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Abstract In this paper, the problem of continuation of the solution of the ill-posed Cauchy
problem for matrix factorizations of the Helmholtz equation in a multidimensional bounded
domain is studied. It is assumed that the solution to the problem exists and is continuously
differentiable in a closed domain with exactly given Cauchy data. For this case, an explicit
formula for the continuation of the solution is established, as well as a regularization formula
for the case when, under the indicated conditions, instead of the Cauchy data, their continuous
approximations with a given error in the uniform metric are given. A stability estimate for the
solution of the Cauchy problem in the classical sense is obtained.

1 Introduction

The theory of ill-posed problems is a direction of mathematics which has developed intensively
in the last two decades and is connected with the most varied applied problems: interpretation
of readings of many physical instruments and of geophysical, geological, and astronomical ob-
servations, optimization of control, management and planning, synthesis of automatic systems,
etc. Development of the theory of ill-posed problems was occasioned by the advent of modern
computing technology. Various areas of the theory of ill-posed problems can be included in tra-
ditional areas of mathematics such as function theory, functional analysis, differential equations,
and linear algebra. The concept of a well-posed problem is connected with investigations by
the famous French mathematician Hadamard of various boundary value problems for the equa-
tions of mathematical physics. Hadamard expressed the opinion that boundary value problems
whose solutions do not satisfy certain continuity conditions are not physically meaningful, and
he presented examples of such problems. It was subsequently found that Hadamard’s opinion
was erroneous. It turned out that many problems of mathematical physics which are ill-posed in
the sense of Hadamard and, in particular, problems noted by Hadamard himself have real phys-
ical content. It also turned out that ill-posed problems arise in many other areas of mathematics
which are connected with applications.

This problem concerns ill-posed problems, i.e., it is unstable. It is known that the Cauchy
problem for elliptic equations is unstable relatively small change in the data, i.e., incorrect (ex-
ample Hadamard, see, for instan2€][ p. 39). There is a sizable literature on the subject (see,
e.g. 4], [25], [4] [33], [34] and 23]). N.N. Tarkhanov/80Q] has published a criterion for the
solvability of a larger class of boundary value problems for elliptic systems. In unstable prob-
lems, the image of the operator is not is closed, therefore, the solvability condition can not be is
written in terms of continuous linear functionals. So, in the Cauchy problem for elliptic equa-
tions with data on part of the boundary of the domain the solution is usually unique, the problem
is solvable for everywhere dense a set of data, but this set is not closed. Consequently, the theory
of solvability of such problems is much more difficult and deeper than theory of solvability of
Fredholm equations. The first results in this direction appeared only in the mid-1980s in the
works of L.A. Aizenberg, A.M. Kytmanov, N.N. Tarkhanov (see, for instar&H)[ Boundary
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value problems, as well as numerical solutions of some problems, are consideBid[6}, [
[20)-[21], [38] and [39].

The uniqueness of the solution follows from Holmgren’s general theorem [8peeThe
conditional stability of the problem follows from the work of A.N. Tikhonov (s@},[if we
restrict the class of possible solutions to a compactum.

In this paper we construct a family of vector-functidiis;)(z) = U(x, f5) depending on
a parameter, and prove that under certain conditions and a special choice of the parameter
o = 0(9), até — 0, the family U, 5 () converges in the usual sense to a solutitir) at a
pointz € G.

Following A.N. Tikhonov ], a family of vector-valued function,, ;) (x) is called a regular-
ized solution of the problem. A regularized solution determines a stable method of approximate
solution of the problem.

Formulas that allow finding 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 [37], Carleman established a formula giving a solution to the Cauchy - Riemann equations
in a domain of a special form. Developing his idea, G.M. Goluzin and V.. KrylgY} flerived
a formula for determining the values of analytic functions from data known only on a portion
of the boundary, already for arbitrary domains. A multidimensional analogue of Carleman’s
formula for analytic functions of several variables was constructed in &8 [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
[24]-[25]). Using this method, Sh. Yarmukhamedov (see, for instaB&k[B6]) constructed
the Carleman functions for the Laplace and Helmholtz operatorswithy) = 1 for spatial
domains of a special form, when the part of the boundary of the domain where the data is un-
known is a conical surface or a hyper surfdeg = 0}. In [31] an integral formula is proved for
systems of equations of elliptic type of the first order, with constant coefficients in a bounded do-
main. Using the methodology of work33]-[3€], Ikehata P6] was considered the probe method
and Carleman functions for the Laplace and Helmholtz equations in the three-dimensional do-
main. Using exponentially growing solutions, Ikeh&®d][was obtained a formula for solving
the Helmholtz equation with a variable coefficient for regions in space where the unknown data
are located on a section of the hypersurféce s = ¢t}. Carleman type formulas for various
elliptic equations and systems were also obtained in watk§2], [16], [7]-[15], [17], [26]-

[27], [33]-[3€]. In work [16] it was considered the Cauchy problem for the Helmholtz equation

in an arbitrary bounded plane domain with Cauchy data, known only on the region boundary.
The solvability criterion the Cauchy problem for the Laplace equation in the spade was
considered by Shlapunov in work][ In work [18], was be continuation the problem for the
Helmholtz equation is investigated and the results of numerical experiments are presented. The
construction of the Carleman matrix for elliptic systems was carried out by: Sh. Yarmukhame-
dov, N.N. Tarkhanov, A.A. Shlapunov, |.E. Niyozov, D.A. Juraev and others (see, for instance
[20-[2], [7]-[15], [19], [28]-[13]], [33]-[36]). The system considered in this paper was introduced

by N.N. Tarkhanov. For this system, he studied correct boundary value problems and found an
analogue of the Cauchy integral formula in a bounded domain (see, for inséfice [

In many well-posed problems for systems of equations of elliptic type of the first order with
constant coefficients that factorize the Helmholtz operator, it is not possible to calculate the
values of the vector function on the entire boundary. Therefore, the problem of reconstructing the
solution of systems of equations of first order elliptic type with constant coefficients, factorizing
the Helmholtz operator (see, for instan@k [8], [9], [1C], [11], [12], [13], [14] and [15]), is one
of the topical problems in the theory of differential equations.

For the last decades, interest in classical ill-posed problems of mathematical physics has
remained. This direction in the study of the properties of solutions of the Cauchy problem for
the Laplace equation was started BAF[25], [33]-[36] and subsequently developed ib€],

[1]-[2], [7]-[15], [17], [26]-[27], [28]-[31] and [19].

In this paper, we present an explicit formula for the approximate solution of the Cauchy
problem for the matrix factorizations of the Helmholtz equation in a multidimensional bounded
domain. The odd dimensional case requires special consideration, in contrast to even dimensions
in many mathematical problems. The even dimensional case will be further considered in other
works of the author. Our formula for an approximate solution also includes the construction of
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a family of fundamental solutions for the Helmholtz operator a multidimensional bounded do-
main. This family is parametrized by some entire functiotw), the choice of which depends

on the dimension of the space. This motivates a separate study of regularization formulas in odd
dimensional spatial domains.

LetR™, (m = 2k + 1, k > 1) be them—dimensional real Euclidean space,

r=(21,...,2m) ER™, y=(y1,--.,Ym) € R™,
= (xl, ey xm_l) S Rmfl, y/ = (yl, - ,ym_l) S Rmil.

We introduce the following notation:

r=ly—=z|, a=y -2, w=ivui+al+yn, u>0,

T &1
66 - (88”88) ’ 9 =¢ = . — transposed vectd,
T Tl LTm
Em

Ez)=]| ... — diagonal matrix z = (21,...,2,) € R™

G C R™—be a bounded simply-connected domain with piecewise smooth boundary consist-
ing of the planer: y,, = 0 and of a smooth surfacg, lying in the half-space,, > 0, i.e.,
oG =SUT.

Let D(¢T), (n x n)—dimensional matrix with elements consisting of a set of linear functions
with constant coefficients of the complex plane for which the following condition is satisfied:

D*(€M)D(ET) = E((|€]* + A)u°),

whereD*(¢7) is the Hermitian conjugate matri(¢7'), A— is a real number.
We consider in the regio@' a system of differential equations

D (ai) Uz) =0, (1.1)

whereD (88) is the matrix of first-order differential operators.
X

We denote byA(G)—the class of vector functions in the domaihcontinuous onG =
G | 0G and satisfying systeni(l).

2 Construction of the Carleman matrix and the Cauchy problem
Formulation of the problem. Supposé/(y) € A(G) and

Uly)ls=fy), yeS. (2.1)

Here, f(y) a given continuous vector-function ¢h It is required to restore the vector func-
tion U(y) in the domainG, based on it’s valueg(y) on S.
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If U(y) € A(G), then the following integral formula of Cauchy type is valid
U(z) = /N(y, z; \)U(y)dsy, =€ G, (2.2)
oG

where

N(y, z;\) = (E (¢m(Ar)u®) D* (ai:)) D(tT).

Heret = (t1,...,t,)—Is the unit exterior normal, drawn at a point the surfacedG,
©m(Ar)— is the fundamental solution of the Helmholtz equatiomif, (m = 2k + 1, k > 1),
wherey,, (Ar) defined by the following formula (se82]):

D
H<m72)/2()\7‘)

_ p Am-2f2m=22\ ")
om(Ar) = PpA e

(2.3)
1

R
2i(2m) - 212

m=2k+1 k>1

We denote by (w) is an entire function taking real values for real(w = u+iv, u,v—real
numbers) and satisfying the following conditions:

K(u) #0, sup|lo?K®(w)| = B(u, p) < oo,
v>1

(2.4)
—co<u<oo, p=01...,m.
We define the functio®(y, x; \) aty # = by the following equality
, 1 91 [ [ K(w) ] cosiu)
Py, ;) = emK (z) Osk—1 /Im Lu — xm} vVu? + azd% (2.5)
0 .

m=2k+1 k>1,

wherec,,, = (—=1)k¥27%(2k — 1)V (m — 2)7wpm, k > 1; w,,— area of a unit sphere in spaR&'.
In the formula2.5), choosing

K(w) =explow), K(zm)=explox,), o>0, (2.6)
we get
. emorm g1 explow)] cogAu)
D, (y, 73 A) = o 951 /'m [w o ] \/mdu. (2.7)
0
The formulaR.?) is true if insteadp,, (Ar) of substituting the function
Py (y, 73 A) = o (A1) + 9o (y, 73 A), (2.8)

whereg, (y, x)— is the regular solution of the Helmholtz equation with respect to the varigble
including the pointy = .
Then the integral formula has the form:

U(z) = /Ng(y, z; NU(y)dsy, =€ G, (2.9)
oG

where

Ny(y, ;) = (E (Py(y, 73 N)u®) D* (8;1:)) D(tT).
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3 Estimation of the stability of the solution to the Cauchy problem

Theorem 3.1.LetU(y) € A(G) it satisfy the inequality

Uyl <1, yeT. (3.1)
If
Us(z) = /Ng(y, z; \U(y)dsy, z €@, (3.2)
S
then the following estimate is true
U(z) — U, (z)] < C(x)o" e o>1 zeG. (3.3)

Here and below functions bounded on compact subsets of the déimeia denote by’ (z).

Proof. Using the integral formulé2,S) and the equality3.2), we obtain

W@:/Mm%MWW@+/Mm$MWW@:
S T

=U,(x) + /Ng(y, z; \)U(y)dsy, z€G.
T

Taking into account the inequalit® (1), we estimate the following

V@) = V(o) < | [ Naly, 50U )ds, | <
’ (3.4)
< [ INely s VW@l ds, < [ 1Naly V] dsy, 7€ 6.
T T
To do this, we estimate the integrals |®, (y, z; \)| ds,, /‘W‘dsy (j =
T T Yi
1,2..,m-1) and/ M ds, on the part of the planey,, = 0.
Ym
T
Separating the imaginary part &.7), we obtain
) e m—zm) | gk-1 7 cosovul + o?
Py (y, 23 A) = o 5ol /— 2oz Coshw)dut
0
(3.5)
o _ i 2 2
4 13} 7 / (Ym — Tm) SINoVUZ + ? cogAu) dul . 2, >0
sk 1 w2 412 Nor
0
Taking into account equality8(5), we have
/|(Dg(y, z;\)|ds, < C(x)o* e o 5>1 z€G, (3.6)
T
To estimate the second integral, we use the equality
0Py (y, 5 0) _ 0P, (y, 7;\) Os 0Py (y, 73 A)
Oy, = Os By, = 2(y; — ;) Js ’
’ ! (3.7)
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Given equality[8.5) and equality'8.7), we obtain

/‘603 ag;x A ‘dsy < C(z)oftle=oom  o>1 z€G. (3.8)
Now, we estimate the |ntegr7{ ’W’ dsy.
Taking into account equalityB(5), we obtain

/’5@ GZ’mI A ‘dsy < CO(x)o*tte=mm  5>1, zeg, (3.9

From inequalities3.€), (3.8) and 3.S), we obtain an estimat3(3).
Theorem 3.1 is proved. O

Corollary 3.2. The limiting equality

lim U, (x) =U(z),

g— 00

holds uniformly on each compact set from the dondain
Theorem 3.3.LetU(y) € A(G) satisfy condition3.1), and on a smooth surfacethe inequality
U(y)| <8, 0<8<e Um, (3.10)
wherey,,, = maxy,,.
yeSs

Then the following estimate is true

U(z)| < C(z)o* 67, o>1, zeG. (3.11)

Proof. Using the integral formule,S), we have
= /N[,.(y, z; \)U (y)ds, —|—/N0_(y, z; \)U(y)dsy, z€G.
We estimate the following

z)| < /Ng(y, z; NU(y)dsy|, z€G. (3.12)

/ N, (g, 2 \U(y)ds, | +

Given inequality/8.10), we estimate the first integral of inequali3.12).

/ Ny (y, 2 U (y)ds, | < / N, (4, 2 0)| [T ()] dsy <
S

(3.13)

/ o(y, z;N)|dsy, z€G.
]

0D, (y, x; \)

dsy, (j =
ay] ‘y(

To do this, we estimate the integralg |®,(y, z; \)| ds,, /‘

1,2,. and/‘8CD (y, 2:2)
y

m

ds, on a smooth surfac§.
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Taking into account equality8(5), we have

/|CDg(y, z;\)| ds, < C(z)o"tteoWm=am) 551 geq. (3.14)

To estimate the second integral, using equali®s) @nd B.7), we obtain

CD
/ ‘a 6?{1/, o ‘dsy < Clz)o*Hlerlvm=em) o> 1, x€G, (3.15)
J
To estimate the mtegr 87 ds,, using equality8.5), we obtain
Yom
/‘aq} BZ, 5 )\ ‘dSy < O(I)O'k+1ea(ymixm)7 o> 17 zeG. (316)

From 3.14 - (3.16), we obtain

/Ng(y, ;MU (y)ds,| < C(z)o**s m=m) 551 zed. (3.17)
S
The following is known
/Ng(y7 z; \U (y)ds,| < C(z)oFtte o o>1 2€G. (3.18)
T
Now taking into accouni3,17) - (3.18), we have
k41 _
|U(z)| < %(Je”m +Lle ", o>1 x€d. (3.19)
Choosings from the equality
o= i In }, (3.20)
Ym O
we obtain an estimat8(11]).
Theorem 3.3 is proved. O

LetU(y) € A(G) andinstead/(y) on S with its approximatiorys(y) are given, respectively,
with an error0 < § < e~ 7%,

max|U(y) — f3(y)| <. (3.21)

We put

Uy5)(x) = /N(,.(y7 z; ) f5(y)ds,, =€G. (3.22)

The following is true

Theorem 3.4.LetU(y) € A(G) on the part of the plang,, = 0 satisfy condition3.1).
Then the following estimate is true

U(2) = Uy (2)| < Clz)o"57m, o>1, z€G. (3.23)
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Proof. From the integral formula®2(9) and 3.22), we have

U(z) — Uya)(2) = / N, (g, \)U (y)dsy — / Ny (g, 3\ f (y)ds, =
oG S

— [ Moty iU s, + [ Noly N s, — [ Naly. i) fslu)ds, =
S T S

= [ Mol s (U )~ )} dsy + [ Mol 5N (),
S T

Using conditions/3.1) and B.21), we estimate the following:

0G) = Uson@)] = | [ Naly i) (U0) = 1)} ds | +
S

+ / N, (y, 2 \U (y)ds, | < / N (s 2 | {T () — f3(0)}] dsy+

T S

+ / N, (y, 2 )| [U(y)| ds, < 6 / N, (y, 5 0| ds, + / N, (y, 5 0| ds,
T S T

Now, repeating the proof of Theorems 3.2 and 3.3, we obtain

C(\, x)ok+t
2

From here, choosing from equality [8.20), we obtain an estimat323).
Theorem 3.4 is proved. |

‘U(.I’) - Ug—(&) (CC)’ < (56011_771 + l)e—oxm.

Corollary 3.5. The limit equality
lim Uy ) (x) = U(),

holds uniformly on every compact set from the dongain

4 Conclusion

The article obtained the following results:

Using the Carleman function, a formula is obtained for the continuation of the solution of
linear elliptic systems of the first order with constant coefficients in a spatial bounded domain
R™, (m = 2k + 1, k > 1). The resulting formula is an analogue of the classical formula of B.
Riemann, W. Voltaire and J. Hadamard, which they constructed to solve the Cauchy problem in
the theory of hyperbolic equations. An estimate of the stability of the solution of the Cauchy
problem in the classical sense for matrix factorizations of the Helmholtz equation is given. The
problem it is considered when, instead of the exact data of the Cauchy problem, their approx-
imations with a given deviation in the uniform metric are given and under the assumption that
the solution of the Cauchy problem is bounded on famf the boundary of the domaif, an
explicit regularization formula is obtained.

Thus, functionall, ) (x) determines the regularization of the solution of probldni)(-

(2.3).
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