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Abstract: In this paper, we study the question of constructing explicit solutions in a half-space of a
hyperbolic equation containing translation operators in space variables in all coordinate directions.
Such equations are a natural generalization of classical equations of hyperbolic type, and the resulting
solution relates the value of the desired function at different points of the half-space where the
process takes place. To construct solutions, a classical operating scheme is used, namely, the formal
application of an integral transformation. A theorem is proved that the constructed solutions are
classical if the real part of the symbol of the differential-difference operator in the equation is positive.
Classes of equations for which this condition is satisfied are given.

Keywords: hyperbolic equation; differential-difference equation; translation operator; classical
solution; operational scheme.
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1. Introduction

The theory of problems for differential-difference equations is one of the most im-
portant sections of the modern theory of differential equations. This is explained by its
numerous applications in the mechanics of a deformable solid body; in the study of elasto-
plastic processes; in relativistic electrodynamics; when solving some problems related to
plasma; in crystal lattice modeling; in problems of nonlinear optics; in the study of neural
networks; when studying models of population dynamics in mathematical biology; in the
study of environmental and economic processes; in the theory of automatic control, etc.

For the first time, a differential equation with a translation operator has occurred
in the work of J. Bernoulli [1] in the problem of a weightless stretched string of finite
length, along which equal and equidistant masses are distributed. With the equation
described by J. Bernoulli, mathematicians met in the development of the theory of sound.
After that, several hundred works were written, a review of which can be found in the
book by H. Burkhardt [2]. The systematic study of differential equations with translation
operators began only in the middle of the last century. This is due to their applications to
the theory of automatic control. Ordinary differential-difference equations (or equations
with a delayed argument) have been studied very well and for a long time, see books [3-5]
and the bibliographies in them.

Much less studied are differential-difference equations with partial derivatives. At
present, problems for elliptic differential-difference equations in bounded domains have
been studied quite well. The development of the theory of these problems belongs to
A. Skubachevskii [6,7]. According to the developed theory, non-local problems for clas-
sical elliptic equations are related to boundary value problems in a bounded domain for
differential-difference equations containing shifts of arguments in higher derivatives that
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map boundary points into the domain. The presence of such shifts in the equation leads
to the appearance of solutions with a loss of their smoothness inside the region and to
fundamentally new properties of these solutions. In unbounded domains, problems for el-
liptic equations with translation operators were studied in the works of A. Muravnik [8-11].
Problems for parabolic equations with translation operators with respect to time or space
variables are studied in [12].

Very few works are known for hyperbolic differential-difference equations. In pa-
pers [13,14], hyperbolic equations were considered with shifts in time. For the first time,
two-dimensional hyperbolic differential-difference equations with translation operators
in spatial variables were studied in [15-17]. Infinitely smooth solutions were found for
them in the half-plane. The method of integral transformations was used to construct
solutions. The question of the uniqueness of the solutions obtained was not considered.
In [18], the solvability of the Cauchy problem in the strip of a two-dimensional hyperbolic
equation with a shift in the space variable in the free term of the equation is studied. And in
papers [19-21], classical solutions of already multidimensional hyperbolic differential-
difference equations with shifts in spatial variables in a half-space were found.

The purpose of this work is to investigate the question of the existence of classical
solutions of a multidimensional hyperbolic equation with translation operators in space
variables in the free terms of the equation, which can be arbitrarily many. Note that shifts in
these non-local terms act in arbitrary directions. The results of this work are more general
than those in [21].

2. Formulation of the Problem— Materials and Methods
In the half-space {(x,t) : x € R", t > 0}, we study the hyperbolic equation

n n

up(x,t) — a? Z ux],xj(x, £+ Z bju(x —hj, t) =0, (1)
j=1 =1

where a # 0, by, ..., b, are given real numbers; hj = (hjl, e, hjn) are given vectors with

real coordinates, wherein hjzl +...+ hjz-n #0,j= 1, n; the function u is real-valued.

Equation (1) contains translation operators by arbitrary vectors in the free terms of
the equation in all spatial coordinate directions. Such equations, which in addition to
differential operators contain translation operators, are called, according to [3], differential-
difference equations.

The process described by Equation (1) relates the value of the desired function at differ-
ent points of the half-space, which distinguishes this equation from the classical hyperbolic
equation (which idealizes the real physical process of oscillation). Thus, the hyperbolic
equation with translation operators in space variables is a generalization of the classical
wave equation.

The purpose of this paper is to obtain a multiparameter family of solutions to Equation (1)
containing translation operators in spatial variables, which has not been studied before.
Moreover, we will be interested in classical (smooth) solutions.

Based on the results of the works [18,22,23], consider the following functions:

F(x, &) == e 9@ sin (tGy(E) + (&) +x- &), 2)

and
H(x,£¢) := 7" 1O sin (£ G (&) — 9(&) —x- ), ®)

where x - ¢ is the inner product.
Here, the designations

G1(¢) == p(d)sing(Z), and G2() = p({) cos ¢(3), €9
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1 (&)
¢(8) := Earctanazm2 +a(@d) ©)

o(6) = [(ﬂzlél2+w(C))2+ﬁ2(6)T/4,

a(g) = ij cos (Z h]-k(;‘k), and B(¢) == ij sin (Z h]-k(fk)
=1 k=1 j=1 k=1

are introduced. The variable ¢ := (&1, ..., ) is an arbitrary vector with real coordinates;

=2 +...+2n
Let for all { € R" the inequality

alg?+ Y bj cos (Z hjkgk) >0 (6)
=1 k=1

holds. This means that the Function (5) is correctly defined for all its arguments. Therefore,
Functions (2)—(4) are also correctly defined.

Inequality (6) means the condition of positiveness of the real part of the symbol of
the differential-difference operator with respect to the multidimensional space variable in
Equation (1). According to [7], such an operator is called strongly elliptic.

To find Functions (2) and (3), an operating scheme was used (see [18,22,23]). First,
the integral Fourier transform with respect to a multidimensional space variable x was
formally applied to the Equation (1) according to the formula

(g, t) := Fe[u](, 1) = /u(x,t)eig'xdx.
RVI

Taking into account the well-known formulas for the Fourier transform
Fe[0%0Pu] = (—ig)*0PFe[u] and Ffu(x —h)] = e"$F,[u),

we obtain for the function #({, ), an ordinary second-order differential equation of the
form )
a=u(c, t . ~
%+ (212 +a(2) +iB(@) a2, 1) =0, @
where ¢ € R".
The characteristic roots for this equation are determined by the formulas

kip= £/~ (@IE2 +a(§) +B(E) = +iy/a[Z +a() +iB(E) = £ip(§)e 7©),
and the general solution for Equation (7) has the form

0(E, 1) = Cq(§)etP@lcosp(@)+ising(@)] | ¢, (g)e—itp(E)lcos p(C)+ising(O)]

where C; (&), and Cy(¢) are arbitrary constants depending on the parameter . To find these
constants, we add initial conditions to the equation:

i(¢,0) =0, and (¢,0) =1,

where ¢ € R". Substituting the function #(¢, t) into these initial conditions, we obtain a
system of the form

{ C1(8) +C2(8) =0,
C1(&) — C2(&) = —i(p(&)[cos ¢ (&) +isin(&)]) 1.
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Finding solutions to the system

@) e~ 4 o) e~ i)
= %, an = —

T 20p() ’ 2ip(¢)
Substituting the found values of the constants C;(§), and C,(¢) into the function

i1(¢,t), we obtain its final form

eiifp(é) it . . .
G(E 1) = & [pitp(@)lcos 9(&)+ising(§)] _ ,—itp(Z)[cos (¢)+ising(Z)]
weh) 2ip() [e ‘ ]
= e_‘i@(g) [e—tp(C) sing(¢) pitp(&) cos 9(§) _ otp(S) sinsv(é)e—ifp(é)cow(é)]
2ip(¢)
_ 1 {eftp@) sin (&) pi(t p(8) cos (&) —p(2)) _ ptp(&) sin@(8) o =it p(&) cos<p<¢>+qo(f;)>}
2ip(8)

_ 1 G0, 6@~ () _ Gi(E) it Ga(E)+9(2)
= 21‘0(6) [6’ e e e }

We now apply the inverse Fourier transform to the resulting expression by the formula
1 ‘
1 o ~ —igx
F [ (x,t) = (Zn)nl{/u(é,t)e de.

And we obtain the integral expression

1 L [,~4G1(0) it Ga(E)—9(2) _ St Gr(E) ,—i(t Gal&)+9(E))] p—in-E
(m)”R[ gl c Jemi=idg

_ Y 610t Ga(E)— (@) —x-E) _ tGi(E) it Ga(E)+ () +x-E)
~ 2i(2m)" / 0(®) ¢ ¢ e Jac.

Rn
In the integrand, by analogy [18], we choose functions containing a sine. Thus,
Functions (2) and (3) have been found, which will be used in the next section of the work.

3. Results

Based on the obtained Functions (2) and (3), we construct a family of solutions to
Equation (1). The main result of the paper is formulated in the following theorem.

Theorem 1. Under Condition (6) for all € R", the family of functions
G(x,t;Cy,Co, ) := C F(x,t;8) + C2 H(x, t;¢), ®)

where F and H are determined by Formulas (2) and (3), satisfies Equation (1) in the classical sense
for any parameters C 5 € Rl and ¢ € R".

Proof. Consider first Function (2). Calculate the derivatives:
Fy (x,£8) = &e'® cos (£ Go(8) + (&) +x - €),

ijx].(x, 5E) = —@%etcl(é) sin (t Go(¢) + ¢(&) + x- &),

Fi(x, &) = G1(£)e“1 @) sin (£ Gy (&) + @(&) + x - &) + Go(&)e' D) cos (t Go (&) + (&) + x - €),

and

Fi(x,1:€) = [G}(8) — G3(@)]¢'©1 @ sin (£ Go(8) + 9(8) +x - &)+
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+2G1(8)Ga(8)e' ) cos (1 Ga(8) + (&) +x - 2). ©)
From Formula (5), it follows that [2¢(&)| < 7/2, which means that the inequality

cos2¢(&) >0 (10)
holds.
Since Conditions (6) and (10) are satisfied, relations
sin2¢(&) = tan2¢(¢)

1+ tan?2¢(¢)

= tan (arctan(ﬁ%) [1 + tan? (arctanazgﬁ(%ﬂ 2

Q) [H B(&) ]”2_ BE) l (@12 +a(2)? ]”2
PP +ald) | (a2[E2 +a(@) @?[8? + () | (a2|¢ + a(€)) + ()

BE)  |alEP+a@l _  BE)  aEP+ad) _ Q)

I R 3 B R S R (T ()
are satisfied.
From here and from Formula (4) follows the equality

2G1(£)G2(&) = p*(Z) sin2¢() = B(Z). (11)

Since Conditions (6) and (10) are satisfied, relations

GH(&) — G3(2) = p(&) [sin? 9(¢) — cos? 9(¢)|

2
— —*(8) cos2(¢) = ———E18)
1+ tan?2¢(&)
_ 2 (a2|§‘2+06(§))2 ]1/2__ 20x12 12
o [(ﬂ2|€|2+w(€))2+ﬁ2(€) TR 1

are satisfied.
Substituting Expressions (11), and (12) into Formula (9), we obtain

Fir(x,58) = | (a2 + a(8)) sin (£ Ga(2) + @(§) +x - &)

+B(E) cos (£ Ga(&) + 9(2) +x - §)]e' @),

Let us now substitute derivatives F;; and ij %] into Equation (1):

Fy(x,£8) — a? Z Fox,(x,6:8) = [_(a2|g|2 +a(g))sin (t G2 (&) + @(8) +x - €)
j=1

1B(&) cos (Ga(&) + (&) +x-8) +a2 & sin (tGo(8) + 9(8) +x - §) | ®
j=1

= [—a(§) sin (t G2(§) + (&) +x - §) + B(Z) cos (£ Ga(§) + (&) +x - §)]e'1E)
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[ Zb cos (Z h]k€k> sin (tG2(¢) + ¢(§) +x-8)

j=1

+ibjsm(fhjkék)COS(fG2(€)+§0(5)+x C)] @

j=1 k=1

= — Y bysin (1Ga(8) + (&) +x- = Y Iy ) e'D®)
k=1

j=1

=-) bjsin (t G2(¢) + @() +x181 + -+ + XnCn — hjpG1 — - .. J"€"> oG8
j=1

:—ibjsin(th(C)+qo(§)+(x1—hjl)(:l—i-...—i—( —h]n)gn) tG1(¢)

j=1

=—)_ bjsin (th(C) +¢(8) + (x = hy) ‘C)etcl(‘f) =— gb]-P(x —hj, £;2).
iz

j=1

Let us now check that Function (3) satisfies Equation (1). To do this, taking into account
Expressions (11) and (12), we find its derivatives:

Hy (x,58) = —&je '91®) cos (£ Gy () — 9(&) — x- &),

ijxj(x, t; 6) - _C}Ze_tcl(g) sin (t GZ(’:) - 4’(5) — X é)/
Hi(x, &) = —G1(&)e "1 sin (£ Go(€) — @(&) —x- &)+
+Ga(&)e "1 cos (t G (&) — (&) —x - &),

and

Hu(x,5:8) = [G}() — G3(9)|e " @ sin (1 Ga(2) — (&) — %)
~2G1(8)G2(&)e ™1 cos ( Ga(8) — (§) — x-©)
= [~(@[E2 +a(2)) sin (£ G2(2) — 9(&) — x - )= B(&) cos (£ Ga(8) — (&) — x- §)]e™"E

Let us now substitute derivatives Hy; and Hx]. %] into Equation (1):

Hu(x,t58) — a2 Y Hayny(x,6:8) = [~ (@[22 +a(&)) sin (tG2(8) — (&) — x - ©)

=i

—B(E) cos (1 Go(2) = (&) — - &) +a2 ) Bsin (1 Ga(E) — p(8) — x- &)|err®

j=1

= —[a(&)sin (t G2(&) — @(&) —x- &) + B(&) cos (t G (&) — @(&) — x-&)]e tG1(0)
_ [i{ bjcos (ki‘i hjk§k> sin (t Gy(&) — ¢(&) —x-¢)
j= —

+ i bjsin (i hjka) cos (£G(¢) — ¢(§) — x- (3)] (@)

j=1 k=1

-y b; sin (t G2() — pl@) —x-E+ ) hjk(’:k)e‘tcl@
k=1

j=1
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=~ ), bjsin (sz(C) —@(8) —x181 — .. = xnln + Hjpr + +hjngn)etcl<a>
=1
= = Y bysin (£Ga(8) = (&) — (1 = )& = . = (s = )G )10
j=1

= - Z%bj sin (th(é) — () — (x—h) -C)etcl@ = Z%ij(x —h;, £0).
- fa

]

Since each of the Functions (2) and (3) satisfies Equation (1) in the classical sense,
Function (8) also satisfies Equation (1) in the classical sense, provided that Condition (6)
of the theorem is satisfied for all parameters ¢ € R" and C1, € R!. The theorem has
been proven. O

Fulfillment of the Theorem Condition

We write Condition (3) of the theorem in the form

A(B+3+.. +2)+

+b1 cos (ké hlkék) + by cos (]:Z:l h2k§k> 4+ ...+ bycos (I:Z:l hnk§k> > 0.

It is obvious that for ¢ i =0,j =1,n, the condition on the coefficients of the free terms
of the Equation (1)

n
Y b >0 (13)
j=1

must be satisfied.
Since a?|¢|? > 0 for any & € R", then we study the fulfillment of the inequality

b1 cos (’:Z‘i hlké‘k) + by cos <;:Zi h2k§k) + ...+ bycos (ké hnkgk) > 0. (14)

To fulfill Inequality (14), according to the Vietoris’ theorem (see [24] (p. 65)), all shifts
in one of the free terms of the Equation (1) must be zero, for example, in the first one, that is

hy1=hp=...=hy,, =0.
The coefficients at free terms of Equation (1) must satisfy the conditions:
by >by>...>b, >0,

which does not contradict Inequality (13); and the coefficients must also satisfy the condition

n—l}

211 b1 < (2011 — 1)boyy, j:1,2,...,[ >

where [-] is the integer part of the number.
And besides this, n — 1 equalities

n n n
Zthgk:G, Zh3k§k:29, ey Zhnkgk: (Vl—l)e, 0<o<m.
k=1 k=1 k=1

must be satisfied.
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4. Conclusions and Discussion

1. In this paper, a three-parameter family of solutions is constructed in explicit form for
a multidimensional hyperbolic equation containing shifts of space variables in the
free terms of the equation in all coordinate directions. When constructing solutions,
a classical operational scheme was used, namely, formally direct and inverse Fourier
transforms were used.

2. Itis proved that the obtained solutions are classical if the real part of the symbol of
the differential-difference operator in the equation is positive.

3. Sufficient conditions are obtained on the coefficients and shifts in the equation, which
guarantee the existence of classical infinitely smooth solutions.

In the future, we plan to use the family of solutions obtained explicitly to study
the solvability of the Cauchy problem and model initial problems for the specified class
of hyperbolic differential-difference equations. Also in the future, the authors plan to
obtain solutions to Equation (1) in the class of generalized functions according to the
same operational scheme described in the article. It is also planned to find generalized
solutions of initial problems (with different initial data on the boundary ¢ = 0) in the form
of convolutions.

The results of the work were reported by the authors and discussed at scientific semi-
nars of Lomonosov Moscow State University and Belgorod State National Research Univer-
sity. The results of the research were also reported at the international scientific conference
on differential and functional-differential equations (DPDE-2022, Peoples’ Friendship Uni-
versity of Russia, July 2022, Moscow, Russia).
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