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Abstract. In this paper, we investigate the half-space Dirichlet problem for elliptic
differential-difference equations with superpositions of differential operators and transla-
tion operators acting in arbitrary directions parallel to the boundary hyperplane. The
summability assumption is imposed on the boundary-value function of the problem.
The specified equations, substantially generalizing classical elliptic partial differential
equations, arise in various models of mathematical physics with nonlocal and (or) het-
erogeneous properties or the process or medium: multi-layer plates and envelopes theory,
theory of diffusion processes, biomathematical applications, models of nonlinear optics,
etc. The theoretical interest to such equations is caused by their nonlocal nature: they
connect values of the desired function (and its derivatives) at different points (instead of
the same one), which makes many classical methods unapplicable.

For the considered problem, we establish the solvability in the sense of generalized
functions, construct Poisson-like integral representations of solutions, and prove the
infinite smoothness of the solution outside the boundary hyperplane and its uniform
convergence to zero (together with all its derivatives) as the timelike variable tends to
infinity. We find a power estimate of the velocity of the specified extinction of the solution
and each its derivative.

Keywords: differential-difference equations, elliptic equations, half-space Dirichlet prob-
lems, summable boundary-value functions

Acknowledgements: The research was supported by the Ministry of Science and Higher
Education of the Russian Federation (agreement no. 075-03-2020-223/3, FSSF-2020-
0018).

For citation: LiikoV.V., Muravnik A. B. Elliptic Equations with Arbitrarily Directed
Translations in Half-Spaces. The Bulletin of Irkutsk State University. Series Mathemat-
ics, 2023, vol. 43, pp. 64-77.

https://doi.org/10.26516 /1997-7670.2023.43.64



ELLIPTIC EQUATIONS WITH TRANSLATIONS 65

Hayunas crarbs

DIIIMNTHYEeCKNe YPaBHEHUS CO C/IBUTAMU
MPOU3BOJIbHBIX HAIIPABJIEHUI B MOJIyHPOCTPAHCTBE

B. B. JIuiiko', A.B. MypaBauk'™

L Poccuiickuit YHUBEPCUTET NPY>KObI HapomoB, Mocksa, Poccuiickast Penepariust
= amuravnik@mail.ru

Amwnnoranusi. Vccnenyercs 3amaqda Jlupuxie B TOJIyIpOCTPAHCTBE Il SJTANITHIECKUX
muddepeHInaIbHO-PA3HOCTHBIX YPABHEHUN € OIlepaTOPaMU, IIPEICTABJISIONIMU CODOM
cymeprnosuiinu 1udHepeHITIATBLHBIX OEPATOPOB U OMEPATOPOB CABUTA B MMPOU3BOJIBHBIX
HaIIPaBJIEHUsIX, [IapaJlIeIbHBIX KpaeBoii rurepiuiockoctu. Ha KpaeByio dyHKINIO 331891
HaKJIAbIBAETCH YCJIOBUE CYyMMUPYEMOCTH. Y Ka3aHHbIE YPABHEHNsI, CYIIECTBEHHO 0000Ia~
fOIlMe KJIACCUYECKUE SJITUIITUIECKIE YPABHEHUS B YaCTHBIX IIPOU3BOHBIX, BOSHUKAIOT B
Pa3IUYIHBIX MOJIEISIX MaTEMATHIECKON (DU3UKH, 71 KOTOPHIX UMEIOT MECTO HEJIOKAIbHbBIE
n (MIn) HEOJHOPOJHBIE CBONCTBA IIPOLECCA WM CPeJIbl: TeOPUsl MHOIOCIOMHBIX IIACTUH
u 000J1049€eK, Teopust TuM@PY3UOHHBIX IPOIECCOB, OHOMATEMATHIECKUE TTPUIOKEHUST, MO-
JIeJTN HeJTMHEHOM ONTUKY U JIp. B TeopeTwyecKoM IjlaHe MHTEPEC K TAKUM yPABHEHUSIM
00yCJIOBJIEH UX HEJIOKAJIBLHON TPUPOJION — OHM CBS3BIBAIOT MEXKJy COOOM 3HAYEHUST HEM3-
BecTHOW (byHKIMM (M €e IPOU3BOJMHBIX) HE B OMHON TOYKE, a B PA3HBIX, UTO JNEJIACT
HENIPUMEHUMBIMHI MHOTHE KJIACCUIECKUE METOIBI.

st paccMaTpuBaeMoi 3a/1a9M YCTAHABINBAECTCS PA3PEIUMOCTh B CMBIC/IE OOOOIIEHHBIX
GbyHKIHM, CTPOUTCS MHTEIPAJIBHOE IIPEJICTABIIEHNE PelleHus (POPMYJIOi IIyacCOHOBCKOT'O
THUMA, JOKA3BIBAETCs €ro OECKOHEYHAasl TJIQJIKOCTh BHE KPAEBON THUIEPILIOCKOCTH W €TO
pPaBHOMEDHOe CTpeMJIeHHe K HyJIo (BMecTe CO BCEMH €ro NPOM3BOJIHBIMU) IIPH CTPEM-
JIEHUW BPEMEHUITOM00HON He3aBUCUMOMN IepeMeHHOl K OeckoHedHOCTH. JloKasbIiBaercs
CTereHHasi OIeHKa CKOPOCTU YKA3aHHOIO PABHOMEDPHOIO 3aTyXaHUsl PEIEHUs] U KayKJIOoH
€ro NpOMU3BOJIHOMN.

KuaroueBsbie cioBa: jquddepeHinasbHO-pa3HOCTHBIE YPaBHEHUS, SJLIUIITHIECKE YDaB-
HeHwus, 3a1a4a Jlupuxie B moaympocTpaHCTBe, CyMMUPYEMbIE KPaeBble (DYHKITUU

Buaromapuoctu: Pabora BbinonHena npu nomiepkke MunncrepcrBa oOpa3oBaHUs U
nayku P® B pamkax rocymapcrseHHOro 3ananus (cormamenume Ne 075-03-2020-223/3,
FSSF-2020-0018).

Ccouika agis nutupoBaHus: Liiko V. V., Muravnik A. B. Elliptic Equations with Arbit-
rarily Directed Translations in Half-Spaces // WsBectua VpKyTCKOro rocyapcTBEHHOTO
yuupepcurera. Cepusi Maremaruka. 2023. T. 43. C. 64-77.
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1. Introduction

We consider the Dirichlet problem (with summable boundary-value fun-
ctions) for functional-differential equations containing superpositions of dif-
ferential operators and arbitrarily directed translation operations. Namely,
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in the half-space {(m, y)’m eR™ y > 0}7 we consider the problem

Zusz‘j (:I:7y) + Uyy(xvy) + Zajuzjxj (fl? + h]7y) = 07 (11)

=1 =1
u  =uwup(x), xr € R, (1.2)
y=0
where
ap := max |a;| < 1, (1.3)
j=1n
hj == (hj1,...,hjn), 3 = 1,n, are arbitrary vectors from R", and uy €
L1(R™).

This substantially generalizes the problem investigated in [9], where trans-
lation operators act only with respect to coordinate directions. In the
present paper, this restriction is taken off, which means that translations of
the independent (vector) variable x are not supposed to be either collinear
or orthogonal to each other; instead, each angle between the directions of
those translations is admitted.

The current interest to differential-difference equations, i.e., to equa-
tions where translation operators act on the desired function apart from
differential operators, is caused both by their numerous applications not
covered by classical models of mathematical physics (see, e.g., [13-15;21]
and references therein) and by purely theoretical reasonings: the nonlocal
nature of such equations generates qualitatively new phenomena not ob-
served in the classical case of differential equations, while various research
methods proved their efficiency in the theory of differential equations (e. g.,
such as the maximum principle) turn to be inapplicable. A comprehensive
and profound explanation of the theory of bounded-region problems for
elliptic differential-difference equations (as well as for the very close the-
ory of nonlocal problems for differential elliptic equations) can be found
in [3;13;16-18] (see references therein as well). Problems in unbounded
regions are investigated not so profoundly. Moreover, the case of bounded
boundary-value functions is mainly investigated (see [8] and references
therein). In the present paper, the case of summable boundary-value
functions is studied. This decomposition of half-space problems into two
classes (problems with bounded boundary-value functions and problems
with summable boundary-value functions) takes place for the classical case
of differential equations (both elliptic and parabolic ones) as well. Such
a separation is reasonable because the specified difference in the problem
settings generates solutions with qualitatively different sets of properties:
for example, constant solutions are possible only for problems from the
first of the above classes, while only finite-energy solutions are possible for
problems from the second class. In other words, the Repnikov—Eidel’man
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stabilization criterion (see [10;11]), according to which solutions with and
without limits (in general, different from zero) are possible, is valid only
for problems with bounded boundary-value (initial-value in the parabolic
case) functions. For problems with summable boundary-value (initial-
value) functions, the solution always has a limit and it is always equal
to zero, while the main research interest in such problems is concentrated
on the estimate of the decay rate for the solution.

2. Operational scheme

We use the classical Gel’fand—Shilov operational scheme (see, e.g., [1,
Sec. 10]): apply (formally) the Fourier transformation with respect to
the (vector) variable = to problem (1.1)-(1.2). This leads to the following
initial-value problem to an ordinary differential equation:

d*u - :

dT;?L = [1eP + Z;ajggemj-é 4, y € (0, +00), (2.1)
p=
u(0; &) = up(§)- (2.2)

Note that this is not a Cauchy problem because the order of the equation
is equal to two, while the initial-value condition is unique.

Thus, (2.1) is a second-order linear differential equation (depending on
the n-dimensional parameter &) with constant coefficients, such that its
characteristic equation has two roots

n n n
+ €12+ Z a;&ehit =+ 112 + Z ;&2 coshj - &+ Z ;& sinh; - &
j=1 j=1

j=1
=: +p(cosf +isinh),
where
. 2 . 211
p(&) = | | [EP+D as&fcoshy-& | + [ D ajuisinh;-¢ :
j=1 k=1

n

Z an]Q- sin hj : 5

j=1

112 + Zl ;&3 coshj - &
‘7:

0(&) = 3 arctg

Arguing as in [6, Sec. 1], we solve problem (2.1)-(2.2), suitably select
the “free” arbitrary constant (it arises because the amount of initial-value
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conditions is less than the order of the equation), and (formally) apply the
inverse Fourier transformation to the obtained solution. This yields the
convolution of the boundary-value function with the integral (with respect

to €) of the function e Y7508 cosz - € — yp(&) sin (€)]:

u(ey) = [ 8~ € puo(E)d, (23)
Rn
where 1
E(z,y) = (27T)”R[ e ¥ cos [z & —yGa(§)] dE, (2.4)
G1(§) = p(§) cosO(§), and  G2(§) = p(§) sinO(§). (2.5)
Denote i ajsz coshj - & by a(€). Denote i a]f]z sinh; - & by b(¢). Then
=1 =1

B 2 i _1 rc LSO is im-
p(€) = ([IEP +a(©)" +¥7(€)) " and 6(6) = Jarctg ;> . Th

2
,i.e, cosf(§) > \2[ and cos 20(&) > 0. Hence, cos6(§)

1+ cos26(€)
2

1
T 1+tg220(6)

plies that |0(¢)| < %

can be represented in the form . Now, apply the relation

cos? 260(&)

and take into account the nonnegativity of cos26(§) again. We obtain that

1

V14 tg220(¢)

cos26(§) =

Further, since

b
20(&) = arctg ’5‘2_(52(5),

b
QQ“QZWaera

it follows that

and, therefore,

N

COS = 71)2 (5) \
20e) (LFMP+MQF)

:V [P +a©F 6P +a()
[

€12 + a ()] + 62(¢) VIER + a(€)? +5(¢)
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because Condition (1.3) ensures the nonnegativity of the function |£|?+a(¢)
for each & € R™ and its positivity everywhere apart from the origin:

€7+ a;&i coshy - & > (€7 = |aylé}

j=1 j=1

n

> (6" = max [a| }_&F = (1 - ao)l¢f* > 0
J—Ln -
7j=1

provided that £ # 0. Then

[

cosf(§) = 1 1+ € +a(®)

V21l + alo)l + 12(©)

In R™, introduce the function

p(§) = \/[I€|2 +a(@)] +12(&) = VI + a?(€) + 12(€) + 2a(§) €
Then

N|=

616 = Vol@ 5 |1+ ——T 4O

V21 leP + a©)) +52(e)
- L&) + IR fae) 1 .
= V(&) ﬁ\/ o = ﬁw(@ﬂaw ©)

1
> 7 [€]% + a(§)

(by virtue of the nonnegativity of the function ). Therefore, the function
G1(€) is bounded from below by the expression

R VPSR RS I ISR S EE « SR D ISR o PP
7\l ;rajrfj 75\l ;SJ;\%\_\@ €] ao;g

1—a

which guarantees that function (2.4) is well defined in R™ x (0, +00).

Note that, applying the direct and inverse Fourier transformations in the
present section, we do not care about the justification of the convergence of
the integrals and the legibility of the change of the order of integrating. This
entirely corresponds to the general scheme of [1, Sec. 10] because solutions
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in the sense of generalized functions are meant. Lemma 1 (see the next
section) deals with smooth functions, but it is proved independently.

3. Constructing of Poisson kernels

The following assertion is valid.

Lemma 1. The function E(x,y) defined by relation (2.4) is well defined in
the half-space R™ x (0,+00) and satisfies (in the classical sense) Eq. (1.1).

Proof. It is shown in the previous section that the function Gp(§) is esti-
mated from below by the function \/@ |€]. Then the function £(x,y) is
well defined in R™ x (0, +00). Really, the modulus of the integrand function
in (2.4) is majorized by the integrable function const exp (— V1 —|ao| yl¢ \) .

Now, compute the Laplacian of function (2.4). We have the relations

Eun (@,y) = / €267V cos [z - € — yGol€)] d, = T,
&,(r.y) = /G1 £)e¥61E cos [i - € — yGa(£)] de
+ / Gal€)e ¥ @ sin [z - € — yGa(€)] d,

and

Eyy(,y) = / G3€)e ™10 O cos [ - € — yGa(£)] d
/ C1(E)Gal©)e ™ O sin [z - € — yGa(¢)] e
- / GL(E)Ga(€)e ¥ O sin [z - € — yGa(€)]d
—n / G3()e v cos [z - € — yGa(€)) dé =
— [ 163© - 63 e cos[a ¢ — yGue))
J

2 / G1(§)Ga2(&)e ¥ O sin [z - € — yGa(€)] dé

Wssectus VIpKyTCKOro rocy1apCTBEHHOIO YHUBEPCUTETA.
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(note that the differentiating inside the integral is legible in all these cases
because the arising integrand factors have no singularities and their growth

with respect to £ is at most polynomial).
Further, it follows from (2.5) that

2G1(8)G2(€) = 2p(€) cos H(E)p(€) sin (&) = p*(€) sin 26(¢).

It is proved above that cos260(§) > 0. Therefore,

1+ tg220(¢)
- 2 . _%
> a;?sinh; - & (Z a;&5 sin h; -f)
i=1 T

= n 2
24 Y a;é2cosh; - n
Pr et e {1+ X a2 costy €
L ]: -
Hence, the following relation is valid:
> ajsz sinh; - €

j=1

€12 + Zlajéjz coshj - &
]:

sin26(§) =

2
(|€!2 + 21 a;&3 cosh; - 5)
]:

n

2 2
<|£2 + > ajsz cosh; - f) + (Z ajgj? sin h; -5)
j=1

j=1

\

n
Since the sum |£]2 + Zl a]f? cos h; - £ is nonnegative by virtue of Condition
]:
(1.3), we eventually obtain the relation

i aj§j2» sinh; - §
sin260(¢) = = - =
<§\2 + Zn: ajff cos h; ~§> + (i ajsz- sinh; - f)
j=1 J=1

Therefore, the following relation holds:
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n

> a]f]z sinh; - &

= p*(¢ = =

2 2
J (]52 + > ajsz- cos h; - f) + (Z ajﬁjz sin h; -§>
j=1 J=1

= a;& sinh; - £ = b(6).
7j=1

Now, using (2.5), we obtain that

G(€) — GB(&) = p*(©) | cos? 0(&) — sin? 0(&) ] p(€) cos 20(€) =

2
- p2(£)\/ - e = O

which is equal to

2
<]§|2 + ;a]fj? cos hj -5)
P (€) — =

n

2 2
\ <|§|2 + Zlajg? cos h; -§> + (Z ajsz sinh; - 5)
j=

J=1

=[P+ ;& coshy - € = [¢ + al§).

J=1

This means that

£yl ) = / (1€ + a(€)] €0 cos [i - € — yGa(€)] de—

RTL
- [ U O sinfe € - yGa() de

R

Ussectus VIpKyTCKOro rocy1apCTBEHHOIO YHUBEPCUTETA.
Cepusi «Maremarukas. 2023. T. 43. C. 64-77



ELLIPTIC EQUATIONS WITH TRANSLATIONS 73

Now, substitute the function £(z,y) in Eq. (1.1):

Z gacjx]- (x, y) + gyy(xa y) + Z ajgl'jl'j (.Z' + hj7 y) =

j=1 j=1

= / e v ) (a(é) cos [z - € — yG2(€)] — b(€) sin [z - € — yG2(€))] )d&—
R'/L

~3 / €269 cos [(x + hy) - € — yGa(£)] dE.
Jj=1 Rn

This is equal to

/@ycl(g) (cos [z & —yGa(§)] Z ajsz coshj - §—
j=1

Rn

—sinfz - & — yGa(§)] Zajsz sinh - §—

j=1
=3 s cos[(@ 4 hy) - € — yGa(O)] )dg _
=1

— /e_ygl(a Zajfﬂz<cos hj - §cos[r- & —yGa(§)] —

Rn J=1
siny - €sinfo €~ yGal)] — cos (o + hy) €~ yGal©)] ).
which is equal to

/6—yG1(§) Z aj§J2-<cos (4 hj) - & —yGa(E)] —

Rn 3=1
—cosfle+ 1) € - yGal6)] e

This is equal to zero, i.e., the function £(z,y) satisfies (in the classical
sense) Eq. (1.1) in the half-space R™ x (0, +00). O
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4. Convolutions with summable functions

Now, majorize the function £(x,y) itself as well as its derivatives of
arbitrary orders:

_ 1—|ag] 1
/ e VIEV I ge = - / el dy =
ym+n
Rn Rn

(1 —laol)"=

o.9]
const m4n—1_—p const
= /p e Pdp = g
0

Taking into account Lemma 1, we obtain the following assertion.

Theorem 1. If ug € L1(R™), then the function u(xz,y) defined by relation
(2.3) is an infinitely differentiable solution of Eq. (1.1) in R™ x (0,400).
This function and each its partial derivative tend to zero as y — +00
uniformly with respect to x € R™.

Note that, similarly to less general cases investigated earlier (see [9]
and references therein), a greater smoothness is established for the solution
of the equation (not of the boundary-value problem). At the moment,
the solvability of problem (1.1)-(1.2) is proved only in the Gel’fand-Shilov
sense (see [1, Sec. 10] and cf. [7, Remark 2]): (2.3) is a generalized function
of the n-dimensional variable x, depending on the real parameter y and
differentiable with respect to this parameter on the positive semiaxis (see,
e.g., [12, §9, Sec. 5]), Eq. (1.1) is treated as the equality of generalized
functions of variable x, satisfied for each positive value of the parameter
y, and Condition (1.2) is treated as a limit relation in the topology of
generalized functions of variable z as the real parameter y tends to zero
from the right (see, e.g., [12, §9, Sec. 4]).

However, it is established by Theorem 1 that this solution possesses
a greater smoothness (more exactly, the infinite smoothness) outside the
boundary-value hyperplane, i.e., in the open half-space R™ x (0, 400).

Remark 1. Though the problem is set in an unbounded region, it is not
a Cauchy problem (unlike the parabolic case, see, e.g., [4;5]). This phe-
nomenon (an elliptic equation considered in an anisotropic region acquires
qualitative properties typical for nonstationary equations) is well known
for the classical case of differential equations (see, e.g., [19;20]). In the
nonlocal case, this phenomenon is still actively investigated.

Remark 2. The solvability result obtained above complements the results
of [2] where the solvability of the investigated problem is proved for various
classes of boundary-value functions (in particular, it is known for classes
of functions belonging to L,(R™),1 < p < oo, and such that their Fourier
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transforms are compactly supported in a domain of R™). As far as the
authors are aware, the case where p = 1 was not considered earlier.

The second author is grateful to the participants of the 7th Interna-

tional Conference on Nonlinear Analysis and Extremal Problems (Irkutsk,
July 2022) for useful discussions encouraging a better understanding of the
obtained results and improving of their presentation.

The authors express their profound gratitude to A. L. Skubachevskii for

the permanent attention to this work.
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