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We apply the method of integral representations to study the ill-posed Cauchy problem for the heat equa-

tion. More precisely we recover a function, satisfying the heat equation in a cylindrical domain, via

its values and the values of its normal derivative on a given part of the lateral surface of the cylinder.

We prove that the problem is ill-posed in the natural (anisotropic) spaces (Sobolev and H�older spaces,

etc). Finally, we obtain a uniqueness theorem for the problem and a criterion of its solvability and a

Carleman-type formula for its solution.
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The integral representation method is the core of investigations of the ill-posed problems for
partial di�erential equations, see [1, 2, 3]. Lev Aizenberg [4, 5] noted that the Cauchy problem
for the Cauchy�Riemann equations is closely related to the problem of analytic continuation
even if its entries are not analytic. He found principal ingredients, leading to the construction
of integral formulas for its solution (Carleman formulas): a proper integral formula recovering
the function via the data on the whole boundary, the uniqueness theorem and an e�ective tool,
providing the analytic continuation from a domain to a larger one. This method was successfully
used in the framework of Hilbert space methods to investigate the Cauchy problem for general
elliptic systems of partial di�erential equations, see [6, 7, 8], and even to elliptic complexes of
di�erential operators, see [9]. It provided both a solvability criterion and formulas for exact and
approximate solutions. Recently, the scheme of using the concept of analytic continuation was
adopted to obtain a solvability criterion for the ill-posed Cauchy problem in H�older spaces for
some parabolic operators as well, see [10, 11].

In this paper we concentrated our e�orts in the construction of Carleman-type formulas for
solutions to the heat equation. Namely, we recover a function satisfying the heat equation in a
cylindrical domain via its values and the values of its normal derivative on a given part of the
lateral surface of the cylinder. The principal di�erence with [10, 11] is that we use anisotropic
H�older and Sobolev spaces and we succeed to involve Hilbert space methods, too.

1. Preliminaries

Let Ω be a bounded domain in n-dimensional linear space Rn with the coordinates x =
(x1, . . . , xn). As usual we denote by Ω the closure of Ω, and we denote by ∂Ω its boundary.
In the sequel we assume that ∂Ω is piece-wise smooth. We denote by ΩT the bounded open
cylinder Ω × (0, T ) in Rn+1 with a positive altitude T . Let also Γ ⊂ ∂Ω be a non empty
connected relatively open subset of ∂Ω. Then ΓT = Γ× (0, T ) and ΓT = Γ× [0, T ].
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We consider functions on subsets in Rn and Rn+1. As usual, for s ∈ Z+ we denote by Cs(Ω)
the space of all s times continuously di�erentiable functions in Ω. Next, for a (relatively open)
set S ⊂ ∂Ω denote by Cs(Ω ∪ S) the set of such functions from the space Cs(Ω) that all their
derivatives up to order s can be extended continuously onto Ω ∪ S. The standard topology of
these metrizable spaces induces the uniform convergence on compact subsets in Ω ∪ S together
with all the partial derivatives up to order s (the case S = ∅ is included). We will also use the
so-called H�older spaces (cf., [12, Ch.1, �1]. Recall that a function u, de�ned on a set M ∈ Rn, is
called H�older continuous with a power 0 < λ < 1 on M , if there is such a constant C > 0 that

< u >λ,M= sup
x,y∈M,x6=y

|u(x)− u(y)|
|x− y|λ

≤ C.

Let Cs,λ(Ω ∪ S) stand for the set of such H�older continuous functions that all their partial
derivatives up to order s are also H�older continuous functions with a power λ over each compact
subset of Ω ∪ S. Clearly, Cs,λ(Ω ∪ ∂Ω) = Cs,λ(Ω) is a Banach space with the norm,

‖u‖Cs,λ(Ω) =
∑
|α|≤s

(
max
x∈Ω
|∂αu(x)|+ < ∂αu >λ,Ω

)
see, for instance, [12, 13, 14]. In general, the space Cs,λ(Ω ∪ S) again can be treated as a
metrizable space, generated by a system of seminorms ps,λm (u) = ‖u‖Cs,λ(Ωm) with a suitable

exhaustion {Ωm}m∈N of the set Ω ∪ S. By the de�nition, the space Cs,λ(Ω ∪ S) is continuously
embedded into Cs

′,λ′(Ω ∪ S) if s+ λ ≥ s′ + λ′, λ, λ′ ∈ [0, 1).
To investigate the heat equation we need also the anisotropic (parabolic) spaces, see [12, Ch.

1], [14, Ch. 8]. For this purpose, let C2s,s(ΩT ) stand for the set of all continuous functions u in
ΩT , having in ΩT the continuous partial derivatives ∂jt ∂

α
x u with all multi-indexes (α, j) ∈ Zn+×Z+

satisfying |α|+2j ≤ 2s where, as usual, |α| =
∑n
j=1 αj . Similarly, we denote by C2s+k,s(ΩT ) the

set of continuous functions in ΩT , such that all partial derivatives ∂βu belong to C2s,s(ΩT ) if
β ∈ Zn+ satis�es |β| ≤ k, k ∈ Z+. Of course, it is natural to agree that C

2s+0,s(ΩT ) = C2s,s(ΩT ),
C0,0(ΩT ) = C(ΩT ) and C0(Ω) = C(Ω). We also denote by C2s+k,s((Ω ∪ S)T ) the set of such
functions u from the space C2s+k,s(ΩT ) that their partial derivatives ∂jt ∂

α+β
x u, 2j + |α| ≤ 2s,

|β| ≤ k, can be extended continuously onto (Ω∪S)T . The standard topology of these metrizable
space induces the uniform convergence on compact subsets of (Ω ∪ S)T together with all partial
derivatives used in its de�nition (the case S = ∅ is included).

We will also use the so-called anisotropic H�older spaces (cf., [12, Ch. 1], [14, Ch. 8]). Recall
that a function u(x, t), de�ned on a set MT = M × [0, T ] ∈ Rn+1, is called anisotropic H�older
continuous with a power 0 < λ < 1 on MT , if there is such a constant C > 0 that

< u >λ,MT
= sup
t∈[0,T ]

< u(·, t) >λ,M + sup
x∈M

< u(x, ·) >λ/2,[0,T ]≤ C.

Let C2s+k,s,λ,λ/2((Ω ∪ S)T ) stand for the set of anisotropic H�older continuous functions with
a power λ over each compact subset of (Ω ∪ S)T together with all partial derivatives ∂α+β

x ∂jt u
where |β| ≤ k, |α|+ 2j ≤ 2s. Clearly, C2s+k,s,λ,λ/2(ΩT ) is a Banach space with the norm,

‖u‖C2s+k,s,λ,λ/2(Ω) =
∑
|β|≤k

∑
|α|+2j≤2s

(
max

(x,t)∈ΩT

|∂α+β
x ∂jt u(x, t)|+ < ∂α+β∂ju >λ,ΩT

)
see, for instance, [14, Ch. 8]. In general, the space C2s+k,s,λ,λ/2((Ω ∪ S)T ) can be treated again

as a metrizable space, generated by a system of seminorms ps,λ,km,T (u) = ‖u‖C2s+k,s,λ,λ/2(Ωm,T ) with

a suitable exhaustion {Ωm}m∈N of the set Ω ∪ S. Obviously, the space C2s+k,s,λ,λ/2((Ω ∪ S)T )
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is continuously embedded into C2s′+k′,s′,λ′,λ′/2((Ω ∪ S)T ) if s + λ ≥ s′ + λ′, λ, λ′ ∈ [0, 1) and
k ≥ k′.

In order to invoke the Hilbert space approach, we need anisotropic (parabolic) Sobolev spaces
H2s,s(ΩT ), s ∈ Z+, see, [12, 15], i.e. the set of all measurable functions u in ΩT such that
all generalized partial derivatives ∂jt ∂

α
x u with all multi-indexes (α, j) ∈ Zn+ × Z+ satisfying

|α| + 2j ≤ 2s, belong to the Lebesgue class L2(ΩT ). This is a Hilbert space with the inner
product

(u, v)H2s,s(ΩT ) =
∑

|α|+2j≤2s

∫
ΩT

∂jt ∂
α
x v(x, t) ∂jt ∂

α
x u(x, t)dxdt. (1)

We also may de�ne H2s,s(ΩT ) as the completion of the space C2s,s(ΩT ) with respect to the norm
‖ · ‖H2s,s(ΩT ) generated by the inner product (1). For s = 0 we have H0,0(ΩT ) = L2(ΩT ).

Let now ∆n =
n∑
j=1

∂2
xj ,xj be the Laplace operator in Rn and let L = ∂t − µ∆n stand for the

heat operator in Rn+1. This operator plays essential role in the contemporary natural science,

see, for instance, [17]. Now let ∂ν =
n∑
j=1

νj∂xj denote the derivative at the direction of the exterior

unit normal vector ν = (ν1, ..., νn) to the surface ∂Ω. As ∂Ω is piece-wise smooth, the normal
vector ν is de�ned almost everywhere on ∂Ω. It is known that the standard initial boundary
value problem for the heat operator consists of the recovering of the function u over the cylinder
ΩT satisfying the heat equation

Lu = f in ΩT , (2)

the boundary and initial conditions

a(x, t)u(x, t) + b(x, t)∂νu(x, t) = 0 on ∂ΩT , u(x, 0) = u0(x) on Ω. (3)

for �xed real-valued functions a and b and given data f and u0. Problem (2), (3) is well-posed
over the scales of anisotropic H�older and Sobolev spaces, see, for instance, [12, 13, 14, 15, 16,
17, 18]. Instead, we consider the Cauchy problem in the cylinder ΩT in the sense of the Cauchy-
Kowalevski Theorem with respect to the space variables, cf. [19].

Problem 1. Let functions u1 ∈ C1,0(ΓT ), u2 ∈ C(ΓT ) and f ∈ C(ΩT ) be given. Find a function
u ∈ C2,1(ΩT ) ∩ C1,0((Ω ∪ Γ)T ) satisfying the heat equation (2) and boundary conditions

u(x, t) = u1(x, t) on ΓT , ∂νu(x, t) = u2(x, t) on ΓT . (4)

The motivation of Problem 1 is rather transparent. It describes the situation where for some
reasons at each time t ∈ [0, T ] only part Γ of the boundary of the "body" Ω is available for
measurements.

Example 1. If n > 1 then the famous Hadamard example for the Cauchy problem for the
Laplace operator is �t to demonstrate the absence of the continuity of the solution with respect
to the data in all reasonable standard spaces (H�older spaces, Sobolev spaces, etc., see [19]). For
instance, denote by Qn,R the n-dimensional cube {0 < xm < R, 1 6 m 6 n} and take the
cube Qn,1 as the base Ω of the cylinder ΩT . Let Γ be the face {xn = 0} of the cube Qn,1 and
ΓT = Qn−1,1×(0, T ). Then, for each aj ∈ R, j ∈ N, the function uj(x, t) = aj cos(jx1) cosh(jxn)
is a solution to problem (2), (4), with the data

fj = 0, u1,j = aj cos(jx1), u2,j = 0.

If limj→+∞ j2s+kaj = 0 then for each k ∈ Z+ and each λ ∈ [0, 1] we have

fj −→
j→∞

0 in C∞(ΩT ), u1,j −→
j→∞

0 in C2s+k,s,λ,λ/2(ΓT ), u2,j −→
j→∞

0 in C2s+k−1,s,λ,λ/2(ΓT ).
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On the other hand, the sequence |uj(x, t)| is unbounded for each (x, t) ∈ ΩT .
If n = 1 then we could not directly provide a corresponding example but we reduce the

problem to an ill-posed one in Theorem 2 below. However, Problem 1 become ill-posed if we
additionally impose rather mild restrictions on the growth of its solutions in ΩT , see [10]. Indeed,

consider the sequence of smooth solutions uj(x, t) = aj e
µj2(t−T )+jxn to problem (2), (4), with

the data
fj = 0, u1,j = aje

µj2(t−T ), u2,j = jaje
µj2(t−T ).

If limj→+∞ j2(s+1)aj = 0 then for each k ∈ Z+ and each λ ∈ [0, 1] we have

fj −→
j→∞

0 in C∞(ΩT ), u1,j −→
j→∞

0 in C2s+k,s,λ,λ/2(ΓT ), u2,j −→
j→∞

0 in C2s+k−1,s,λ,λ/2(ΓT ).

On the other hand, if we choose aj = j−2(s+1)−1 then for any q ≥ 1 we have

lim
j→+∞

‖uj‖Lq(Qn,1×[0,T ]) = +∞.

2. Solvability conditions and Carleman formula

If the surface Γ and the data of the problem are real analytic then the Cauchy-Kowalevski
Theorem implies that problem (2), (4) has at most one solution in the class of (even formal)
power series. However the theorem does not imply the existence of solutions to Problem 1 because
it grants the solution in a small neighbourhood of the (analytic) surface ΓT only (but not in a
given domain ΩT !). We begin this section proving that Problem 1 can not have more than one
solution in the spaces of di�erentiable (non-analytic) functions.

To investigate Problem 1, we use an integral representation constructed with the use the
fundamental solution to heat operator L, see, for instance, [13, 17]:

Φ(x, t) =

 e
− |x|

2

4µ t

(2
√
πµ t)

n if t > 0,

0 if t 6 0.

Consider the cylinder type domain ΩT1,T2 = ΩT2 \ ΩT1 with 0 ≤ T1 < T2 and a closed
measurable set S ⊂ ∂Ω. For functions f ∈ C(ΩT1,T2

), v ∈ C(ST ), w ∈ C(ST ), h ∈ C(ΩT1,T2
) we

introduce the following potentials:

IΩ,T1
(h)(x, t) =

∫
Ω

Φ(x− y, t)h(y, T1)dy, GΩ,T1
(f)(x, t) =

t∫
T1

∫
Ω

Φ(x− y, t− τ)f(y, τ)dydτ,

VS,T1(v)(x, t) =

t∫
T1

∫
S

Φ(x− y, t− τ)v(y, τ)ds(y)dτ,

WS,T1
(w)(x, t) = −

t∫
T1

∫
S

∂νyΦ(x− y, t− τ)w(y, τ)ds(y)dτ,

(see, for instance, [12, Ch. 4, �1], [13, Ch. 1, �3 and Ch. 5, �2], [16, Ch. 3, �10]). The potential
IΩ,T1

(h) is sometimes called Poisson type integral and the functions GΩ,T1
(f), VS,T1

(v),WS,T1
(w)

are often referred to as heat potentials or, more precisely, volume heat potential, single layer heat
potential and double layer heat potential, respectively. By the construction, all these potentials
are (improper) integrals depending on the parameters (x, t).

Next, we need the so-called Green formula for the heat operator.
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Lemma 1. For all 0 ≤ T1 < T2 and all u ∈ C2,1(ΩT1,T2) ∩ C1,0(ΩT1,T2) with Lu ∈ C(ΩT1,T2)
the following formula holds:

u(x, t), (x, t) ∈ ΩT1,T2

0, (x, t) 6∈ ΩT1,T2

}
=
(
IΩ,T1(u) +GΩ,T1(Lu) + V∂Ω,T1 (∂νu) +W∂Ω,T1(u)

)
(x, t). (5)

Proof. See, for instance, [10], [20, Ch. 6, �12] (cf. also [21, Theorem 2.4.8] for more general linear
operators).

As is known, the heat equation is hypoelliptic. Moreover, any C2,1(ΩT1,T2
)-solution P to the

heat equation LP = 0 in the cylinder domain ΩT1,T2
belongs to C∞(ΩT1,T2

) and, actually P (x, t)
is real analytic with respect to the space variable x ∈ Ω for each t ∈ (T1, T2), see, for instance,
[17, Ch. VI, �1, Theorem 1]. Then Green formula (5) and the information on the kernel Φ
provide us with a uniqueness theorem for Problem 1.

Theorem 1 (A uniqueness theorem). If Γ has at least one interior point in the relative topology
of ∂Ω then Problem 1 has no more than one solution.

Proof. See, for instance, [10, Theorem 1, Corollary 1].

Now we are ready to formulate a solvability criterion for Problem 1. As before, we assume
that Γ is a relatively open connected set of ∂Ω. Then we may �nd a set Ω+ ⊂ Rn in such a way
that the set D = Ω ∪ Γ ∪ Ω+ would be a bounded domain with piece-wise smooth boundary. It
is convenient to set Ω− = Ω. For a function v on DT we denote by v+ its restriction to Ω+

T and,
similarly, we denote by v− its restriction to ΩT . It is natural to denote limit values of v± on
ΓT , when they are de�ned, by v±|ΓT . Actually, a solvability criterion for Problem 1 was obtained

in [10]. In this section we would like to improve these results in order to invoke Hilbert space
methods. More precisely, the following theorem is a modi�cation of [10, Theorem 2], related
to the use of anisotropic H�older spaces. Though the proofs of the theorems are very similar,
we obtain additional essential information about the solution to Problem 1 allowing us to use
anisotropic Sobolev spaces and so called bases with double orthogonality property.

Theorem 2 (Solvability criterion). Let λ ∈ (0, 1), ∂Ω belong to C1+λ and let Γ be a relatively
open connected subset of ∂Ω. If f ∈ C0,0,λ,λ/2(ΩT ), u1 ∈ C1,0,λ,λ/2(ΓT ), u2 ∈ C0,0,λ,λ/2(ΓT )
then Problem (2), (4) is solvable in the space C2,1,λ,λ/2(ΩT ) ∩C1,0,λ,λ/2(ΩT ∪ ΓT ) if and only if
there is a function F ∈ C∞(DT ) satisfying the following two conditions: 1) LF = 0 in DT , 2)
F = GΩ,0(f) + VΓ,0(u2) +WΓ,0(u1) in Ω+

T .

Proof. Necessity. Let a function u(x, t) ∈ C2,1,λ,λ/2(ΩT )∩C1,0,λ,λ/2(ΩT ∪ΓT ) satisfy (2), (4).
Clearly, the function u(x, t) belongs to the space C2,1,λ,λ/2(Ω′T ) for each cylindrical domain Ω′T
with such a base Ω′ that Ω′ ⊂ Ω and Ω′ ∩ ∂Ω ⊂ Γ. Besides, Lu = f ∈ C0,0,λ,λ/2(Ω′T ). Without
loss of the generality we may assume that the interior part Γ′ of the set Ω′ ∩ ∂Ω is non-empty.
Consider in the domain DT the functions

F = GΩ,0(f) + VΓ,0(u2) +WΓ,0(u1) and F = F − χΩT u, (6)

where χM is the characteristic function of a set M ⊂ Rn+1. By the very construction condition
2) is ful�lled for it. Note that χΩT u = χΩ′T

u in D′T , where D
′ = Ω′ ∪ Γ′ ∪ Ω+. Then Lemma 1

yields
F = GΩ\Ω′,0(f) + VΓ\Γ′,0(u2) +WΓ\Γ′,0(u1)− IΩ′,0(u) in D′T . (7)

Arguing as in the proof of Theorem 1 we conclude that each of the integrals on the right-hand
side of (7) is smooth outside the corresponding integration set and each satis�es homogeneous
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heat equation there. In particular, we see that F ∈ C∞(D′T ) and LF = 0 in D′T because of [17,
Ch. VI, �1, Theorem 1]. Obviously, for any point (x, t) ∈ DT there is a domain D′T containing
(x, t). That is why LF = 0 in DT , and hence F belongs to the space C∞(DT ). Thus, this
function satis�es condition 1), too.

Su�ciency. Let there be a function F ∈ C∞(DT ), satisfying conditions 1) and 2) of the
theorem. Consider on the set DT the function

U = F − F. (8)

As f ∈ C0,0,λ,λ/2(ΩT ) then the results of [12, Ch. 4, ��11-14], [13, Ch. 1, �3] imply

GΩ,0(f) ∈ C2,1,λ,λ/2(Ω±T ) ∩ C1,0,λ,λ/2(DT ) (9)

and, moreover,
LG−Ω,0(f) = f in ΩT , LG+

Ω,0(f) = 0 in Ω+
T . (10)

Since u2 ∈ C0,0,λ,λ/2(ΓT ) then the results of [12, Ch. 4, ��11-14], [13, Ch. 5, �2] yield

VΓ,0(u2) ∈ C∞(Ω±T ) ∩ C1,0,λ,λ/2((Ω± ∪ Γ)T ), LVΓ,0(u2) = 0 in ΩT ∪ Ω+
T . (11)

On the other hand, the behaviour of the double layer potential WΓ,0(u1) is similar to the be-
haviour of the normal derivative of single layer potential VΓ,0(u1). Hence

WΓ,0(u1) ∈ C∞(Ω±T ) ∩ C0,0,λ,λ/2((Ω± ∪ Γ)T ), LWΓ,0(u1) = 0 in ΩT ∪ Ω+
T . (12)

Lemma 2. Let S ⊂ Γ ∈ C1+λ. If u1 ∈ C1+λ,λ(ΓT ), then the potential W−
Γ,0

(u1) belongs to the

space C1,0,λ,λ/2(ΩT ∪ ST ) if and only if W+

Γ,0
(u2) ∈ C1,0,λ,λ/2(Ω+

T ∪ ST ).

Proof. It is similar to the proof of the analogous lemma for Newton double layer potential
(see, for instance, [6, lemma 1.1]). Actually, one needs to use Lemma 1 instead of the standard
Green formula for the Laplace operator, see [10, Lemma 2] for a di�erent function class. �

Since F ∈ C∞(DT ) ⊂ C1,0,λ,λ/2((Ω+ ∪ Γ)T ) then it follows from the discussion above that
W+

Γ,0
(u2) ∈ C1,0,λ,λ/2((Ω+ ∪ Γ)T ). Thus, formulas (8)�(12) and Lemma 2 imply that U belongs

C2,1,λ,λ/2(Ω±T ) ∩ C1,0,λ,λ/2((Ω± ∪ Γ)T ) and

LU = χDT f in ΩT ∪ Ω+
T .

In particular, (2) is ful�lled for U−. Let us show that the function U− satis�es (4). Since
F ∈ C∞(DT ) we see that ∂αF− = ∂αF+ on ΓT for α ∈ Z+ with |α| 6 1 and

∂αF+
|ΓT =

(
∂αG+

Ω,0(f) + ∂αV +

Γ,0
(u2) + ∂αW+

Γ,0
(u1)

)
|ΓT

.

It follows from formulas (9) and (11) that the volume potential G+
Ω,0(f) and the single layer

potential V +

Γ,0
(u2) are continuous if the point (x, t) passes over the surface ΓT . Then

U−|ΓT = W−
Γ,0

(u1)|ΓT −W
+

Γ,0
(u1)|ΓT = u1.

because of the theorem on jump behaviour of the double layer potential WΓ,0(u1) (see, for
instance, [13, Ch. 5, �2, theorem 1] for the corresponding heat potential), i.e. equality the �rst
equation in (4) is valid for U−.

Formula (9) means that that the normal derivative of the volume potential G+
Ω,0(f) is con-

tinuous if the point (x, t) passes over the surface ΓT . Therefore

∂νU|ΓT = ∂νV
−
Γ,0

(u2)|ΓT − ∂νV
+

Γ,0
(u2)|ΓT + ∂νW

−
Γ,0

(u1)|ΓT − ∂νW
+

Γ,0
(u1)|ΓT . (13)
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By theorem on jump behaviour of the normal derivative of the single layer potential (see, for
instance, [16, Ch. 3, �10, theorem 10.1] for the corresponding heat potential),

∂νV
−
Γ,0

(u2)|ΓT − ∂νV
+

Γ,0
(u2)|ΓT = u2. (14)

Finally, we need the following lemma.

Lemma 3. Let Γ ∈ C1+λ and u2 ∈ C0,0,λ,λ/2(ΓT ). If W−
Γ,0

(u1) ∈ C1,0,λ,λ/2((Ω ∪ Γ)T ) or

W+

Γ,0
(u1) ∈ C1,0,λ,λ/2((Ω+ ∪ Γ)T ) then

∂νW
−
Γ,0

(u1)|ΓT − ∂νW
+

Γ,0
(u1)|ΓT = 0. (15)

Proof. It is similar to the proof of the analogous lemma for the the heat double layer potential
(see, for instance, [10, lemma 3] for a di�erent function class). �

Using lemma 3 and formulas (13), (14), we conclude that ∂νU
−
|ΓT = u2, i.e. the second

equation in (4) is ful�lled for U−. Thus, function u(x, t) = U−(x, t) satis�es conditions (2), (4).
The proof is complete. �

We note that both [10, Theorem 2] and Theorem 2 are analogues of Theorem by Aizenberg and
Kytmanov [5] describing solvability conditions of the Cauchy problem for the Cauchy�Riemann
system (cf. also [6] in the Cauchy Problem for Laplace Equation or [8] in the Cauchy problem
for general elliptic systems). Formula (8), obtained in the proof of Theorem 2, gives the unique
solution to Problem 1. Clearly, if we will be able to write the extension F of the sum of potentials
GΩ,0(f) + VΓ,0(u2) +WΓ,0(u1) from Ω+

T onto DT as a series with respect to special functions or
a limit of parameter depending integrals then we will get Carleman-type formula for solutions
to Problem 1 (cf. [5]). The simplest formulas of this type for the Cauchy-Riemann system was
constructed by Goluzin and Krylov, see [22] or [4], for the special domains (the so-called "lunes",
i.e. parts of a disc Ω on the complex planes, separated from the origin by a smooth curve
Γ ⊂ Ω). Aizenberg and Kytmanov [5] supplement the Goluzin�Krylov formula with a simple
solvability criterion for the Cauchy problem for holomorphic functions in the lunes based on the
Cauchy�Hadamard formula for power series. Let us extend this approach for the case n = 1.

With this purpose we introduce the following Carleman kernels:

CN (x, y, t− τ) = Φ(x− y, t− τ)− Φ(y, t− τ)

N∑
k=0

xk

(t− τ)k

 ∑
m+j=k
0≤j≤m

(2y)m−j(−1)j(t− τ)j

(4µ)m(m− j)!j!

 .

Corollary 1. Let n = 1, a > 0, Ω = (a, 1) and D = (−1, 1). Under the hypotheses of Theorem
2, Problem 1 is solvable in the space C2,1,λ,λ/2(ΩT ) ∩ C1,0,λ,λ/2(ΩT ∪ ΓT ) if and only if

lim sup
k→∞

(
|ck(t)|

)1/k

≤ 1 for each t ∈ (0, T )

where ck(t) are the Taylor coe�cients of the function F (x, t) with respect to the variable x at the
origin for �xed value t ∈ (0, T ) given by (19) below. Besides, the solution, if exists, equals to

u(x, t) = lim
N→+∞

 t∫
0

∫
Ω

CN (x, y, t− τ)f(y, τ)dydτ +

t∫
0

∫
Γ

CN (x, y, t− τ)u2(y, τ)ds(y)dτ+ (16)

t∫
0

∫
Γ

∂ν(y)CN (x, y, t− τ)u1(y, τ)ds(y)dτ

 .
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Proof. The �rst part of the corollary follows immediately from Theorem 2, formula (8) for the
solution to Problem 1 and the Cauchy-Hadamard formula for the radius of the convergence of a
power series. In particular,

U(x, t) = lim
N→∞

(
F(x, t)−

N∑
k=0

ck(t)xk
)
, (x, t) ∈ ΩT . (17)

On the other hand, we may write easily the Taylor series with respect to the variable x near the
origin for the kernel Φ(x− y, t− τ) if t > τ :

Φ(x− y, t− τ) = Φ(y, t− τ)e
2xy−x2
4µ(t−τ) =

∞∑
k=0

Φk(y, t− τ)xk (18)

where the series converges uniformly on the compacts in the set {|x| < a, y ∈ Ω, t > τ ≥ 0} and

Φk(y, t− τ) =
Φ(y, t− τ)

(t− τ)k

 ∑
m+j=k
0≤j≤m

(2y)m−j(−1)j(t− τ)j

(4µ)m(m− j)!j!

 .

As y ∈ Ω then y 6= 0 and the kernels Φk(y, t − τ) and ∂νΦk(y, t − τ) are integrable over
subsets of ΩT . Thus, using (6), after termwise integration of the Taylor series (18), we identify
the Taylor coe�cients ck(t) as follows:

ck(t) =

t∫
0

∫
Ω

Φk(y, t−τ)f(y, τ)dydτ+

t∫
0

∫
S

(
Φk(y, t−τ)u2(y, τ)+∂νΦk(y, t−τ)u1(y, τ)

)
ds(y)dτ.

(19)
Finally, combining formulas (6), (17), (19), we arrive at Carleman-type formula (16).

For n > 1 the situation di�ers drastically because of the nature of the multi-dimensional
Cauchy-Hadamard formula for multiple power series. Instead, for the multidimensional Cauchy-
Riemann system Aizenberg and Kytmanov [5] suggested to use Hilbert space theory and the
so-called bases with the double orthogonality property (cf. [6], [8], [7] for elliptic systems).

Following this idea, we assume that the surface ∂Ω and that the data uj are smoother than
in Theorem 2. Namely, we need the following lemma.

Lemma 4. Let ∂Ω ∈ C3+λ and let Γ be a relatively open subset of ∂Ω with boundary ∂Γ ∈ C2+λ.
If u1 ∈ C2,1,λ,λ/2(ΓT ), u2 ∈ C2,1,λ,λ/2(ΓT ) then there exist functions ũj ∈ C2,1,λ,λ/2(∂ΩT ) such

that ũj = uj on ΓT , j = 1, 2 and a function ũ ∈ C2,1,λ,λ/2(ΩT ) such that ũ = ũ1 on (∂Ω)T and
∂ν ũ = ũ2 on (∂Ω)T .

Proof. We may adopt the standard arguments from [23, Lemma 6.37] related to isotropic spaces.
Indeed, according to it, under our assumptions, for every v0 ∈ C2,λ(Γ) there is v ∈ C2,λ(∂Ω)
such that v = v0 on Γ. The construction of the extension involves the rectifying di�eomorphism
of ∂Γ and a suitable partition of unity of a neighbourhood of ∂Γ, only. Thus, we conclude there
are functions ũj ∈ C2,1,λ,λ/2(∂ΩT ) such that ũj = uj on ΓT , j = 1, 2.

Next, we use the existence of the Poisson kernel P∆2,Ω(x, y) for the Dirichlet problem related
to the operator ∆2

n, see [24]. It is known that the problem is well-posed over the scale of H�older
spaces in Ω. Namely, as ∂Ω ∈ C3,λ, for each 1 ≤ s ≤ 3 and v1 ∈ Cs,λ(∂Ω). v2 ∈ Cs−1,λ(∂Ω) the
integral

P∆2,Ω(v1, v2)(x) =

∫
∂Ω

(
(∂ν(y)P∆2,Ω)(x, y)v1(y) + P∆2,Ω(x, y)v2(y)

)
ds(y)
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belongs to Cs,λ(Ω) and satis�es ∆2
nv = 0 in Ω and v = v1, ∂νv = v2 on ∂Ω. Now, we may set

ũ(x, t) = P∆2,Ω(ũ1(·, t), 0)(x) + P∆2,Ω(0, ũ2(·, t))(x).

Then the �rst integral belongs to C2,λ(Ω) and the second belongs to C3,λ(Ω) with respect to the
variable x for each t ∈ [0, T ]. By the construction, ũ(·, t) = ũ1(·, t) on ∂Ω and ∂ν ũ(·, t) = ũ2(·, t)
on ∂Ω for each t ∈ [0, T ]. It remains to check that ũ belongs to C2,1,λ,λ/2(ΩT ) as the sum of
integrals depending on the parameter (x, t) ∈ ΩT .

The statements of such type actually re�ect the fact that the system of boundary operator,
related to the investigated problem, is compatible. In the theory of elliptic operators this means
that the system {I, ∂ν} is a Dirichlet system on Γ, see, for instance, [7, 8]. For example, under
the assumptions of Lemma 4, for each pair v1 ∈ C2,λ(Γ) and v2 ∈ C1,λ(Γ) there is v ∈ C2,λ(Ω)
such that v = v1 on Γ and ∂νv = v2 on Γ. In Lemma 4 we use smoother data u2 on ΓT because
the heat operator under the consideration is not elliptic and the behaviour with respect to the
variable t can not be improved by actions with respect to the variable x.

Under the assumptions of Lemma 4, we set

F̃ = GΩ,0(f) + V∂Ω,0(ũ2) +W∂Ω,0(ũ1) + IΩ,0(ũ). (20)

Corollary 2. Let λ ∈ (0, 1), ∂Ω belong to C3+λ and let Γ be a relatively open connected subset
of ∂Ω with boundary ∂Γ ∈ C2+λ. If f ∈ C0,0,λ,λ/2(ΩT ), u1 ∈ C2,1,λ,λ/2(ΓT ), u2 ∈ C2,1,λ,λ/2(ΓT )
then Problem (2), (4) is solvable in the space C2,1,λ,λ/2(ΩT )∩C1,0,λ,λ/2(ΩT ∪ ΓT )∩H2,1(ΩT ) if
and only if there is a function F̃ ∈ C∞(DT ) ∩H2,1(DT ) satisfying the following two conditions:
1') LF̃ = 0 in DT , 2') F̃ = F̃ in Ω+

T .

Proof. First of all, we note that, by Green formula (5), we have F̃ = GΩ,0(f − Lũ) and then

F̃ ∈ C2,1,λ,λ/2(Ω±T ) because of (9). On the other hand,

F̃ − F = V∂Ω\Γ,0(ũ2) +W∂Ω\Γ,0(ũ1) + IΩ,0(ũ). (21)

This means that the function F̃ − F satis�es the L(F̃ − F) = 0 in DT and hence the function
F extends to DT as a solution of the heat equation if and only if function F̃ extends to DT as
a solution of the heat equation, too.

Let Problem (2), (4) be solvable in the space C2,1,λ,λ/2(ΩT )∩C1,0,λ,λ/2(ΩT ∪ΓT )∩H2,1(ΩT ).
Then formulas (6) and (21) imply

F̃ = F̃ − χΩT u ∈ H2,1(Ω±T ) and LF̃ = 0 in DT .

Now, as F̃ ∈ H2,1(Ω±T ) ∩ C∞(DT ) (see [17, Ch. VI, �1, Theorem 1]) we conclude that F̃ ∈
H2,1(DT ), i.e. conditions 1'), 2') of the corollary are ful�lled.

If conditions 1'), 2') of the corollary hold true then conditions 1), 2) of Theorem 2 are ful�lled,
too. Moreover, formulas (8) and (21) imply that in DT we have

U = F − F = F̃ − F̃ ∈ H2,1(Ω±T ) (22)

and the U− is the solution to Problem 1 in the space C2,1,λ,λ/2(ΩT )∩C1,0,λ,λ/2(ΩT∪ΓT )H2,1(Ω±T )
by Theorem 2.

Let us describe the way for the construction of the bases with the double orthogonality
property related to Problem 1. For s ∈ Z+, denote by H

2s,s
L (ΩT ) the space of weak (i.e. in the

sense of distributions) solutions to the heat equation (2) belonging to H2s,s(ΩT ). Obviously, it
is a closed subspace of H2s,s(ΩT ).
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Lemma 5. Let ω be a subset of D with piece-wise smooth boundary. There exists an orthonormal
basis {bν} in the space H2,1

L (DT ) such that the system {bν|ωT } is an orthogonal basis in L2
L(ωT ).

Proof. Indeed, by the de�nition the space H2,1(DT ) is continuously embedded to L2(ωT ). As
any weak solution to the heat equation in DT is a weak solution the heat equation in ωT , too,
we conclude that H2,1

L (DT ) is continuously embedded to L2
L(ωT ). Let us denote by RD,ω the

corresponding embedding operator, RD,ω : H2,1
L (DT )→ L2

L(ωT ). By the construction, the range
of the operator R is dense in L2

L(ωT ).

Moreover, by Fubini Theorem the anisotropic Sobolev space H2,1
L (DT ) can be continuously

embedded to the Bochner type space B((0, T,H2(D), L2(D)) consisting of maps v : [0, T ] →
H2(D) such that ∂tv ∈ L2(D), see [25, Ch 1, �5]. According to the Kondrashov Theorem, the em-
bedding H2(D)→ L2(D) is compact. Applying famous compactness theorem for Bochner type
spaces (see, for instance, [25, Ch 1, �5, Theorem 5.1] we see that the space B((0, T,H2(D), L2(D))
is embedded compactly to L2((0, T ), D) = L2(DT ). Thus, the space H2,1

L (DT ) is embedded com-
pactly to L2

L(DT ) and then to L2
L(ωT ), i.e. the operator RD,ω is compact.

Let R∗D,ω be the Hilbert space adjoint operator for RD,ω, i.e. R
∗
D,ω : L2

L(ωT ) → H2,1
L (DT ).

Then the Hilbert-Schmidt spectral theorem grants the existence of an orthonormal basis {bν}
in the space H2,1

L (DT ), consisting of the eigen-vectors of the compact self-adjoint operator

R∗D,ωRD,ω : H2,1
L (DT ) → H2,1

L (DT ). Finally, applying we see that the system {bν} is the basis
with the double orthogonality property, we are looking for, see [7, Example 1.9].

Let ω be a relatively compact subset of Ω+ ⊂ D with piece-wise smooth boundary and let
{bν} be the basis with the double orthogonality property granted by Lemma 5. We introduce
now the following Carleman kernels:

C
(ω)
N (x, y, t, τ) = Φ(x− y, t, τ)−

N∑
ν=0

(
bν(x, t)

∫
ωT

bν(z, τ̃)Φ(z − y, τ̃ − τ)dzdτ̃
)
/‖bν‖2L2

L(ωT ).

Also, let cν(F̃) be the Fourier coe�cients of the function F̃ with respect to the orthogonal basis
{bν|ωT } in the space L2

L(ωT ):

cν(F̃) =
(∫

ωT

bν(z, τ̃)F̃(z, τ̃)dzdτ̃
)
/‖bν‖2L2

L(ωT ). (23)

Corollary 3. Let ω be a relatively compact subset of Ω+ with piece-wise smooth boundary.
Under assumptions of Corollary 2, Problem (2), (4) is solvable in the space C2,1,λ,λ/2(ΩT ) ∩
C1,0,λ,λ/2(ΩT ∪ ΓT ) ∩H2,1(ΩT ) if and only if

∞∑
ν=1

|cν(F̃)|2 <∞.

Besides, the solution, if exists, is given by

u(x, t) = lim
N→+∞

 t∫
0

∫
Ω

C
(ω)
N (x, y, t, τ)f(y, τ)dydτ +

t∫
0

∫
∂Ω

C
(ω)
N (x, y, t, τ)ũ2(y, τ)ds(y)dτ+ (24)

t∫
0

∫
∂Ω

∂ν(y)C
(ω)
N (x, y, t, τ)ũ1(y, τ)ds(y)dτ

 .
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Proof. Again, we note that the heat operator is hypoelliptic, i.e. all weak L2(ΩT )-solutions to the
homogeneous heat equations are in fact the smooth ones in ΩT . This means that H2,1

L (ΩT ) =

H2,1
L (ΩT ) ∩ C∞(ΩT ). Then [17, Ch. VI, �1, Theorem 1] implies that conditions 1'), 2') of

Corollary 2 are equivalent to the following one: F̃ = F̃ in ωT , or, the same, RD,ωF̃ = F̃ . Thus,
the �rst statement of the corollary follows immediately from Lemma 5 and [7, Example 1.9]. On
the other hand, according [7, Example 1.9], if F̃ ∈ H2,1

L (DT ) is the extension of the function F̃
from ωT to DT then

F̃ =

∞∑
ν=0

cν(F̃)bν(x, t), (x, t) ∈ DT .

Therefore, (22) yields

u(x, t) = lim
N→+∞

(
F̃(x, t)−

N∑
ν=0

cν(F̃)bν(x, t)
)
, (x, t) ∈ ΩT . (25)

We note that if y ∈ Ω and x ∈ ω then x 6= y and the kernel Φ(x − y, t − τ) is integrable over
ΩT ×ΩT . Thus, we may use integral formula (20) for F̃ and Fubini Theorem in order to change
the order of the integrations in (23). Hence it follows from (25) that (24) holds true.

Example 2. What is still lacking is an example of a basis with the double orthogonality property
granted by Lemma 5 for a pair D and ω. However we may easily give an example of a system
with the double orthogonality. Indeed, for each multi-index k ∈ Zn we set

b
(1)
k (x, t) = e−4π2µ|k|2t cos

(
2π

n∑
j=1

kjxj

)
, b

(2)
k (x, t) = e−4π2µ|k|2t sin

(
2π

n∑
j=1

kjxj

)

where |k|2 =
∑n
j=1 k

2
j . Then Lb(i)k = 0 in Rn × (0, T ) for each k ∈ Zn and the system

{b(1)
k , b

(2)
k }k∈Zn is orthogonal in L2(Qn,j × (0, T )) for every cube Qn,j , j ∈ N, and T > 0

because the trigonometrical system is orthogonal on the cube Qn,1 and it is periodic. Thus,

{b(1)
k , b

(2)
k }k∈Zn is a system with the double orthogonality property for any pair D = Qn,j and

ω = Qn,l, if j > l. Unfortunately, this system can not be complete in H2,1((Qn,j)T ) because
each function bk has equal values on the opposite faces of the cube Qn,j and the elements of the
space H2,1((Qn,j)T ) admit traces on (∂Qn,j)T .

We note also that the scheme, realized in the paper, is valid for a more general parabolic
operator L, too, if it admits a fundamental solution with the following properties: the analyticity
with respect to x for each �xed t and the proper behavior of the corresponding integrals IΩ, GΩ,
V∂Ω and WΩ on the scale of the (anisotropic) H�older spaces (see, for example, [13, 26] for the
conditions providing the existence of such kernels).

The work was supported by the Ministry of Education and Science of the Russian Federation
N 1.2604.2017/PCh.

References

[1] Lavrent'ev, M.M., On the Cauchy problem for Laplace equation, Izvestia AN SSSR. Ser.
matem., (1956), N. 20, 819�842.

[2] Lavrent'ev, M.M., Romanov, V.G., Shishatskii, S.P., Ill-posed problems of mathematical
physics and analysis, M., Nauka, 1980.

� 11 �



I.A. Kurilenko, A.A. Shlapunov On Carleman-type formulas for solutions to the heat equation

[3] Tihonov, A.N., Arsenin, V.Ya., Methods of solving ill-posed problems, M., Nauka, 1986.

[4] Aizenberg, L.A., Carleman formulas in complex analysis. First applications, Novosibirsk,
Nauka, 1990 (Russian). English transl. in Kluwer Ac. Publ., Dordrecht, 1993.

[5] Aizenberg L.A., Kytmanov, A.M., On the possibility of holomorphic continuation to a domain
of functions given on a part of its boundary, Matem. sb., 182(1991), N. 5, 490�597.

[6] Shlapunov, A.A., On the Cauchy Problem for the Laplace Equation, Siberian math. j.,
33(1992), N. 3, 205�215.

[7] Shlapunov, A.A., Tarkhanov, N., Bases with double orthogonality in the Cauchy problem for
systems with injective symbols, Proc. London. math. soc., 71(1995), N. 1, 1�54.

[8] Tarkhanov, N., The Cauchy problem for solutions of elliptic equations, Berlin: Akademie-
Verlag, 1995.

[9] Fedchenko, D.P., Shlapunov, A.A., On the Cauchy problem for the elliptic complexes in
spaces of distributions, Complex variables and elliptic equations, 59:5 (2014), 651�679.

[10] Puzyrev, R.E., Shlapunov, A.A., On an ill-Posed problem for the heat equation, J. Sib. Fed.
Univ., Math. and Physics, 5:3 (2012), 337�348.

[11] Puzyrev, R.E., Shlapunov, A.A., On a mixed problem for the parabolic Lam�e type operator,
J. Inv. Ill-posed Problems, V. 23:6 (2015), 555-570.

[12] Ladyzhenskaya, O.A., Solonnikov V.A., Ural'tseva N.N., Linear and quasilinear equations
of parabolic type, M., Nauka, 1967.

[13] Friedman, A., Partial di�erential equations of parabolic type, Englewood Cli�s, NJ,
Prentice-Hall, Inc., 1964.

[14] Krylov, N.V., Lectures on elliptic and parabolic equations in H�older spaces. Graduate Stud-
ies in Math. V. 12, AMS, Providence, Rhode Island, 1996.

[15] Krylov, N.V., Lectures on elliptic and parabolic equations in Sobolev spaces. Graduate
Studies in Math. V. 96, AMS, Providence, Rhode Island, 2008.

[16] Landis, E.M., Second order equations of elliptic and parabolic types, M., Nauka, 1971.

[17] Mikhailov, V.P., Partial di�erential equations, M., Nauka, 1976.

[18] V. P. Mikhailov, The Dirichlet problem for a parabolic equation. I, Mat. Sb. (N.S.), 61(103):1
(1963), 40�64.

[19] Hadamard, J., Lectures on Cauchy`s problem in linear partial di�erential equations, Yale
Univ. Press, New Haven-London, 1923.

[20] Sveshnikov, A.G., Bogolyubov, A.N., Kravtsov, V.V., Lectures on mathematical physics,
M., Nauka, 2004.

[21] Tarkhanov, N.N., Complexes of di�erential operators, Kluwer Ac. Publ., Dordrecht, 1995.

[22] Goluzin G.M., Krylov, V.I., Verallgemeinerung einer Formel von Carleman und ihre An-
wendung auf analytische Fortsetzung, Mat. Sb. 40 (1933), N. 2, 144�149.

[23] Gilbarg, D., Trudinger, N., Elliptic partial di�erential equations of second order, Berlin,
Springer-Verlag, 1983.

� 12 �



I.A. Kurilenko, A.A. Shlapunov On Carleman-type formulas for solutions to the heat equation

[24] Aronszajn, N., Creese, T., Lipkin, L., Polyharmonic functions. Clarendon Press, Oxford,
1983.

[25] Lions, J.-L., Quelques m�ethodes de r�esolution des probl�emes aux limites non lin�eare,
Dunod/Gauthier-Villars, Paris, 1969, 588 pp.

[26] Eidel'man S.D., Parabolic equations, Partial di�erential equations � 6, Itogi Nauki i
Tekhniki. Ser. Sovrem. Probl. Mat. Fund. Napr., 63, VINITI, Moscow, 1990, 201�313.

Î ôîðìóëàõ Êàðëåìàíîâñêîãî òèïà äëÿ ðåøåíèé óðàâíå-
íèÿ òåïëîïðîâîäíîñòè

Èëüÿ À.Êóðèëåíêî

Àëåêñàíäð À.Øëàïóíîâ

Ìû ïðèìåíÿåì ìåòîä èíòåãðàëüíûõ ïðåäñòàëåíèé ê èññëåäîâàíèþ íåêîððåêòíîé çàäà÷è Êîøè

äëÿ óðàâíåíèÿ òåïëîïðîâîäíîñòè. Áîëåå òî÷íî, èñïîëüçóÿ ïîäõîäÿùóþ ôîðìóëó Ãðèíà, ìû âîñ-

ñòàíîâëèâàåì êîìïëåêñíîçíà÷íóþ ôóíêöèþ, óäîâëåòâîðÿþùóþ óðàâíåíèþ òåïëîïðîâîäíîñòè â

öèëèíäðå, ïî çàäàííûì åå çíà÷åíèÿì è çíà÷åíèÿì åå íîðìàëüíîé ïðîèçâîäíîé íà ÷àñòè áîêîâîé

ïîâåðõíîñòè öèëèíäðà. Ìû ïîêàçûâàåì, ÷òî çàäà÷à ÿâëÿåòñÿ íåêîððåêòíîé â åñòåñòâåííûõ äëÿ

íåå (àíèçïòðîïíûõ) ïðîñòðàíñòâàõ (Ñîáîëåâà, Ãåëüäåðà è ò.ä.). Â èòîãå, íàìè ïîëó÷åíû òåîðåìà

åäèíñòâåííîñòè äëÿ çàäà÷è Êîøè, à òàêæå íåîáõîäèìûå è äîñòàòî÷íûå óñëîâèÿ åå ðàçðåøèìî-

ñòè è ôîðìóëà êàðëåìàíîâñêîãî òèïà äëÿ åå ðåøåíèÿ.

Êëþ÷åâûå ñëîâà: óðàâíåíèå òåïëîïðîâîäíîñòè, íåêîððåêòíûå çàäà÷è, ìåòîä èíòåãðàëüíûõ ïðåä-

ñòàâëåíèé, ôîðìóëû Êàðëåìàíà
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