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1. Introduction

The most actively developing modern area of scientific knowledge is the theory
of correctly and incorrectly posed problems, most of which have practical value and
require decision-making in uncertain or contradictory conditions. The development and
justification of methods for solving such a complex class of problems as ill-posed ones
is an intensely studied problem at the present time. The theory of ill-posed problems is
an apparatus of scientific research for many scientific areas, such as the differentiation of
approximately given functions, solving inverse boundary value problems, solving problems
of linear programming and control systems, solving degenerate or ill-conditioned systems
of linear equations, etc.

J. Hadamard [1] introduced the concept of a well-posed problem. It is due to their view
that any mathematical problem corresponding to a physical or technological problem must
be well-posed. J. Hadamard was concerned about what physical interpretation a solution
might have if a small arbitrary change in the data could lead to major changes in the
solution. He specified that it was difficult to apply approximation methods to such issues.
Therefore, the opportunity arose to study ill-posed problems. For ill-posed problems, two
questions were asked. The first one was: what is meant by approximate solution? It should
be defined in such a way that it is stable in the event of minor changes to the original
information. A second question was: what algorithms can we use to build such solutions?
Tikhonov [2] gave the basic answers to these questions.

Formulas that allow one to find a solution to an elliptic equation in the case when the
Cauchy data are known only on a part of the boundary of the domain are called Carleman-
type formulas. In [3], Carleman established a formula giving a solution to the Cauchy-
Riemann equations in a domain of a special form. Developing their idea, G.M. Goluzin
and VI. Krylov [4] derived a formula for determining the values of analytic functions from
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data known only on a portion of the boundary, already for arbitrary domains. A formula
of the Carleman type, in which the fundamental solution of a differential operator with
special properties (the Carleman function) is used, was obtained by M.M. Lavrent’ev (see,
for instance [5-7]). Using this method, Sh.Ya. Yarmukhamedov (see, for instance [8-10])
constructed the Carleman functions for the Laplace and Helmholtz operators. Carleman-
type formulas for various elliptic equations and systems were also obtained in [5-26].
A multidimensional analogue of Carleman’s formula for analytic functions of several
variables was constructed in [11]. In [15], an integral formula was proved for systems
of equations of elliptic type of the first order, with constant coefficients in a bounded
domain. Using the methodology of [8,9], Ikehata [22] considered the probe method and
Carleman functions for the Helmholtz equation in the three-dimensional domain. Using
exponentially growing solutions, Ikehata [23] obtained a formula for solving the Helmholtz
equation with a variable coefficient for regions in space where the unknown data were
located on a section of the hypersurface. In [20], the Cauchy problem was considered for the
Helmbholtz equation in an arbitrary bounded plane domain with Cauchy data, known only
on the region boundary. The solvability criterion for the Cauchy problem for the Laplace
equation in the space R” was considered by Shlapunov in [16]. In [27], the continuation
of the problem for the Helmholtz equation was investigated and the results of numerical
experiments were presented.

The concept of conditional correctness first appeared in the work of Tikhonov [2],
and then in the studies of Lavrent’ev [5-7]. In a theoretical study of the conditional
correctness (correctness according to Tikhonov) of an ill-posed problem of the existence of
a solution and its belonging to the correctness set, it was postulated in the very formulation
of the problem. The study of uniqueness issues in a conditionally well-posed formulation
does not essentially differ from the study in a classically well-posed formulation, and the
stability of the solution from the data of the problem is required only from those variations
of the data that do not deduce solutions from the well-posedness set. After establishing
the uniqueness and stability theorems in the study of the conditional correctness of ill-
posed problems, the question arises of constructing effective solution methods, i.e., the
construction of regularizing operators. The paper studied the construction of exact and
approximate solutions to the ill-posed Cauchy problem for the matrix factorization of
the Helmholtz equation. Such problems naturally arise in mathematical physics and in
various fields of natural science (for example, in electrogeological exploration, in cardiology,
in electrodynamics, etc.). In general, the theory of ill-posed problems for elliptic systems
of equations has been sufficiently developed thanks to the works of A.N. Tikhonov, V.K.
Ivanov, M.M. Lavrent’ev, N.N. Tarkhanov and others famous mathematicians. Among them,
the most important for applications are the so-called conditionally well-posed problem:s,
characterized by stability in the presence of additional information about the nature of
the problem data. One of the most effective ways to study such problems is to construct
regularizing operators. For example, this can be the Carleman-type formulas (as in a
complex analysis) or iterative processes (the Kozlov-Maz’ya-Fomin algorithm, etc.) [15].

Based on the works from [8-10,24], in this paper, we construct the Carleman matrix
and based on it the approximate solution of the Cauchy problem for the matrix factorization
of the Helmholtz equation, in a multidimensional unbounded domain of R™. Based on the
results of the previous work, we similarly obtain better results with approximate estimates
for a multidimensional unbounded domain. When solving correct problems, sometimes it
is not possible to find the value of the vector function on the entire boundary. Finding the
value of a vector function on the entire boundary for systems of elliptic type with constant
coefficients (see, for example, [26]) is an important problem in differential equations theory.

In many well-posed problems it is not possible to compute the values of the function on
the whole boundary. Thus, one of the important problems in the theory of differential equa-
tions is the reconstruction of the solution of systems of equations of the first-order elliptic
type, factorizing the Helmholtz operator. We recall that ill-posed problems of mathematical
physics have been studied in recent years. Some papers in these directions, regarding
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the Laplace equation are [5,6,8-10]. Other results have been established in [9,13-20,22-26].
Boundary value problems and numerical solutions of some problems can be consulted
in [28-33].

We consider k € N, k > 1, m = 2k, and the Euclidean space R". Let

x=(x1,...,xm) €ER", y=(y1,...,ym) € R",

and

X = (1, X)) ER™L Y = (yg, . y) € RTTL

We also consider an unbounded simply connected domain () C R", having a piece-
wise smooth boundary dQ) = X |J D, where X is a smooth surface lying in the half-space
Ym > 0and D is the plane y,; = 0.

The following notations are used below:

, z=ivVa2+a?2+y,, a>0.

r=ly-xl, a=|y -+

&1
Ox = (0xy,- o), — e, &T= ( ... | —transposed vector ¢,
Cm
V(ix)= (Vi(x),...,Vu(x)T, o"=(1,...,1) €R", n=2", m>2,
up 0 - 0
0 u -~ 0
E(u) = ] —diagonal matrix, u = (uy,...,u,) € R".

0 0 0 uy
P(¢T) is an (n x n)-dimensional matrix satisfying:
P*(ET)P(ET) = E((I* + A%)2"),

where P*(¢ T) is the Hermitian conjugate matrix of P(¢ T), A € R, and the elements of the
matrix P(&T) are linear functions with constant coefficients from C.

Definition 1. Let us consider the following first-order system
P(0x)V(x) =0, x € Q, 1)

where P(0y) is the matrix of first-order differential operators.
Furthermore, consider the set

5(Q) = {v:0-—R",
V being continuous on Q), satisfying the system (1).

2. Statement of the Cauchy Problem

The Cauchy problem for system (1) is formulated as follows:

Definition 2. Let f : £ — R" be a continuous given function on x.
Suppose V(y) € S(Q)) and

Viylg=fly), yex )

Our purpose is to determine the function V (y) in the domain Q) when its values are known X.
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If V(y) € S(Q)), then
V(ix) = /L(y, x;A)V(y)dsy, x€Q, 3)
200)
where

L(y, x;A) = (E(q)m()\r)vO)P*(ax))P(tT),

t = (t1,...,tn) is the unit exterior normal at a pointy € 9Q), ¢, (Ar) is the fundamental
solution of the Helmholtz equation in R”, and

(1)
H (Ar)
_ m—2) /2 (m=2)/2
q)m()U’) = Nm)t( )/ W/
4
N, = L m=2k, k>2.

2i(27)(m=2)/2"

Here, H ((2_2) /2 (Ar) is the Hankel function of the first kind of order (m — 2) /2 (see [34,35]).
Let K(z) be an entire function taking real values for real z, (z = a +ib, a,b € R).
We suppose
K(a) #0, sup‘b”K(f’) (z)‘ = B(a, p) < oo,
b>1
©)
—o<a<oo, p=01,..,m
Define, for y # x,
1 k-1 T K(z) 1 aly(Aa)

Yy, x;A) = K (o) 99T O/Im[Z — Xm] e azda, ©

z=1ivVa*+ a2+ yp,

where ¢, = (—1)F1(k — 1)!(m — 2)wpm; I(Aa) = Jo(iAa) is the Bessel function of the first
kind of order zero [34,35], and wy, is the area of a unit sphere in R".
Remark that (3) holds if we replace ¢, (Ar) by

Yy, 1) = om(Ar) +g(y, 5 1), ?)

where ¢(y, x) is the regular solution of the Helmholtz equation with respect to y, including
the case y = x.
Hence, (3) becomes

V(x) = / L(y,x; \)V(y)dsy, x€Q, 8)
a0

Ly, x; M) = (E(‘P(y, x;/\)vO)P*(ax))P(tT).

Formula (8) can be generalized for an unbounded domain Q).

We therefore consider an unbounded domain (2 C R", finitely connected, with a
piecewise smooth boundary 0Q) extending to infinity.

Let Qg be the part of () situated inside the circle of radius R, centered at zero:

Or={y:yeQ, Jy/<R}, QF =0Q\Og, R>0.
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Assume that () is situated inside the portion
0<ym<h, h:%, o >0,

of smallest width, and 0Q) extends to infinity.

Theorem 1. Let V(y) € S(Q). If Vx € Q, x fixed, we have

lim [ L(y,x;A)V(y)ds, =0, )
R— c>oQoo
R

then the formula (8) is true.

Proof. Let us fix x € Q) (]x| < R). Using (8), we get

J Ly Vs, = [ Ly x)V()ds,
FYe} 30k

+ / L(y,x; A\)V(y)dsy = V(x) + / Ly, x; M)V (y)dsy, x € Qg.
20 20

Taking into account condition (9), for R — o, we obtain (8).
Furthermore, suppose, for dg > 0,

/exp[—dop()]y"] ds, < oo, 0<py<p. (10)
Q)

Suppose V(y) € S(Q)) so that it satisfies the boundary growth condition

[V(y)| < explexppa|y'|], p2<p, yeQ. (11)

K(z) = exp [—d ip1 (z - Z) —dyipg (d - Z)],

K(xm) = exp [d Cos p1 (xm — Z) + dq cosipg (xm - Z)]’

In (6), we put

(12)

0<p1<p, 0<xy<h,

where
do

(m2)
cos | o5

Then, the integral representation (8) is true.

d=2cexp(o1|x']), di> c>0, d>0.

¥ (y,x;A)

For x € O, x fixed and y — co, we estimate ¥ (y, x; A) and its derivatives 3y
j
M. For the estimation of w we use

OYm E)y]-

4

(G=1,...,m—1),
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2N
ds (13)

Really,

exp [—dipl (z — Z) — dqipg (z - Z)] ’
=expRe [—dipl (z — Z) —dqipg <z — Z)]

h h
=exp [—dpl Va2 + a? cos pq <ym — 2) —d1poV a? + a2 cos pg (ym - 2)]

As
Ao AT _pom T
27 p 27 p 2 2
T P17 h pr T T
o< B« R I L -
2= 2—p°(ym 2)_p 22
Consequently,
h h h
cosp(ym—2> >0, cosp0<ym—2) zcos% >0y >0,

it does not vanish in the region () and
¥y, x:A)| = Olexp(—ep1ly')], €>0, y—eo, yecQUIQ,

=Olexp(—ep1ly’)], €>0, y—oo, y€QUIQ, j=1,...,m—1.

¥ (y,x; M)

OYm
We now choose p; with the condition pp < p1 < p. Then, condition (10) is fulfilled and
the integral formula (8) is true. O
Condition (12) can be weakened. Consider now the class S,(Q) of vector-valued
functions from S(Q), satisfying the following growth condition:

SLED|_ Ofexp(-eprly)], >0,y yeQUI

$(Q) ={V(y) €5(Q), VW)l <explo(expply’])], y 2o, yeQf.  (14)
We obtain the following theorem:
Theorem 2. Suppose V(y) € S,(Q)) so that it satisfies the growth condition
h /
V@)l < Cexplecosps (=3 ) explerly') |,
(15)

c>0, 0<p1<p, yeoQ,

where C is some constant. Then, formula (8) is valid.

Proof. Divide the area () by a line y,;, = 5 into two areas
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le{y:0<ym<2}and02:{y: Z<ym<h},

Consider the domain (). In formula (6) we put together K(z) and K;(z)

Kq(z) = K(z) exp [—51’1’(2 - Z) — diip (Z - Zﬂ’ (16)

p<Tt<2, 6>0, 6 >0,

K(z) being given by (12). With this notation, (10) is true.

Really,
. h ) h
exp [—lT(Z — 4) — d1ip (z — 4)] ‘

= exp [—(57\/112 +a? COST(ym — ZH

= exp [—5’[’\/ a2 + az} < exp[—dexpt|y

I
as

T h mw h h h
<1< —— ) <T1T=< = —= ] > - >
< T4 T(ym 4) 772 <2andcosr<ym 4> 7COST4750>0.

SIS

Denote the corresponding ¥ (y, x; A) by ¥ (y, x; A). As

cosr(ym — Z) >, yeMJoy,

then for a fixed x € ()1, y € Oy |J Iy, for ¥+ (y,x;A), and its derivatives are true asymp-
totic estimates

[¥7* (v, x;A)| = Olexp(—do exp(Tly'])], y—00, p<T<2p,

+ .
|W = Olexp(—do exp(t|y'])], y =0, p<T<20, j=1,....,m—1
]
+ .
‘W‘ = Olexp(—dg exp(zly')], y—o0, p<T<2p.
m

Suppose V(y) € Sp({)) so that in a domain () satisfies

[V(y)| < Cexplexp(20 —e)|y'|], e>0. (17)
Consider 7 in (16) such that
20—e < T <2p. (18)

Then, (16) is satisfied in ()1, hence:
V(x) = / L(y,x;A)V(y)ds,, x€ )y, (19)
a0y

where

L(y,x;A) = (E ("I’Jr (v, x; A)UO) P*(ax)>P(tT).
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If V(y) € Sp(Q)) satisfies the growth condition (15) in ), then for 7 satisfying (18),
similarly, we obtain

V(x) = / L(y,x; A)V(y)ds,, x€ Oy, (20)
o)y

L(y, x; ) = (E (‘I’_(y,x;A)vO)P*(ax))P(tT).

Here, ¥~ (v, x; A) is defined by the formula (6), K(z) being replaced by

Ky (z) = K(z) exp [—(Sir(z — h1) — &1ip <z - Z)}, (21)
where Won ok L
h1:§+1, E<ym<h, E<xm<hl, 6>0, 6 >0.

In the formulas obtained with this formula, the integrals (according to (11)) converge
uniformly for § > 0, when V(y) € S,(Q)). In these formulas, we put § = 0, hence

V(x) = /L(y, AV (y)dsy, x€Q, xpm# g, (22)
p)
where
L(y, x;A) = (E(‘T’(y,x;/\)v())P*(ax))P(tT).

h
(the integrals over the cross section y,, = 5 are mutually destroyed)

Yy, xA) = (¥ (y,50)s—0 = (¥ (1, x:1))s—0-

¥(y, x;A) is given by (6), in which K(z) is determined by (16), for § = 0. Using the
continuation principle, (22) holds, Vx € Q. If (17) is satisfied, formula (22) is valid, V; > 0.
Supposing d; = 0, Theorem 2 is proved. [

In formula (6), choosing

1
Kz)=——— k>2
2) (z — xm + 2h)k exp(02), -7
(23)
K(x)—iex (oxm) 0<xy<h h—z
m) — (Zh)k p m)s m 7 - pl
we get
e~ k=1 exp(0z) alp(Aa)
Yoy, x) = ———~-77 /! da. 24
oy %) cm(2h)~k 9sk—1 0/ m(z—xm+2h)k(z—xm) Va2 + a2 a (24)
Hence, (8) becomes:
V(x) = /Lg(y,x;)\)V(y)dsy, xeq, (25)
Q)

where

Loy, x;A) = (E(‘I’g(y,x;/\)vO)P*(ax)>P(tT).
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3. Regularization of the Cauchy Problem and Estimation of Conditional Stability

Theorem 3. Let V(y) € Sp(Q) satisfying in the following inequality

Vy)[<M, yeD. (26)
If
= /Lg(y, AV (y)dsy, x€Q, (27)
then
[V (x) = Vo(x)| < Kp(A, x)0"Me™ ™, x € Q, (28)

where K, (A, x) are bounded functions on compact subsets of ().

Proof. Using (25) and (27), we have

/LU y, ; AU dsy—l—/La v, x; A)V(y)ds,

= Ly (x) —|—/L,7(y, ;A)V(y)dsy, x€Q.
D

According to (26), we get

V() = Vo) < | [ Loy, xiA)V (1),
’ (29)
< [ILely, 5 MIV)ldsy < M [ILo(y, xA)dsy, x € Q.
D D
We estimate now the following integrals / Yoy, x;A)|dsy, / w dsy,
D D Ii
Gj=1,...,m—1) and/aTUy'x/\ dsyon D :yy = 0.
oY
We separate the i 1mag1nary part of (24), hence we get
e (ym—xm) k=1 | 7 + B1) cos ow
Yoly, x) = K ek—1 / (f ﬁzl) o
cm(2h) K 9s (a2 + B?) (a3 + B?)
(30)
—a2 ;
2( zx;—l—ﬁ;ﬁ) i sinoaq al(Aa)dal,
(e +B1) (a1 +£%) @
where
IX% = a? + a?, B=Ym—Xm, PB1=2VYm— xXm+2h
Given (30) and the inequality
Ip(Aa) < 2 (31)
0 — V Ama’

we have i
/|‘I’g(y, x;A)|dsy < Ko(A, x)ake_”m, c>1, xeO. (32)
D
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Next, we use:
¥, (y, x;A) 8<I>g(y, x;A) 0s ¥, (y, x;A)
dy; s Ay = 20y = %) ds ’
] ] (33)
SZIXZ, j=1,...,m—1
According to (30), (31) and (33), we have
/ M dsy < Ky(A, x) e T, o>1, xe€Q, (34)
ay]
D
¥, ( A
Now, we estimate the integral / ‘ M dsy, and we obtain
/‘ a%a;//' x;A ’dsy < Ky(A,x)oke T, o1, xeq, (35)
m

Using (32), (34), (35) and (29), (28) is proved.
O

Corollary 1.
lim V,(x) = V(x),

T—00

holds uniformly on every compact set from Q).

Suppose that the boundary of the domain () consists of a hyper plane y,, = 0 and a

smooth surface ¥ extending to infinity and lying in the layer
0<ym<h, h=%,p>&

We assume that X is given by the equation
ym=9(y), ¥y eR",
and ¢ (y’) satisfies the condition
|¢'(y')| < M < oo, M = const.
Theorem 4. If V(y) € S,(Q) satisfies the condition in (26) and
IV(y)| <o, 0<é<l,yex,

then
Xm Xm

V(x)] < Kp()\,x)Ule_*(S c>1, xeQ.

Proof. From (25), we get

x) = / Lo (y, 6 A)V (y)ds, + / Lo(y, G A)V(y)dsy, x€ Q.

We estimate the following

V()| <

[ Loy, w1V (s,
py

| [ Loty sV )as,
D

, xeQ.

(36)

(37)

(38)

(39)
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We have
[ Lo, MV @)sy| < [1Loly, )1V () lds,
z by (40)
< 5/|Lg(y, x;A)|dsy, x € Q.
x
Using (30) and (31), we obtain
/HA%nMM%SKAL@MJWMQ r>1, xeq. 1)
by
Using (30)—(32), we get
1{/ .
/ w dsy < Kp()\,x)ake”(h—xm)’ c>1, xeQ. (42)
x %;
Furthermore, from (30) and (31), we have
'\if .
/ aagy'x'/\)’dsy < Kp()»,x)ake”(h—xm)’ c>1, xeQ. (43)
x Ym
From (41)—(43) and applying (40), we get
/La(y, 6 AV (y)dsy| < Kp(A, x)aké ch=xm) 51 xecQ. (44)
N
We know that
/Lg(y, ;A)V(y)dsy| < Kp(/\,x)(koe*‘Tx’”, c>1, xeQ. (45)
D
Now, taking into account (44) and (45) and using (39) and (40), we have
Ko(A, x)o*
[V(x)| < #(éeah +M)e 7, o>1, xeQ. (46)
Considering
1. M
r=4 In 5 47)
(37) is proved.

O

Consider now V(y) € 5,(Q)) and instead of V(y) on X, its continuous approximations

f5(y) are given, with error 0 < § < 1. Then,

max|V(y) — fs(y)| < 4.

We put
Vos)(x) = /La(y, 5 A) fs(y)dsy, xe€Q.
b

(48)

(49)
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Theorem 5. If V(y) € S,(Q)) satisfies (26) on the plane y,, = 0, then

Xm . Xm

Vi(x) - VU(J)(x)) <K,(A,x)d*MI RS, o>1, xeq. (50)
Proof. From the integral formulas (25) and (49), we have

V(x) = Vois)(x) = [ Loy, ) L(y)ds,
Q)

— [ Lol M fs(w)dsy = [ Loly,xA)V ()dsy
by %

+ [ Loty Vs, = [ Loy, x:0)fs(v)ds,
D Py

— [ Lol x MV () - fol) sy + [ Lo(y,xA)L(y)ds,.
% D

Using conditions (26) and (48), we have:

V() = Voig) (0)| =

/ Lo(y, % M)V () — f5(y) }dsy
>

+

[ Lolv )V (w)is,
D

< [ILoly, MV () = fs()}dsy
%

+ [ILe,x M) 1V () ldsy < 6 [ILoly,x:0)]dsy
D X

+M/|Lg(y,x;)x)|dsy.
D

As in the proof of Theorems 3 and 4, we get

Ky(A, x)o*
V() ~ Vi ()] < SO o g e,

From here, choosing ¢ from equality (47), we obtain an estimate (50). O

Corollary 2.

lim Vo5 (x) = V(x)

holds uniformly on each compact set of ().

Example 1. Consider the following system of partial differential equations of first order:
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ovy v, .
aixl TXZ +iVy =0,
ovy dVp, .
TXQ + TJQ + 1V3 = 0,
oV dVy .
787x1 + aixz — le = 0,
ovz  dVy ..
TJQ + Txl +1V; =0.
Check that the following relations hold:
P*(ETP(ET) = E((|¢]* + A2)2°), °=(1,...,1) e R". (51)

References

Assuming % — ¢1 and — o, compose the following matrices
1

axz
¢1 &2 0 i $1—¢2 Q—i
- 8 | e 58
i 0 & & —-i 0 & &

The relation (51) is easily checked.

4. Conclusions

We built in this paper a family of vector-functions V,5)(x) = V(x, fs) (called a
regularized solution of the problem for matrix factorizations of the Helmholtz equation),
in a multidimensional unbounded domain in R”, m = 2k, k > 2, depending on a parameter
0, and we proved that the family V;,(;)(x) converged in the usual sense to a solution V(x)
at a point x € Q, if certain conditions were set on the parameter ¢ = 0(6), at 6 — 0.
A regularized solution determines a stable method of finding an approximate solution to
the problems (1) and (2).

Hence, functional V,4)(x) determines the regularization of the solution of the problem
for matrix factorizations of the Helmholtz equation.
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