of 7 : D — V it follows that the mapping ¢ : D — A is continuous
by remark 1 in [16], since ¢ = ¢¥q", ¢¥ = ¥(q), ¢ = 7(q) for each ¢ € D, the mapping
D? 3 (q,7) = q/r € D is (jointly) continuous. By virtue of theorem 3 in [16] C is the locally
compact T1 N T3 loop, since D are F' locally compact, since V is finite and discrete. Moreover,
the local compactness and regularity imply that C Tychonoff 77 N1y 1 by Theorems 3.3.11 and
3.2.6 in [21].

On the metagroup F the measure Ap =[], .\ (AB), exists, where (Ap), = Ap for each v € V
by theorem 1 in Chapter 3, Section 5 in [14], since the set V is finite. Evidently the measure
Ar is F left-quasiinvariant and also quasiinvariant relative to ¢(aq) for each a; € A. Then
d/\F(Lz7y) = H’UEV g (sz7yv)7 where y = {yv €EB:ve V} € F.

Multiplication on C has the form:

(dv, f1)(da, f2) = (drda, £((dY, 1), ) frF3),
where £((d?, f1),d¥)(v) = €((d¥, f1(v)),dY) € Cy for each dy and dy in D, fy and foin F,v eV,
C1 — C(D)NC(B), C(B) = Com(B) N N(B) is the center of the metagroup B, (dy, f1) € C (see
remark 3 and theorem 3 in [16]), since by the conditions of this theorem & : A x F' x A — Cy,
in the considered case ¢ is independent of fo. Moreover, f2{d1}(v) = f‘;wl’v)(v[dl\‘a])7 s(dy,v) =
e/(v/dy)?, (a™)ll = (a7¢)™ for each a and ¢ in D, v € V, b% = ¢(a;)b for each b € B and
ay € A, A(B) denotes a family of all homeomorphisms from B onto B, ¢ : A — A(B); n, k, £
and A x B 3 (a1,b) — ¢(aq1)b € B are the (jointly) continuous mappings.

As a measure on C' it is possible to take the product measure A\c = A\p X Ap, consequently,
Ac(W) = Ap(W1)Ap(Wa) for each W = Wy x Wy, Wi € B(D), Wy € B(F). Therefore
A (dw) = ABT (dwy )AL (dwi™) for each w = (wy,wy) € C, wy € D, wy € F, (dy, f1) € C,
where 8 = 5(dy, f1,w1) = E((dlf’, fl),w}b)fl. Hence for each f € K(C,F) by virtue of the Fubini
theorem

|G oretan = | ( / f((wl,w))Aéf*“’l*“’“”(dwéd”))xédl (du)

On the other hand, wédl}(v) = ¢(e/(v/d1)¥)(w2((v(dy \ €))7)) for each v € V.

Therefore Ap(Up x -+ x Up) = Ap(Ugay x --+ X Ugumy) for each Uy,...,U,
belonging to B(B) and each bijection g of the set {1,...,m}, where m =
card(V).  Then dx,(da(d1),w2) = [l,ev drs(¢s(v,di),wa(v)) for da(di)ws = wédl},
B5(0,d1) (3(0) = ole/ (Go(di)0)/d1)*) (13(0)), whete o(dr)(el\) = o for each v e
V.  Thus the measure /\é(dl'fl)(dw) is equivalent to Ac(dw) and dx.(Lia,, ), w) =

dap (Lay w1)dap (Laay gy ) 8™ ) (0a(ch ), w2). O
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Corollary 2. If the conditions of theorem 2 are satisfied and A\p aand A\ are left-invariant,
/\%(al) = Ap for each ay € A, then A¢ is left-invariant.

Remark 2. Examples of metagroups, satisfying the conditions of Theorem 2, are provided
in [15,16] and with the help of theorems given there. Examples of left quasigroups are in [17].
For their construction it is possible to use not only topological quasigroups, but also topological
groups b subsequently construct topological left (and symmetrically right) quasigroups, loops
and metagroups with the help of smashed and twisted wreath products. In their turn, with the
help of Theorems 1, 2 and Corollaries 1, 2 this provides abundant families of locally compact
left (or right) quasigroups and loops with left- (or right-) quasiinvariant or invariant measures.
It also is possible to use topological isotopies according to the theorem given below.

Theorem 3. Assume that G = Q(A) and H = Q1(B) are topological left Ty quasigroups, which
are topologically isotopic: yA(x1,x2) = By, asxs) for each x1 and x4 in Q, where ay, ay are
~ homeomorphisms of topological spaces Q and Q1. Assume also that g is a measure left relative
to a;lfy quastinvariant on G. Then A\g and isotopy (1, a9,7v) induces a left- quasiinvariant
measure on H.

Proof. The measure Ag and 7 induce the measure Ay (W) = Ag(y~ W) for each W € B(Q1).

L _

Then Ay (7U) = Ag(U) and A2 (4U) = A (a3 yU) for each U € B(Q) and b € Qy, where

a;'9U = ay'(y(U)). By the conditions of this theorem the measures Ag(du), )\é“ (du) and
-1

Ae? '(du) are equivalent for each a € @, where u € Q. Therefore the measures Ay (dw) and

)\f{” (dw) are equivalent for each b € @i, since a = aflb € @, where w € Q1. Moreover
drp, (Lp,w) = dAG(La;%,a;lw)dAG(aglv,'y_l ). a

2. Applications of invariant measures and ideals
in convolution algebras

Definition 2. Let G be a topological (left) T} quasigroup, M(G, F) be a space of o-additive
measures  : F,(G) — F with a finite norm ||u|| = |p|(G) < oo, where F =R or F = C. For 11y
and ps belonging to M(G, F) the convolution is provided by the formula

(1 % 1) (Q) = /G /G xe(@y)pun (de)pa(dy),

where xq(z) is the characteristic function of the subset © in G, xq(z) = 1 for each z € Q,
xa(z) =0 for each z € G — Q, Q € F,(G).

Theorem 4. Assume that G is a topological left Th quasigroup, u; € M(G,F), j € {1,2}. Then
o1 # poll < llpallllpzll and p =+ po € M(G, F).

Proof. For each Q2 € B(G) by virtue of the Fubini theorem

[ [ xa(ey)m(do)ua(dy)| < | | [ xa(ey)m(do) |l (dy) <
GG G'G

< (fXQ(xy)lull(dx))Iml(dy) = (lpa] * [2)(2) < |lpal[||p2]], since z\ Q € B(G) for each
G \G
x € G. Therefore

(% p2) (U2, ©5) = Zl(m * 12)(9;)
j:
for each disjoint Q; in B(G), Qj, NQy, = 0 for each ji # jo in N, with J;Z, Q; = Q, since

xa(z) = > xq,(z) for each z € G. Then 1 * po has an extension on Fy 4., (G) D B(G). O
j=1
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Proposition 1. Assume that G is a compact left Ty quasigroup, A : Fa(G) — [0,1] is a
left-invariant measure, \(G) = 1. Then FX is a one-dimensional left ideal in the algebra
(M(G, F), +, *).

Proof. For each Q € F)(G) and p € M(G, F) there is the equality p* A(2) = A(Q)u(G), since
pEAQ) = [ Az \ Q)p(dz). O
G

Theorem 5. Let G be a locally compact Ty quasigroup, X : FA(G) — [0,00] (and A\ : Fy, (G) —
[0,00]) be a nontrivial left- (or right- correspondingly) invariant measure, u € M(G,F); the
measure | generates an one-dimensional left (or right) ideal in the algebra (M(G,F), +,*). Then

G is compact, the measure ji generates the one-dimensional (two-sided) ideal, p(dx) = ﬁ)\(dx)

with a constant v # 0 in F, a: G = F is a continuous bounded function, a(ry) = a(x)a(y) for
each x and y in G, A(dz) = BA1(dx) with a positive constant (.

Proof. If Fp is the one-dimensional left ideal in M (G, F), then v * u = a0 with o, € F for each
v € M(G,F). In particular, 6, * u = a(a)p with a(a) € F for each a € G. Moreover

106 * ]| = |a(a)lllpll < |[0alllleell = llp]] by Theorem 4, consequently, «(a) is the bounded
function. For each a € G and f € Cy(G, F) there is the equality

J af(@)p(dz) = afa) [ f(z)pu(d2),
G G

since 0 * 1(Q) = ple’ (Q) = aa)u(Q) for each Q € Fu(G), where Cyo(G,F) denotes the set of
all continuous functions f : G — F such that for each 0 < € < co there exists a compact subset
K in G with |f(z)| < € for each x € G — K, where F =R or F = C, ,f(z) := f(azr). From
Theorem 5.2 in [17] it follows that a(a) is the continuous function, since

g(af(‘r) —of (@) uldz) = (a(a) - a(b))gf(w)u(dx)
for each a and b in G. Since Fy is the one-dimensional left ideal, then 3Q € Fy(G), u(2) # 0,
consequently, « is the nonzero function.

From the proof above it follows that pula 1(ala:) /u(dz) = afa), consequently, u is the left-
quasiinvariant measure. In view of the Riesz Theorem 7.2.8 in [4] and Remark 4.4 the measures
||, A and A; are regular. In view of Theorem 4 in [17] p < X a function exists h € L'(G, \, F)
such that p(dz) = h(x)A(dz). Therefore h(a \ ) = a(a)h(z), since A is left-invariant. Since
a(a\ ) = z is the quasigroup G, then p(dz) = %A(dm), where v # 0 is the constant in F.

Therefore a(az) = a(a)a(z) for each a and z in G. Thus the measure a(x)p(dx) is left-invariant.
The function a(z) is bounded, consequently, A(G) < oo. Then M(f) := [ f(z)A(dz) is the
G

left-invariant mean on L!(G, A, F), since X is left-invariant. Moreover M (L*(G, \,F)) # 0.

It remains to prove that G is compact. Assume the contrary, that G is locally compact
noncompact left 71 quasigroup, M is the left-invariant mean on L!(G,\,F). We take an open
subset V' in G such that its closure clgV is compact. We choose by, € G, by € G — bV with
bV C G — bV, further by induction b, € G — J}Z, b;V with b,V € G — ]2} b;V, since G

is noncompact. The function f, = > fz;.1Xv belongs to L'(G, A\, F), since clgV is compact,
j=1 7

n € N, where Ly f(z) = f(bz), ﬁ;lf(x) = f(b\ z) for each x € G. Then for x € G the condition

b; \x € V is equivalent to z € b;V. On the other hand, (b;V) N (byV) = 0 for each j # k

according to the choice of by, ..., b, in G. Therefore either f,(z) =1 or f,(z) = 0, consequently,
[ £ fall = = and M(xv) = 0, since M(Lyf) = M(f) is equivalent to M (L, ' f) = M(f) for each

n
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be G, feLYG,\F). Thus, M(L'(G,\,F)) = {0}. This gives the contradiction, consequently,
G is compact.

In view of proposition 1 FA is the left ideal, and symmetrically FA; is the right ideal in
(M(G, F),+, *). Therefore A\; x A = pA\; = ¢\, where p and ¢ are positive constants, consequently,
a positive constant exists 8 such that A(dx) = SA;1(dx). O

Conclusion

The results of this article can be used for the subsequent studies of the topological quasi-
groups and loops structure, homogeneous spaces and noncommutative manifolds related with
quasigroups and loops [11,12]. Besides applications of left- (or right-)invariant or quasiinvariant
measures on quasigroups and loops mentioned in the introduction it is interesting to mention pos-
sible applications to the mathematical control of ruling simultaneously functioning programmed
robots [18,22], since they frequently are based on topologically-algebraic binary systems and
measures. Other very important applications are: representation theory of quasigroups and
loops, harmonic analysis on quasigroups and loops [1-3,5-8], mathematical physics, etc.

Smashed products of topological left quasigroups and smashed twisted wreath products of
topological metagroups were use in this article. On the other side, smooth quasigroups were con-
structed in [23] with the help of a generalization of the Lie group construction method such that
a composition law was dependent on transformation parameters and on transformed variables.
In particular, this was used on hypersurfaces described in the first class restrictions in a phase
space.

It is possible to formulate a question for subsequent studies. Whether will coincide an ex-
tended measure from the loop on an enveloping (by Sabinin) group with the Haar measure of
the enveloping loop? There different extension may be, while transformations of measures on
the loop and on the group are different, since loops are nonassociative.

3. Appendix

For convenience of readers definitions and a notation are recalled in this appendix from
works [15-17].
Definition 3. A topological left quasigroup prescribed by the conditions given below is de-
noted by A%1:¢2:¢1:¢2:93 B and it is called a smashed product of topological left quasigroups (with
smashing mappings &1, &2, ¢1, P2, P3).

Conditions. Let

(7) (A,74) and (B, 75) be topological left quasigroups,

(17) &: Ax Bx A— Band A X B3 (a,b) — ¢;(a)b € B be (jointly) continuous mappings
for each 7 € {1,2} and j € {1,2,3},

(iii) p: (A x B)> — A x B be a mapping such that

() p((ar,b1), (az,b2)) = ((ara2), [(fl(al,bl,ag)bga”)fg(al,bl,ag)]{‘“}bgl) for each a1, as in
A; by, by in B, where

(v) b5* := ¢1(a1)ba,

(vi) D) = go(az)by,

(vid) b5 = g (ar)ba,

¢j : A — A(B), where A(B) denotes a family of all homeomorphisms from B onto B,
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(viii) the Cartesian product C'= A x B is suppliedwith the Tychonoff product topology ¢
and the mapping .

Remark 3. Let A and B be topological metagroups, C be a commutative group such that

(1) C(A) = C, Cp(B) — C, C — C(A) and C — C(B),
where C,,(A) denotes a minimal closed subgroup in C(A) containing t4(a, b, ¢) for each a, b and
cin A.

An equivalence relation Z is considered on A x B:

(i) (yv,b)Z(v,vb) and (yv,b)Zvy(v,b) and (yv,b)=(v, b)y
for each v in A, b in B, v in C.

Let (ii7) ¢ : A — A(B) be (jointly) continuous (single valued) mappings,
where A(B) denotes a family of all homeomorphisms from B onto B, satisfying conditions
(1v)—(viii) given below. If a € A and b € B, then it will be shortly written b instead of ¢(a)b,
where ¢(a) : B — B. Let also

77A7B7¢:A><AXB—>C, /{A7B,¢IA><B><B—>C

and 4.4 : ((AXx B)/E) x (Ax B)/E) = C
are (single valued jointly) continuous mappings shortly written by 1, x and & such that

(i) (b%)? = b*"n(v,u,b), e* =-e, b® =b;

(v) n(v, u,vb) = n(v, u,b);

(vi) (cb)* = *b"k(u,c,b);

(vit) k(u,ve,b) = k(u, c,vb) = k(u, ¢, b);
(

£((3,¢), (1,)) = e and €((u, ), (7,€)) = ¢
for each w and v in A, b, ¢ in B, v in C, where e denotes the unit element in C, A and B.

Let D be a topological metagroup, A be a submetagroup in D, V' be a transversal set for A
in D. Then, as it is known,

(ix) Vae D, J1s € A, 1b eV, a= sb.

Then b in the decomposition (iz) is denoted by b = 7(a) = a” and s = ¥(a) = a¥, where 7
and 1 are shortened notations for 74 p v and ¥ 4,p,v. Thus (single-valued) mappings exist

() 7:D—Vandy:D — A

Assume that mappings 7 and ¥ are continuous.

(xi) If b = a7, then e/b is also denoted by a®/7, and b\ e is also denoted by a™\°.

We put

(zii) (a™)l := (a7¢)T for each a and ¢ in D.

Remark 4. Let B and D be topological metagroups, A be a submetagroup in D, V be the
transversal set for A in D. Assume also that conditions (4)-(viii) are satisfied in remark3 for A
and B. Then a topological metagroup exists

(i) F = BY, where BY = [I,ev By, By, =B foreach v e V.

We put T}, f = f" for each f € Fin h: V — A. The we define

Sa(TufJ) = Tyg-1fSal,
where J : V x F = B, J(f,v) = fJv, SgJv = Jvl™\el for each d € D, f € Fand v € V. Let
also for each f € F,de D

(ii) [ = Su(Ty, fB),

where
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(iii) s(d,v) = e/(v/d)¥, ga(v) = s(d,v),
fEv= f(v) foreachv eV
(see also (iz) and (zii) in Remark 3).

Definition 4. Assume that the conditions of Remarks 3 and 4 are satisfied, and on C = D x F
a binary operation is provided by the formula:

(i) (dv, fu)(d, f) = (drd, E((dY, fr), (d¥, £)) fLF18D),
where £((d?, f1), (d%, f))(v) = £((d¥, f1(v)), (d?, f(v))) for each d and dy in D, f in f; in F,
v € V, where C = D x F is supplied with the Tychonoff product topology. Then the topological
loop C supplied with this multiplication is called a smashed twisted wreath product of D with
F. It is denoted by C' = DA®THEF,
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Mepbl Ha COKPYIIAIONINX MTPOU3BE/ICHUAX KBA3UTPYNII
1 UX aJreopsl

Cepreii B. JIronkoBcKmii
Poccunitckuit TexHosorndecknit yHUBEpCUTET
Mocksa, Poccuniickass @enepartust

Amwnnoranusi. Vccnenyrorcs KBa3unHBapUaHTHBIE U MHBAPUAHTHBIE MEPbI HA COKPYIIAKOIINX U CKPYYeH-
HBIX BEHEYHBIX IPOU3BEICHISX KBA3UT'PY . TaksKe n3ydaeTcss KBA3UNHBAPUAHTHOCTH MEP OTHOCUTEJIHHO
unsoronuit. Haiinens! crienuduyeckne 0ocOOEHHOCTH /Il KBA3UTPYIIIL II0 CPABHEHUIO ¢ rpynnamu. Vsydqa-
IOTCSI IIPOCTPAHCTBa Mep. AJreOpbl CBEPTOK B OOIIEM CIydae OKa3bIBAIOTCs HEACCOIMATHBHBIMU H3-3a
HEaCCOIMATUBHOCTH KBa3urpyti. VccienyoTces nieaabl TOMOJOTHIECKNX aIredp CBEPTOK.

KiroueBsle ciioBa: KBa3urpyuina, Mepa, ajarebpa, CBepTka, TOIOJIOTHs, MHBAPUAHTHOCTD.
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