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ABSTRACT. We investigate elliptic boundary-value problems for which the maximum
of the orders of the boundary operators is equal to or greater than the order of
the elliptic differential equation. We prove that the operator corresponding to an
arbitrary problem of this kind is bounded and Fredholm between appropriate Hilbert
spaces which form certain two-sided scales and are built on the base of isotropic
Hormander spaces. The differentiation order for these spaces is given by an arbitrary
real number and positive function which varies slowly at infinity in the sense of
Karamata. We establish a local a priori estimate for the generalized solutions to
the problem and investigate their local regularity (up to the boundary) on these
scales. As an application, we find sufficient conditions under which the solutions
have continuous classical derivatives of a given order.

1. INTRODUCTION

Among elliptic boundary-value problems there occur problems with boundary con-
ditions whose orders are equal to or greater than the order of the elliptic differential
equation for which the problem is posed. Such problems appear specifically in acoustic,
hydrodynamics, and the theory of stochastic processes [27,74,75]. The known Ventcel’
elliptic boundary-value problem [74] apparently was the first such a problem arisen in
applications. It consists of an elliptic differential equation of the second order and a
boundary condition of the same order and was applied initially to an study of diffusion
processes. A number of papers are devoted to this problem; see, e.g. [11,35,36]. In acous-
tic, of an interest is the elliptic problem that consists of the Helmholtz equation and a
certain boundary condition of the fifth order [27,75]. From the theoretical point of view,
the simplest example of such elliptic problems is the problem consisting of the Laplace
equation and the boundary condition 0%u/0v* = g, where k > 2 and v is a unit vector of
the normal to the boundary of the domain in which the equation is given [10,69] (some
generalizations of this example are considered in [21,22]). All these elliptic problems are
not regular so that the classical Green formula does not hold for them, which complicates
their investigation.

Basic properties of general elliptic boundary-value problems consist in that these prob-
lems are Fredholm on appropriate pairs of Holder or positive Sobolev spaces and that their
solutions admit a priory estimates and satisfy the property of increase in smoothness in
these spaces; see, e.g., the fundamental paper by Agmon, Douglis, and Nirenberg [1] and
Agranovich’s survey [2]. These properties relate in particular to the nonregular elliptic
problems mentioned above.

Of great interest in applications are elliptic problems whose right-hand sides are irregu-
lar distributions. Such problems appear specifically in the investigation of Green function
of elliptic problems, study of elliptic problems with power singularities in the right-hand
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sides, in the spectral theory of elliptic differential operators, and the theory of operator-
differential equations; see, e.g., the monographs by Berezansky [7], M. Gorbachuk and
V. Gorbachuk [16], and Roitberg [62]. A corresponding theory for elliptic problems in
spaces of distributions was developed by Berezansky, Krein, and Roitberg [6,7,57,58,62],
Hormander [17], Lions and Magenes [30], and Schechter [64-67]. Its main achievements
are theorems on complete collections of isomorphisms realized by elliptic problems on
two-sided scales of normed spaces constructed on the base of Sobolev spaces. Briefly
saying, these theorems assert that the operator generated by an elliptic problem sets an
isomorphism between appropriate distribution spaces whose regularity indexes equal s
and s — 2q, respectively, where s is an arbitrary real number and 2q is the even order of
the corresponding elliptic differential equation. Such theorems were proved for regular
elliptic problems, the classical Green formula playing a decisive role in the proofs.

Apparently, the isomorphism theorem by Roitberg [57,58] is the most meaningful
among these achievements at least because other results can be deduced [59] from this
theorem. Later on, Roitberg and Kostarchuk [24,60,61] extended this isomorphism the-
orem to nonregular elliptic problems, specifically, to problems with boundary conditions
of higher orders with respect to the order of the corresponding elliptic differential equa-
tion [24]. This theorem and its various applications are set forth in the monographs
by Berezansky [7] (for regular elliptic problems), Roitberg [62,63], Kozlov, Maz’ya and
Rossmann [26], and Agranovich’s survey [2]. As a rule, the isomorphism theorem is
formulated separately for elliptic problems with low orders boundary conditions and
with higher orders ones; see [62, Theorems 4.1.2 and 4.1.3] (or [26, Theorems 3.4.1 and
4.1.4] stated in terms of the Fredholm property). To describe the range of the operator
generated by a nonregular elliptic problem, Kozlov, Maz'ya and Rossmann use a spe-
cial Green formula and corresponding elliptic boundary-value problem with additional
unknown functions in boundary conditions. These formula and problem were consid-
ered first by Lawruk [29]. Note that the mentioned monographs [26,62] and survey [2]
also examine elliptic problems for systems of differential equations and that the most
general isomorphism theorem of Roitberg’s type is proved by Kozhevnikov [25] for pseu-
dodifferential elliptic problems which form the Boutet de Monvel algebra. Roitberg’s
isomorphism theorem deals with normed function spaces which are certain modifications
of Sobolev spaces. Such Sobolev—Roitberg spaces form two-sided scales of spaces and
coincide with Sobolev spaces for the sufficiently large regularity index. The concept of
Sobolev—Roitberg spaces proved to be fruitful not only for elliptic problems but also for
parabolic and hyperbolic problems [13,63].

Although Sobolev spaces play a fundamental role in the modern theory of partial
differential equations, the Sobolev scale is too course for various problems (see mono-
graphs [17,18,47,52,53]). There is a necessity to use the classes of function spaces
calibrated with the help of a function parameter, which characterizes the regularity of
functions or distributions more finely than the number parameter used for the classical
Sobolev or Holder spaces. In 1963 Hormander [17] introduced a broad and fruitful gener-
alization of Sobolev spaces in this sense and gave applications of the spaces introduced to
investigation of solvability of partial differential equations (see also his monograph [18]).
In the most interest case of Hilbert spaces, the Hérmander space B, consists of all
tempered distributions w in R™ such that pw € Ly(R™) and is endowed with the norm
|lwls,, = ||uw] ,m@n). Here, u: R™ = (0,00) is a sufficiently general weight function,
and @ is the Fourier transform of w. During the last decades, Hormander spaces and
their various generalizations, called spaces of generalized smoothness, are actively inves-
tigated and applied to problems of mathematical analysis, to differential equations and
stochastic processes (see monographs [20,47,52,53,70,72] and references therein).
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Recently Mikhailets and Murach [37-43] built a theory of solvability of regular elliptic
boundary-value problems for the Hérmander spaces H*% := By ,, and their modifications
by Roitberg. In this theory, u(€) = (€)°p((&£)) for arbitrary £ € R™, whereas s is a real
number and ¢ : [1,00) — (0, 00) is a Borel measurable function varying slowly in the sense
of Karamata at infinity (as usual, (¢) := (1 + |£|?)*/?). Every space H*¢ is attached
to the Sobolev scale {H® = H®! : s € R} with the help of the number parameter s
and is obtained by the interpolation with a function parameter between the Sobolev
spaces H*~¢ and H*t? with e,6 > 0. Using this interpolation method, Mikhailets and
Murach extended all basic theorems on properties of regular elliptic problems from the
Sobolev spaces to the indicated Hormander spaces. This theory also contains theorems
on solvability of elliptic systems on manifolds in Hérmander spaces [49,77]. Tt is set forth
in monograph [47] and surveys [44,45]. Nowadays this theory is extended [3-5,51,78] over
the class of all Hilbert spaces that are interpolation spaces between inner product Sobolev
spaces; these interpolation spaces form a subclass of Hormander spaces Bs ,, [46,48]. Note
that Hérmander spaces and interpolation with a function parameter also find applications
to parabolic initial-boundary value problems [31-34].

The goal of the present paper is to develop a version of this theory for nonregular
elliptic problems with boundary conditions of higher orders with respect to the order of
the corresponding elliptic differential equation. We build this version in the framework
of the two-sided scale of Hormander spaces H®¥, with —oo < s < oo, modified in the
sense of Roitberg. This modification was investigated in [43].

This paper consists of six sections. Section 1 is Introduction. In Section 2, we formu-
late the elliptic problem under consideration and discuss the formally adjoint problem
with respect to the special Green formula. In Section 3, we consider Héormander spaces
and their modifications in the sense of Roitberg. Section 4 contains the main results
of the paper. They are theorems on the character of solvability of the elliptic problem
on the two-sided scale of Hérmander—Roitberg spaces and on local properties (up to the
boundary) of its generalized solutions in these spaces. Among them is Theorem 4.4 on a
complete collection of isomorphisms in Hérmander—Roitberg spaces. As an application
of these spaces, we give new sufficient conditions under which the generalized solutions
have continuous partial derivatives of a prescribed order. Specifically, we obtain condi-
tions for the generalized solutions to be classical. Section 5 is devoted to the method of
interpolation with a function parameter between Hilbert spaces that play a main role in
the proof of the key Theorem 4.1. The main results are proved in Section 6.

2. STATEMENT OF THE PROBLEM

Let Q be an open bounded domain in R™ with n > 2. We suppose that its boundary
I' := 00 is an infinitely smooth closed manifold of dimension n — 1, the C*°-structure
on T being induced by R™. Let v(z) denote the unit vector of the inward normal to the
boundary I' at a point = € T'.

We consider the boundary-value problem

(2.1) Au=f in £,
(2.2) Bju=g; on I, j=1,...,q
Here

A:=A(z,D) := Z a,(x)D"
[nl<2q

is a linear differential operator on Q = QUT of an arbitrary even order 2¢ > 2. Besides,
each
Bj := Bj(z,D) := Z bj u(x)D*
| <my
is a linear boundary differential operator on I' of an arbitrary order m; > 0. All the
coefficients of these operators are complex-valued infinitely smooth functions given on



ELLIPTIC PROBLEMS IN HORMANDER-ROITBERG SPACES 123

Q and T respectively. In the paper, all functions or distributions are supposed to be
complex-valued, and hence all function spaces considered are complex.

Here and below, we use the standard designations: p:= (u1,..., tt,) is a multi-index,
|| == p1 + -+ + pn, D¥* := DY - Dlin | Dy := i0/dxy, for each k € {1,...,n}, where
i is imaginary unit and x = (21,...,2,) is an arbitrary point in R™. We also put

D, :=1i0/0v(x).

Throughout the paper, we suppose that the boundary-value problem (2.1), (2.2) is
elliptic in the domain €2. This means that the differential operator A is properly elliptic
on ) and that the system of boundary operators B := (B4, ..., B,) satisfies Lopatinskii
condition with respect to A on I' (see, e.g., survey [2, Section 1.2]).

Example 2.1. Consider a boundary-value problem that consists of the partial differen-
tial equation (2.1) (where the operator A is properly elliptic on ) and the boundary
conditions
ak+j71u )
W+ Z bjyﬂ(I)D# =g; on F, ] = 1,...,(].
|l <k+j—1

Here, 0 < k € Z, whereas ¢ : I’ — R™ is an infinitely smooth field of vectors ((z) which
are nontangential to I' at every point z € I". It is easy to verify that this boundary-value
problem is elliptic in . If k& < g, then it is regular elliptic (see, e.g., [71, Subsection 5.2.1,
Remark 4]). Specifically, we may put A := A? and {(x) := v(x) for every x € T'. Here,
as usual, A is the Laplace operator.

Henceforth we suppose that
m = max{mq,...,mg} > 2q.

Put r := m + 1 for the sake of convenience.
With the problem (2.1), (2.2), we associate the linear mapping

(2.3) u > (Au, Biu,...,Bgu) = (Au, Bu), where u € C*(Q).

We will investigate properties of an extension by continuity of this mapping on appro-
priate pairs of Hilbert spaces introduced in the next section. To describe the range of
this extension, we need the following special Green formula [26, formula (4.1.10)]:

r—2q q
(Au,v)o + > (DI Au,wi)r + > (Bju, hy)r
j=1 j=1

r r—2q q
= (u, A*v)o + (D’j—lu, Ko+ Y RbEw;+> Q;fkh])F
k=1 j=1 =1

for arbitrary u,v € C*>(Q) and wy,...,wr_24,h1,...,hy € C®(T"). Here, (-,-)q and
(+,-)r denote the inner products in the Hilbert spaces L2(2) and Lo(T') of square inte-
grable functions over Q and I' respectively and later on denote the extension of these
inner products by continuity. As usual, the differential operator AT is formally adjoint
to A; namely,

(ATo)(x) = > D"(au(z)v(z)).
lnl<2q
Besides, all Rjk and Q;rk are the tangent differential operators which are adjoint respec-

tively to R; ; and @, , with respect to (-, -)r, with the linear tangent differential operators
Rji = Rji(z,D;) and Q;r := Qji(x, D;) being taken from the representation of the
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boundary differential operators D' A and Bj in the form

Di~'A(z, D) = ZRM(;E,DT)D’;*, j=1,....,r—2q,
=1

Bj(z,D) =Y Qjx(x,D)DE, j=1,....q
k=1

Note that ord R, <2¢+j—kand ordQ; <m; —k+1, with R;, =0ifk > 2¢+j+1
and with @, = 0 if & > m; + 2. Finally, each K; = Ky(z,D) is a certain linear
boundary differential operator on I' of the order ord K < 2q — k with coefficients from
C>(I). Of course, if k > 2q + 1, then K}, = 0.

Being based on the special Green formula, we consider the following boundary-value
problem in ) with » — ¢ additional unknown functions on I':

(2.4) Atv=w in Q,
r—2q q
(2.5) Kw+ Y Riwi+Y Qhhj=0 on T, k=1,
j=1 j=1
Here, the function v on  and r—gq functions w1, . .., wy—24, b1, ..., hy on I' are unknowns.

This problem is called formally adjoint to the problem (2.1), (2.2) with respect to the
special Green formula. The problem (2.1), (2.2) is elliptic in € if and only if the formally
adjoint problem (2.4), (2.5) is elliptic in a relevant sense [26, Theorem 4.1.1].

3. HORMANDER SPACES AND THEIR MODIFICATIONS IN THE SENSE OF ROITBERG

Following monograph [47, Sections 1.3, 3.2, and 4.2], we will consider Hérmander
spaces H®¥ and their modifications in the sense of Roitberg and discuss some of their
properties. This spaces are parametrized with an arbitrary real number s and function
parameter ¢ from the class M.

By definition, the class M consists of all Borel measurable functions ¢ : [1,00) —
(0, 00) that satisfy the following two conditions:

(i) both the functions ¢ and 1/¢ are bounded on each compact interval [1,b], with
1<b< oo
(i1) @(At)/p(t) — 1 as t — oo for every A > 0.

Property (ii) means that ¢ is a slowly varying function at infinity in the sense of Kara-
mata [23]. Slowly varying functions are well investigated and have various applica-
tions [9, 68].

A standard example of a function ¢ € M is a continuous function ¢ : [1,00) — (0, 00)
such that

o(t) := (logt)™ (loglogt)™ ... (log...logt)™ for > 1.
——
k times

Here, the integer £ > 1 and real numbers rq, ..., are arbitrarily chosen.
This class admits the following description

¢
peEM < pt)= exp(ﬁ(t) —|—/M dT) for t>1,
T
1
where a bounded Borel measurable function 3 : [1,00) — R has a finite limit at infinity,
and a continuous function ~ : [1,00) — R converges to zero at infinity. This description
follows directly from Karamata’s representation theorem (see, e.g., [68, Section 1.2]).
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Let s € R and ¢ € M. We first consider the Hormander space H®% over R™ with
n > 1 and then discuss its versions for €2 and T.

By definition, the linear space H*¥(R™) consists of all distributions w € §'(R™) that
their Fourier transform @ is locally Lebesgue integrable over R™ and satisfies the condition

[ e iaepPde <.

Rn
Here, as usual, S'(R™) denotes the linear topological space of all tempered distributions
on R™, and (&) := (1 + [£|?)'/2 is the smoothed modulus of £ € R™. The space H**(R")
is endowed with the inner product

(w1, W2) e (rn) = /(6}2“’@2((5))1’0\1(5)@(5) dé
RTL
and the corresponding norm
] zre.e ) = (W, W) 2 gy
This space is complete and separable with respect to this norm and is embedded contin-
uously in §'(R™). The set C3°(R™) of test functions is dense in H*#(R").

The space H*¥(R™) is an isotropic Hilbert case of the spaces B),, introduced and
investigated by Hormander [17, Section 2.2] (see also his monograph [18, Section 10.1]).
Namely, H>?(R") = B, if p = 2 and p(§) = (£)°¢((§)). Note that the inner product
Hormander spaces Bz, coincide with the spaces introduced and investigated by Volevich
and Paneah in [76, Section 2].

In the case of ¢(t) = 1, the space H*?(R™) becomes the inner product Sobolev space
H?(R™) of order s. Generally,

(3.1) HTE(R™) — H*¥(R") — H* ¢(R") for every & >0,

with embeddings being continuous [47, Lemma 1.5]. They show that, the numeric pa-
rameter s characterizes the main regularity of distributions w € H*%¥(R™), whereas the
function parameter ¢ sets certain supplementary regularity. Specifically, if ¢(t) — oo [or
o(t) — 0] as t — oo, the parameter ¢ will define supplementary positive [or negative]
regularity. Thus, we can say that ¢ refines the main regularity s in the class

{H*?(R"): s € R, € M}

of function Hilbert spaces. This class is selected in [37] and is called the refined Sobolev
scale over R™ [47, Section 1.3.3].

Note [17, Theorem 2.2.9] that the spaces H*¢(R") and H~*¢(R") are mutually
dual with respect to the extension by continuity of the inner product in Lo(R™). Here,
the second space is well defined because ¢ € M < 1/ € M.

The Hilbert spaces H*¥ () and H*#(T') are introduced in a standard way with the
help of H%?(R™). Let us give the corresponding definitions.

By definition, the linear space H*¥ () consists of the restrictions of all distributions
w € H*?(R™) to the domain . The norm in H*%(Q) is defined by the formula

HUHH‘S,«p(Q) = mf{ ||wHH5=V’(]R”) LW e HS’LP(RTL), w=u in }7

where u € H*%?(§2). The space H*¥(Q) is Hilbert and separable with respect to this norm
and is embedded continuously in the linear topological space D’(€2) of all distributions
on €); besides, the set C°°(€2) is dense in H*¥ () [47, Theorems 3.1 and 3.3(i)].

Briefly saying, the linear space H*#(I") consists of all distributions on I' that yield
elements of H*%(R"~1) in local coordinates on I'. Let us give a detailed definition. From
the C'*°-structure on I', we arbitrarily choose a finite atlas formed by certain local charts
aj : R"1 « T, where j = 1,..., 5. Here, the open sets I'1,..., T, form a covering of
I'. We also choose functions x; € C*(T'), where j = 1,..., s, that form a partition of
unity on I' subject to the condition supp x; C I';.
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By definition, the linear space H*? (") consists of all distributions h € D'(T") such
that (x;h)oa; € H*¢(R™ 1) for each j € {1,..., 5}. Here, of course, D'(T") is the linear
topological space of all distributions on I', and (x;h) o a; denotes the representation of
the distribution x;h in the local chart «;. The space H*¥(I") is endowed with the norm

» 1/2
Wll ey = (Z 16h) oajuz%w) .

j=1
This space is Hilbert and separable with respect to this norm and does not depend
(up to equivalence of norms) on our choice of the atlas and the partition of unity on
T [47, Theorem 2.21]. The space H*#(T") is embedded continuously in D’(T"), and the
set C>°(T") is dense in H*#(T").

Note [47, Theorem 2.3(v)] that the spaces H*#(T) and H~*'/#(I") are mutually dual
(up to equivalence of norms) with respect to the form (-,-)r, which is an extension by
continuity of the inner product in Lo(T"). Specifically, the form (h,v)r is well defined
for arbitrary h € H*%(I') and v € C*°(T") and is equal to the value of the distribution
h € D'(T') on the test function v.

We have the classes of Hilbert spaces

(3.2) {H>?(Q):seR,pe M} and {H®¥(T):s€e€R,p e M}.

These classes respectively contain the inner product Sobolev spaces H*(Q) := H*1(Q)
and H*(T) := H*'(T') of any order s € R. We have the dense compact embeddings

(3.3) HSTE%1(Q) — H*?(Q) and H*T®¢'(T') — H*¥(T') whenever ¢ > 0,

with s € R and ¢, ¢1 € M being arbitrary; see [47, Theorems 2.3(iii) and 3.3(iii)].

Discuss a connection between the scales (3.2). Let s > 1/2 and ¢ € M; then the trace
mapping u — u [T, where u € C°(T"), extends uniquely (by continuity) to a bounded
operator Rp : H%?(Q) — H*~Y/2%(I"), and this operator is surjective [47, Theorem 3.5].
Thus, for every distribution u € H#*%(Q), its trace Rru on T' is well defined. But
it is impossible to define this trace reasonably in the case where s < 1/2. Namely,
the above trace mapping cannot be extended to a continuous linear operator from the
whole Sobolev space H*(f2) of order s < 1/2 to the linear topological space D'(T") (see,
e.g., [47, Remark 3.5]).

Hence, we cannot investigate the boundary-value problem (2.1), (2.2) in the case
where u ranges over the whole space H*¥? () with s < m + 1/2. To study this prob-
lem for arbitrary real s, we have to use certain modifications of the Hormander space
H*%(£). We denote these modifications by H*%(¥)(Q), with 1 < k € Z, and introduce
them by analogy with Roitberg’s [57,58] construction applied to Sobolev spaces (see also
monographs [7, Chapter III, Section 6], [62, Section 2.1], and survey [2, Section 7.9]).
Roitberg’s approach was extended to the refined Sobolev scale by Mikhailets and Murach
in [43] and [47, Section 4.2].

Let, as above, s € R and ¢ € M. We previously need to introduce a certain Hilbert
space denoted by H*#(0)(Q). Put H># () (Q) := H*>#(Q) if s > 0. But, if s < 0, we let
H*#(0)(Q) denote the completion of C*°(Q) with respect to the Hilbert norm

U, v .
[ull s (0 == SUP{ [, v)ol cve HSV9(Q), v # 0}.
HUHH*SJ/%"(Q)

Thus, given s < 0, we have the Hilbert rigging of the space Lo(£2) with the positive
space H=*1/¢0)(Q) = H=*Y¢(Q) and the negative space H>%(9(Q) (as to the notion
and general properties of Hilbert riggings, see, e.g., [7, Chapter I, Section 1]). For every
s € R, the spaces H*#(0)(Q) and H~*/#(0)(Q) are mutually dual with respect to the
form (-, -)q, which is an extension by continuity of the inner product in Ls(€) (if s = 0,
the duality is fulfilled up to equivalence of norms); see [47, Theorem 3.9(iii)]. Specifically,
the form (u,v)q is well defined for arbitrary u € H*%()(Q) and v € C>(Q).

The negative space H*# (9 (Q), where s < 0, admits the following description. Con-

sider the mapping u — Ou where u € C*®(Q) and (Ou)(x) = u(z) for z € Q and
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(Ou)(x) := 0 for z € R*\ Q. If s < 0, this mapping extends uniquely (by continuity) to
an isomorphism O between the Hilbert space H*%(9)(Q) and the subspace

{v € H*#(R™) : suppv C ﬁ}

of H®¥(R™). This fact is a special case of the result proved in [76, Section 3.4] (see
also [47, Subsection 3.2.3]).
Now, let 1 < k € Z, and give a definition of the Hilbert space H*%*)(Q). Put

Ey:={j—1/2:j€Z 1<j<k}.

If s € R\ Ey, we let H>*(*)(Q) denote the completion of C>(Q) with respect to the
Hilbert norm

k 1/2
[ll oo, (02) 1= (”u?qs,w,w)(g) + Z (D}~ ) rl—‘”ijswl/z,@(r)) :
j=1
If s € E), we define the space H*%(*)(Q) by means of the interpolation between Hilbert
spaces. Namely, put

(3.4) Ho?F)(Q) = [Hs—l/&%(k)(g)?Hs+1/27w,(k)(g)]

A definition of this interpolation is given in Section 5.

In the Sobolev case of ¢(t) = 1, the space H*%*)(Q) was introduced by Roitberg
[57,58]. Therefore we say that H*%(*)(Q) is a modification of the Hérmander space
H*#(§) in the sense of Roitberg or, briefly, is a Héormander—Roitberg space. The number
k is called the index of this modification. If ¢(¢) = 1, we will omit the index ¢ in the
designations of the spaces introduced in this section and below. Specifically, H**) Q) :=
H () (Q) is a Sobolev-Roitberg space.

The space H*>#*)(Q) with s € R\ E} admits the following description [47, Theo-
rem 4.11(i)]: the linear mapping

Tk:u'—>(u,u[l",...7(Dl]f_1u)F1"), where u € C™(Q),

t1/2°

extends uniquely (by continuity) to an isometric linear operator

k
T, : Hs,%(k)(Q) N Hs,%(O)(Q) a @ Hs—j+1/2,v(1") = Hs,@,(k)(Qar)a
j=1
whose range consists of all vectors
(U(), U,y ... ,’U,k) S Hsﬁ%(k)(Q, F)

such that u; = RpDJ ' for each j € {1,...,k} subject to s > j — 1/2. If s € Ej,
this mapping extends uniquely to a bounded linear operator T} from H*%()(Q) to
0, 1) (22,T), but we cannot assert that this operator is isometric and that its range
consists of all the vectors indicated above [47, Remark 4.6].
We have the class

{H>>M(Q):s e R, p € M}
of Hilbert spaces. They are separable [47, Theorem 4.12(i)]. We may say that this class
is a two-sided scale of Hérmander—Roitberg spaces with respect to the number parameter
s. Note that

(3.5) H>*F)(Q) = H>¥(Q) for every s>k—1/2

up to equivalence of norms [47, Theorem 4.12(iii)].
We have the dense compact embedding

(3.6) Heteen () (Q) 5 g2 R (Q)  whenever & > 0,
with s € R and ¢, p; € M being arbitrary; see [47, Theorem 4.12(iv)]. Specifically,
H =R (Q) — 79RO (Q) — H*5F)(Q)  whenever & > 0.
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Therefore we can put

H>®@):= ) HW@Q) =[] HW(Q).
SER, peM seR

The linear space H (%) (Q) is endowed with the topology of inductive limit. Note that
the space H—°>%*)(Q) does not lie in D’'(Q). However, its part

HVPHQ) = ) B = () HY(Q)
s>k—1/2, s>k—1/2,
peEM peEM
lies in D'(€2). Here, the second equality is due to (3.5). Note that properties (3.5) and
(3.6) and, hence, these designations are also valid in r = 0 case [47, Theorem 3.9).
The Hérmander-Roitberg space H*%-(*)(Q) is suitable in the theory of boundary-value
problems for arbitrary s € R due to the following fact.

Proposition 3.1. Let an integer k > 1. Suppose that L is a linear differential operator
on Q of order { < k with coefficients from C>(Q). Then the mapping u — Lu, where
u € C™(Q), extends uniquely (by continuity) to a bounded linear operator

L: H>»®(Q) - H 9 *=0(Q)  forall seR and ¢ e M.

Besides, suppose that K is a boundary linear differential operator on I' of order o < k—1
with coefficients from C*(I'). Then the mapping u — Ku, where u € C*(Q), extends
uniquely (by continuity) to a bounded linear operator

K: H>*W®(Q) - H =7 V29(1) forall seR and ¢ e M.

In the case of ¢(t) = 1, this proposition is proved by Roitberg [62, Lemma 2.3.1 and
Corollary 2.3.1]. The general situation is derived from this case by interpolation with
the help of Proposition 5.1 given in Section 5 (cf. [47, Proof of Theorem 4.13]). Note
that the cases £ = 0 and ¢ = 0 are admissible in Proposition 3.1. Specifically, the
operator of multiplication by an arbitrary function from C°°(Q2) is bounded on every
space H*#*)(Q).

Remark 3.2. We also need the following version of the assertion of Proposition 3.1 con-
cerning the operator L: let the assumption of this proposition about L be fulfilled; then
the mapping u +— Lu, where u € C*(Q), extends uniquely (by continuity) to a bounded
linear operator

L: H>*®(Q) - H*=4»@(Q) whenever 0<q<k—{ and g¢eZ

Here, s € R and ¢ € M are arbitrary. This version follows from Proposition 3.1 and the
inequality

(3.7) [0l ro-eioiar @) < cllvllge-tw—n(q) forall veC™(Q),

which is used for v := Lu. Here, ¢ is a certain positive number not depending on v.
If s — ¢ ¢ Ej_g, this inequality is evident, with ¢ = 1. For the rest s, it is ob-
tained by interpolation with the help of Proposition 5.1 stated in Section 5. Namely,
let s — ¢ € Ej_y. Since the identity mapping on C°°(Q) extends uniquely to bounded
operators from H*~F1/4E=0(Q) to H*~F1/4(0)(Q), this mapping extends uniquely to
a bounded operator from the space

[Hsféfl/él,(kfé)(ﬂ)’Hsf€+1/4,(k7€)(9)] _ Hsfé,go,(kfé)(g)

P
to the space

[H3—5—1/47(11)(Q)7H5—£+1/4»(¢1)(Q)] = H5 ().

¥
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Here, 1 is the interpolation parameter from Proposition 5.1 in which € := § := 1/4.
These equalities of spaces are valid up to equivalence of norms due to Proposition 5.1.
This gives inequality (3.7) in the case of s — ¢ € Ej_y.

4. MAIN RESULTS

Given s € R and ¢ € M, we define the Hilbert space

Hsf2q,<p~,(rf2q)(g’ I):= Hsf2q,so,(rf2q)(Q) @ éHS*mj*1/2x$0(I‘).
j=1
According to Proposition 3.1, mapping (2.3) extends uniquely (by continuity) to a
bounded linear operator
(4.1) (A, B) : H>*((Q) — 20220 T).

The main results of the paper concern the properties of this operator, which corresponds
to the elliptic boundary-value problem (2.1), (2.2). We will formulate them in this
section.

Let N denote the set of all solutions u € C°°(£) to the boundary-value problem (2.1),
(2.2) in the homogeneous case where f =0 in Q and each g; = 0 on I'. Similarly, let N,
denote the set of all solutions

(0,1, ., Wr—ag, b, .. hy) € CF(Q) x (C(I))"—1

to the formally adjoint boundary-value problem (2.4), (2.5) in the homogeneous case
where w = 0 in Q and each §; = 0 on I". Since both problems (2.1), (2.2) and (2.4), (2.5)
are elliptic, both spaces N and N, are finite-dimensional [26, Corollary 4.1.1].

Theorem 4.1. The bounded operator (4.1) is Fredholm for arbitrary s € R and p € M.
Its kernel is equal to N, and its range consists of all vectors

(fa gi,--- 7gq) € Hsf2q,tp,('f72q) (Qv F)

such that
r—2q q

(4.2) (fo,v)a + ;(fjij)r+j;(gj’hj)r =0

for every (v,wi,...,Wr_2q,h1,...,hg) € Ny,

where (fo, f1,..., fr—2q) == Tr—2qf. The index of operator (4.1) equals dim N — dim N,
and therefore does not depend on s and .

In view of this theorem, we recall that a linear bounded operator T : E; — Es,
where 7 and F5 are Banach spaces, is called Fredholm if its kernel ker 7" and co-kernel
E5/T(FE;) are both finite-dimensional. If this operator is Fredholm, its range is closed in
Es (see, e.g., [19, Lemma 19.1.1]), and its index

indT := dimker T — dim(E5/T(E4))

is well defined and finite.
Note that if s > m + 1/2, the Fredholm bounded operator (4.1) acts between the
(non-modified) Hérmander spaces

q
(A,B): H*?(Q) — H*%(Q) & @) H* "~ /2#(T).
j=1
This is due to (3.5) in view of r = m + 1.
If N = {0} and N, = {0}, operator (4.1) is an isomorphism between the spaces
H5#()(Q) and H*22%( =20 (Q.T). In the general situation, this operator induces
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an isomorphism between their certain subspaces of finite co-dimension. We build the
isomorphism with the help of the next fact.

Lemma 4.2. For arbitrary s € R and ¢ € M, we have the following decompositions of
the spaces H>% (") (Q) and H*~29%("=29)(Q.T') in the direct sum of their subspaces:

(4.3) H>*(Q) =N+ {ue H**"(Q) : (ug,w)q =0 for all w € N}
and
7_18—21174197(7"—%1)(97 I)
(4.4) )
=G+ {(f.91,---,99) € Ho 20 (=20 (Q 1) : (4.2) is true}.
Here, g is the initial component of the vector T,u = (ug,u1,...,u,). Besides, G is a

certain finite-dimensional space such that dim G = dim N, and G C C*(Q) x (C>(T"))4
and that G does not depend on s and ¢.

Remark 4.3. Let ¢ € M and assume that s < 1/2 4+ 2¢. Then T,_o, is an isometric
isomorphism between the spaces H*~24%("=20)(Q) and T, o, (Q,T). Therefore
we can choose

@, (r—2q)

G = {(TT__lzq(’U,’u}l, e ,wr_gq), hl, ey hq)
C(v,wr, . welag, ha, . ) € N*}
in decomposition (4.4). Indeed, the chosen space G and the second summand in (4.4) have
the trivial intersection, and dim G = dim N, is equal to the codimension of the second
summand in view of Theorem 4.1. However, this choice is impossible for s > 1/2 + 2¢
because the space
{(v,wi,...,wr_2q) : (V,wW1, ..., Wr—2g,h1,...,hg) € Ni}

does not lie generally in T}y, (H*~29%:("=20)(Q)) for these s.

Let P and @ respectively denote the projectors of the spaces
Hs,w,(r)(Q) and Hs—2q,<p,(r—2q)(Q7p)

onto the second summands in (4.3) and (4.4) parallel to the first summands. Evidently,
these projectors are independent of s and ¢.

Theorem 4.4. For arbitrary s € R and ¢ € M, the restriction of mapping (4.1) to the
subspace P(H*%(")(Q)) is an isomorphism

(4.5) (A, B) : P(H>*(Q)) & Q(H*20#(r=20(Q T)).

This statement is a theorem on a complete collection of isomorphisms generated by
the elliptic problem under consideration in Hérmander—Roitberg spaces. This collection
is complete in the sense that the number parameter s ranges over the whole real axis.

Let us consider some important properties of the generalized solutions to the elliptic
boundary-value problem (2.1), (2.2). Assume that

(f.9) = (91, 94) € H™U20(Q) x (D'(I))%.

A vector u € H=°>((Q) is called a (strong) generalized solution (in the sense of Roit-
berg) of this problem if (A, B)u = (f,g), where (A, B) is operator (4.1) for some param-
eters s € R and ¢ € M. Of course, this definition is reasonable, i.e. it does not depend
on s and . Besides, remark that

H—o0=20(Q) < (D)1= | #H=#U—29(Q).
seR, peM
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Theorem 4.5. Let s € R, p € M, and a real number o > 0. Suppose that functions
xX,n € C®(Q) satisfy the condition n = 1 in a neighbourhood of suppy. Then there
exists a number ¢ = ¢(s,p,0,x,1) > 0 that an arbitrary vector u € HS*(")(Q) satisfies
the estimate

(4.6) Ixull gree.0 0y < € (I1(A, BYullpgs-20.0.0-20 0,0y + [0l re-one. (02)) -

Here, ¢ does not depend on u. If o < 1, we may replace n with x in the first summand
on the right of (4.6).

As to this theorem, we note first that the multiplication by n € C*(Q) or n [T is
a bounded operator on every space H?#*)(Q) or H?¥(T), where § € R, ¢ € M, and
1 < k € Z; see [47, Theorem 4.13(i) and Lemma 2.5]. Hence, all terms of (4.6) are well
defined and finite, we naturally interpreting (A, B)u as (nAu, (1 [T')Biu, ..., (n[T)Byu).

In the case of x(-) = n(-) = 1, inequality (4.6) is a global a priori estimate of the
generalized solution u to the elliptic boundary-value problem (2.1), (2.2). In the general
situation, this inequality is a local a priori estimate (up to I') of u. Indeed, for every
nonempty open subset of €2, we can choose functions y and 1 which satisfy the condition
of Theorem 4.5 and whose supports lie in this subset.

Now we pay our attention to a local regularity up to I' of the generalized solutions. Let
V be an arbitrary open subset of R™ that has a nonempty intersection with the domain €.
We set Qp :=QNV and T’y :=T NV (the case of Ty = 0 is possible). Let us introduce
local analogs of the spaces H*#(*)(Q) and H*#(T), with s e R, o € M, and 1 < k € Z.

By definition, the space Hlso’f’(k) (Q0,T0) consists of all vectors u € H—°>®*)(Q) such that
xu € H*%®) (Q) for an arbitrary function x € C*(Q) with supp xy C Qo UT. Similarly,
the space H)¥(I'y) consists of all distributions h € D'(I") such that xh € H*¥(T) for

C

every function xy € C*°(T") with supp x C T'g. Put

q

M1y 20020 (0, Tg) i= Hy 2092 (0, Tg) % 11 Hy " RE(T).
j=1

Theorem 4.6. Suppose that u € Hfoo’(’”)(Q) is a generalized solution to the elliptic

boundary-value problem (2.1), (2.2) in which

(f,9) € Hp P29 (0, T)

loc

for some parameters s € R and ¢ € M. Then u € Hlso’f’(r) (Q0,T).
If Qo = Q and Ty = T, then the equalities HS# " (Qy,Ty) = H**(Q) and

loc
Hi)_CQq’W’(T_%)(QO,FO) = H5720%(=20)(Q T') hold true. Therefore, Theorem 4.6 states
in this case that the regularity of w increases globally, i.e. on the whole closed domain €.
If Ty = (), this theorem becomes an assertion about increase in local smoothness of u in
neighbourhoods of inner points of .

In the Sobolev case of ¢(t) = 1, Theorems 4.1, 4.4, 4.5, and 4.6 are proved in Roit-
berg’s monographs [62, Chapter 4 and Section 7.2]. However, Roitberg does not use the
formally adjoint problem (2.4), (2.5) for the description of the range of the Fredholm
operator (4.1). This is done in Kozlov, Maz’ya and Rossmann’s monograph [26, Sec-
tion 4.1] for elliptic problems with additional unknown functions in boundary conditions
(see also [63, Subsection 2.7.4]). Note that Isomorphism Theorem 4.4 in the Sobolev
case was established by Kostarchuk and Roitberg [24, Theorem 5] (without involving
the formally adjoint problem). Apparently, Vainberg and Grushin [73, Section 4] showed
first that it is necessary to use the expression of the form

r—2q

> (fwi)r

=1
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in the description (4.2) of the domain of (A, B) in the m > 2¢ case under consideration.
Elliptic problems with additional unknown functions in boundary conditions, specifically
the formally adjoint problem (2.4), (2.5), are investigated in Hormander spaces in [12,50],
the orders of boundary conditions being less than 2q.

As an application of Theorem 4.6, we will obtain sufficient conditions under which the
generalized solution u € H~°%(")(Q) yields a function from CP?(QUT) for some integer
p > 0. Tt is naturally to admit the following agreement for v € H~°>(")(Q): in the case
of Ty # ) we write u € CP(Q UTy) if an only if yu € H™=Y/2+(Q) N C?(Q) for every
function y € C>(Q) such that supp x C Qo UTy. Note the inclusion yu € H"~'/2T(Q)
ensures that yu is a distribution in , for which the condition yu € CP(2) makes
sense. Besides, considering the case of Ty = ), we write u € CP(Qy) if and only if
(xu)o € H™/2H(Q)NCP(Q) for every function x € C°°(Q) such that supp x C Q. Here,
(xu)op denotes the initial component of the vector T, (xu), whereas T, is the operator
introduced in Section 3.

Theorem 4.7. Let 0 < p € Z, and assume that p > r — (n+1)/2 in the case of Ty # 0.
Suppose that the condition of Theorem 4.6 is fulfilled for s :== p 4+ n/2 and a certain
function ¢ € M subject to

Todt
(4.7) / <

Then u € CP(p UTy).

Remark 4.8. Condition (4.7) is sharp in Theorem 4.7. This means the following: let
0 <pe€Zand p € M; then it follows from the implication

(u c Hfoo,(T)(Q)’ (A, B)u € Hp+n/2—2q,%(r—2<Z)(QO’FO))

(4.8) loc
— u € CP(Q()UF())

that ¢ satisfies condition (4.7).

If we stated a version of Theorem 4.7 in the framework of Sobolev-Roitberg spaces,
we would suppose that

(f,g) € 7—[372‘1’(7“72‘1)(9071"0) for some s> p+n/2.

loc
This assumption is stronger than that made in Theorem 4.7 in terms of Hérmander—
Roitberg spaces.

We also give a sufficient condition under which the generalized solution u to problem
(2.1), (2.2) is classical, i.e., u € C?¢(Q) NC™(U, UT) for some o > 0, where U, := {z €
Q: dist(z,T") < O’}. If the solution wu is classical, the left-hand sides of this problem are
calculated with the help of classical partial derivatives and are continuous functions on
Q and T respectively.

Theorem 4.9. Suppose that a vector u € H_OO’(T)(Q) is a generalized solution to the
elliptic boundary-value problem (2.1), (2.2) in which

(4.9) fe Hﬂ/lw’(rf?q)(g’@) n Hm—24+n/27§027(r—2q)([]m1“),

loc

(4.10) g; € Hm=mat=D/Zea (1Y yith j=1,...,q,

for certain parameters o1, 2 € M that satisfy condition (4.7) with ¢ := p1 and ¢ := 9
respectively. Then u is a classical solution.

We will prove Theorems 4.1, 4.4-4.7, 4.9 and Lemma 4.2 and justify Remark 4.8 in
Section 6.
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5. INTERPOLATION BETWEEN HILBERT SPACES

The Hilbert spaces considered in Section 3 have an important interpolation property,
which will play a key role in our proof of Theorem 1. Namely, every Hormander space
H*?(G), where s € R, o € M, and G € {R",Q,T'}, can be obtained by the interpola-
tion with an appropriate function parameter between the Sobolev spaces H*~¢(G) and
H*+°(G) with €,6 > 0. A similar result holds true for the Hérmander-Roitberg spaces
H%F)(Q).

Therefore we will recall the definition of the interpolation with a function parameter
between Hilbert spaces. This interpolation method was introduced by Foiag and Lions
[14, p. 278]. We restrict the presentation to the case of separable Hilbert spaces, which
will be enough for our purposes. We follow monograph [47, Section 1.1].

Let X := [Xo, X1] be an ordered pair of separable complex Hilbert spaces that satisfy
the following two conditions: X7 is a dense manifold in Xy, and there is a number ¢ > 0
such that ||w||x, < c|lw|x, for every w € X; (briefly saying, the dense continuous
embedding X; < X holds). This pair is called admissible. As is known [30, Chapter 1,
Section 1], for X there exists a positive-definite self-adjoint operator J on X, with the
domain X; such that ||Jw|x, = ||w||x, for every w € X;. This operator is uniquely
determined by the pair X and is called a generating operator for X.

Let B denote the set of all Borel measurable functions ¢ : (0,00) — (0, 00) such that 1
is bounded on every compact interval [a,b] with 0 < a < b < oo and that 1/v is bounded
on every closed semiaxis [r, c0) with r > 0.

Given ¢ € B, we consider the operator (.J), which is defined (and positive-definite) in
Xy as the Borel function ¢ of the positive-definite self-adjoint operator J. Let [Xo, X1]y
or, simply, X, denote the domain of the operator ¢(J) endowed with the inner product
(wy,wa)x, = (Y(J)wi,(J)ws)x, and the corresponding norm [jw|x, = (w,w)%j
The space X, is Hilbert and separable. The continuous and dense embedding X, — X
holds true.

A function ¢ € B is called an interpolation parameter if and only if the following
condition is fulfilled for all admissible pairs X = [Xg, X;] and Y = [Y, Y] of Hilbert
spaces and for an arbitrary linear mapping 7' given on Xjy: if the restriction of 1" to X
is a bounded operator T' : X; — Y for each j € {0,1}, the restriction of T to X, is
also a bounded operator T': X, — Yy,. If ¢ is an interpolation parameter, we say that
the Hilbert space X, is obtained by the interpolation with the function parameter 1 of
the pair X = [Xy, X;] (or between X and X;). We also say that the bounded operator
T : Xy — Yy is obtained by the interpolation with the parameter 1) of the bounded
operators T : Xo — Yy and T : X; — Y7. In this case, the dense and continuous
embeddings X; — Xy — X hold.

Note that a function ¥ € B is an interpolation parameter if and only if ¢ is pseu-
doconcave in a neighbourhood of 400 [47, Section 1.1.9]. The latter condition means
that there exists a concave function 1, : (b,00) — (0,00), where b > 1, such that both
functions ¢/ and 1 /¢ are bounded on (b,c0). This fundamental result follows from
Peetre’s theorem [55,56] about description of all interpolation functions of positive order
(see also [8, Section 5.4]).

Specifically, the power function v (t) = t? is an interpolation parameter if and only if
0 < 0 < 1. In this case the exponent 6 € [0, 1] is considered as a number parameter of the
interpolation (see [28, Chapter IV, Section 1, Subsection 10] or [30, Chapter 1, Sections 2
and 5]). This method of interpolation between spaces was historically first and belongs to
Lions and S. Krein. It is used in definition (3.4) of certain Hérmander—Roitberg spaces.

Let us formulate the above-mentioned interpolation property of the Hérmander spaces
and their modifications in the sense of Roitberg.
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Proposition 5.1. Let a function ¢ € M and positive real numbers € and § be given.
Define a function v € B by the formula

B te/(5+6)tp(t1/(6+§)) if t>1,
o(1) if 0<t<1.

Then v is an interpolation parameter, and
[HS_E(G)7HS+5(G)]w = H*%(G) for every se€R

with equivalence of norms. Here, G € {R",Q,T'}; if G = R"™, the equality of norms
holds. Besides, let an integer k > 1, and assume that at least one of the inequalities
s—e>k—1/2 and s+ 0 < k + 1/2 is satisfied in the case of odd k. Then

[He == W(Q), H+W(Q)] = H>»"(Q)  for every s €R
with equivalence of norms.

This proposition is a collection of the results proved in [47, Theorems 1.14, 2.2, 3.2,
and 4.22]. We also need the following two general properties of the interpolation [47,
Theorems 1.7 and 1.5].

Proposition 5.2. Let X = [Xo, X1] and Y = [Yo, Y1] be two admissible pairs of Hilbert
spaces. Suppose that a linear mapping T is given on Xg and satisfies the following
condition: the restrictions of T' to the spaces Xo and X1 are Fredholm bounded operators
T:Xg— Yy and T : X1 — Y7 respectively, and these operators have the same kernel and
the same index. Then, for an arbitrary interpolation parameter ) € B, the restriction of
T to Xy is also a Fredholm bounded operator T : X, — Yy, with the same kernel and the
same index; the range of this operator is equal to Yy, N'T(Xy).

Proposition 5.3. Let [X(gk), X:Ek)], where k =1,...,p, be a finite collection of admissible
pairs of Hilbert spaces. Then, for every function ¢ € B, we have

P p p
DX | - P w1,

k=1 k=1 k=1

with equality of norms.

6. PROOFS OF THE MAIN RESULTS

In this section we will prove the results formulated in Section 4.

Proof of Theorem 4.1. In the Sobolev case of ¢(t) = 1, this theorem is proved in Roit-
berg’s monograph [62, Theorem 4.1.3] excepting the indication of the relation of N, to
the formally adjoint problem (2.4), (2.5). Roitberg states only that N, in (4.2) is a
certain finite-dimensional space which lies in C°°(Q) x (C*°(T"))"~4 and does not depend
on s € R. It follows from this that

(4, B)(H>"(Q)) = #7200 20(Q.T) N (A, B)(H*=((Q))

(6.1) )
for arbitrary s € R and e > 0.

The indicated description of the range of the Fredholm operator (4.1) with the help of
the formally adjoint problem (2.4), (2.5) is given in Kozlov, Maz’ya and Rossmann’s
monograph [26, Theorem 4.1.4] on the additional assumption that s € Z. In the case of
fractional s, this description follows directly from property (6.1) considered for s —e € Z.
Thus, the conclusion of Theorem 4.1 is true in the Sobolev case for every real s.
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Assuming ¢ € M, we will deduce Theorem 4.1 from the Sobolev case with the help
of the interpolation with a function parameter. Namely, let s € R and ¢ € M. Choose
a number € € (0,1/2), and consider the bounded linear operators

(6.2) (A, B) : H*F((Q) - ysFe-2a0r=20(Q T).

Owing to Theorem 4.1 in the Sobolev case, they are Fredholm, have the common kernel
N and the same index dim N — dim V. Besides,

(6.3)  (A,B)(HFT=0(Q)) = {(f,9) € HTF22020(Q.T) : (4.2) is true}.

Let 1 be the interpolation parameter from Proposition 5.1 where § := ¢. Applying the
interpolation with the function parameter ¢ to operators (6.2) and using Proposition 5.2,

we obtain the Fredholm bounded operator
(A,B) : [H==0(@), B0 ()],
(6.4) Ly
s—e—2q,(r—2q) s+e—2q,(r—2q)
— [H (Q,T),H QD)

This operator is a restriction of the mapping (6.2) defined on H*~(")(Q).

Let us describe the interpolation spaces in (6.4) with the help of Proposition 5.1. Since
0 < e < 1/2, both numbers s F € satisfy at least one of the inequalities s F& > r — 1/2
and s F & < r+ 1/2. Hence, owing to Proposition 5.1, we have the equality

[HS_E’(T)(Q),Hs+s’(r)(Q)]w _ Hs,ap,(r)(Q).
Besides,
[/Hsfaf2q,(r72q) (Q’ F), Hs+572q,(r72q) (Q’ r)] .
_ s—2q—e,(r—2q) s—2q+e,(r—2q)
= [H (Q),H (Q)]w
q
® @ [Hsfmjfl/2fs(l-w)7Hsfmj71/2+s(r)]

Jj=1

¥

q
— HS*QQ,%(T*Q(I)(Q) ® @Hsfmrl/l@(r)
j=1

— HS—2q7¢>,(T—2(1)(Q’ I)

in view of Proposition 5.3. These equalities of spaces are fulfilled with equivalence of
norms.

Hence, the Fredholm bounded operator (6.4) is operator (4.1). According to Propo-
sition 5.2, the kernel and index of (4.1) coincide respectively with the common kernel
N and index dim N — dim N, of operators (6.2). Moreover, owing to (6.3), the range of
(4.1) is equal to

Ho2ee20(Q, 1) N (A, B)(HY510(Q))
={(f,9) € H* 20> 720(Q,T) : (4.2) is true}.
Thus, the Fredholm operator (4.1) has all the properties stated in Theorem 4.1. O

Proof of Lemma 4.2. Decomposition (4.3) is demonstrated in the same way as that used
in the proof of [47, Lemma 4.4, formula (4.90)], where the case of even r is considered
(see also the proofs of [62, Lemmas 4.1.1 and 4.1.2] in the Sobolev case). Let us establish
decomposition (4.4).

We first examine the case where s = r and ¢(t) = 1. Consider the orthogonal sum

(6.5) H 220 T) = Gy @ {(f,9) € H 20 =20(Q,T) : (4.2) is true}.
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Here, G is a finite-dimensional subspace of H"~24("=29) (Q), T') due to Theorem 4.1. Since
the linear manifold C'*(€2) x (C°°(T))9 is dense in H"~2%("=24)(Q, T'), it follows from (6.5)
by [15, Lemma 2.1] that there exists a finite-dimensional subspace G of C°°(Q)x (C>°(T"))¢
that formula (4.4) holds true in the case considered. Owing to Theorem 4.1, we have the
equality dim G = dim N,.

Decomposition (4.4) remains true for this subspace G in the general situation of arbi-
trary s € R and ¢ € M. Indeed, since G C C®(Q) x (C>=(I"))9, we have the equalities

Gn{(f.g) € Ho 200120 1) - (4.2) is true}
=GN {(f, g) € HT_QQ’(T_ZQ)(Q,F) :(4.2) is true} = {0}.

Besides, owing to Theorem 4.1, the dimension of G equaled dim N, coincides with the
codimension of the second summand in (4.4). O

Proof of Theorem 4.4. By virtue of Theorem 4.1, the bounded linear operator (4.5) is a
bijection. Therefore, this operator is an isomorphism according to the Banach theorem
on inverse operator. |

Proof of Theorem 4.5. In the case of x(-) = n(-) = 1, this theorem follows from Theo-
rem 4.1 and Petre’s lemma [54, Lemma 3]. Namely, according to this lemma, estimate
(4.6) in this case is a consequence of the facts that the bounded operator (4.1) has
a finite-dimensional kernel and closed range and that the embedding H*% (") (Q) —
H*=7%(")(Q) is compact. Thus, there exists a number ¢ = ¢(s, p, ) > 0 such that

(6.6) [ull .. (2) < € (1(A, B)ullpge-2a.c.00-20(0,r) + [l re-o.0.00 ()

for arbitrary u € H*#((Q).

Let us prove Theorem 4.5 in the general situation. Owing to (3.6), we may restrict
ourselves to the case of 1 < ¢ € Z. In this case, we will prove the theorem by induction
in o.

Let us deduce Theorem 4.5 in the o = 1 case from the global estimate (6.6). Choose
a vector u € H*%(")(Q) arbitrarily. Replacing u with xu in (6.6) and taking o := 1, we
get the estimate

(6.7) Ixtll o0 ) < co (II(A, B)(xw) ll3gs—20.¢.-=20 (0,0 + XU 510,00 (02)) -

Here, the positive number ¢ := ¢(s, ¢, 1) does not depend on u (and x).
Interchanging the operator of the multiplication by y with the differential operators
A and By,..., By, we write the equalities

(4, B)(xu) = (A, B)(xnu) = x(4, B)(nu) + (A", B') (nu)

(6.8) = x(A,B)u+ (4, B')(nu).

Here, A’ is a linear differential operator on Q of order ord A’ < 2¢ — 1, whereas B’ :=

(Bi,...,By;) is a collection of boundary linear differential operators on I' such that

ord Bj < mj; — 1 for each j € {1,...,q}. All the coefficients of A" and each Bj are

infinitely smooth on € and I respectively. Being evident for u € C*°(Q), equalities (6.8)

extend over all u € H>%(")(Q) by closure due to Proposition 3.1 and Remark 3.2, with

all terms of these equalities being considered as elements of H~24%:(r=24)(Q, T).
Specifically,

(6.9) (4 B/)(UU)||H572q,%<r72q>(9,r) < 01H77U||H571,%<7->(Q)~

Besides,

(6.10) HXUHHkwa(Q) = ”XnuHHS*l)%(T‘)(Q) < 02||77u||H5*1»%<">(Q)'
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Here and below in the proof, we let ¢, co,...,c; denote some positive numbers that do
not depend on u. Applying formulas (6.8)—(6.10) to (6.7), we obtain the inequalities

x| oo ) < o (”X(Av B)ull3s-20.0.00-20 (0,1)
(6.11) + (A% B) () lge—2ae. 20 ry + Xt 1000 (@)
< c3 (||X(A7 B)UHHS*%WK"*&D(Q,F) + ||77U||H5711%<1'>(Q))-

Thus, we have justified the last sentence of Theorem 4.5. Estimate (4.6) in the o =1
case follows from (6.11) due to the inequality

IX(A, B)ullygs-20.0.-200(0,r) = [IX1(A, Bullgs-20.0.0-200 (0,
< caln(A, B)ullys—2ae.0-20 (1)

We now choose an integer A > 1 arbitrarily and assume that Theorem 4.5 holds in
the case of 0 = A. Let us deduce this theorem in the case of 0 = A + 1. Let, as above,
the functions y, n satisfy the assumption of this theorem. We can choose a function 7; €
C*> () such that 7; = 1 in a neighbourhood of supp x and that = 1 in a neighbourhood
of suppn;. According to our assumption, an arbitrary vector u € Hs""v(’")(ﬂ) satisfies
the estimate

”XUHHS:%(T)(Q) < Cs(||771(A’ B)UHHS*?‘J‘%(T*Q‘J)(Q,F) + H’r]lu”HS*N%(T)(Q))'

Here,

111 (A, B)ul3gs-2a.0.0-20 (1) = [IMmn(A, B)tllygs-20.0.0-200 (1)
< csln(A, B)ullygs-2a.0.0-20(0,1)-

Besides,

[mull gs—re.m@) < C7(||77(Aa B)ul|pgs-r-20.0.0-201 (0, 7) ||nu||H57A71,¢,(T>(Q))
due to Theorem 4.5 in the o0 = 1 case just proved. These three bounds immediately

imply the required estimate (4.6) in the case of ¢ = A+ 1. By induction, Theorem 4.5 is
proved for every integer o > 1. (I

Proof of Theorem 4.6. First we will prove Theorem 4.6 in the case where 5 = € and
To = I'. By Theorem 4.1, the vector (f,g) := (A, B)u satisfies condition (4.2). Besides,
(f,9) € H#~20%»(=20)(Q T') by the hypothesis of Theorem 4.6 in the case considered.
Therefore, (f,g) € (A, B)(H*>%)(Q)) due to Theorem 4.1. Thus, there exists a vector
v e H>#()(Q) such that (4, B)v = (f,g). Then (A, B)(u —v) = 0; hence, w :=u —v €
N C C*(Q) by Theorem 4.1. Therefore, u = v-+w € H*% () (Q). Theorem 4.6 is proved
in the case considered.

Let us now prove Theorem 4.6 in the general situation. We will previously show that,
under the hypothesis of this theorem, the following implication holds for every integer
k>1:

(6.12) we HE P9 (o Ty) = we HE F 00 1y).

loc o
We arbitrarily choose an integer k > 1 and suppose that the premise of this implication is
true. Then yu € H* F#:(r) (2) for every function x € C>°(£2) such that supp x C 2oUT.
Choose a function n € C*°(£2) such that n = 1 in a neighbourhood of supp x. Owing to
(6.8), we have the equality
(6.13) (4, B)(xu) = x(A, B)u + (A", B')(nu),

in which the differential operators A’ and B’ are the same as that in the proof of Theo-
rem 4.5. Here,

(6.14) X(A,B)u = x(f,g) € H*~2#r=20(Q,T)
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due to the hypothesis of Theorem 4.6. Besides, nu € H*~%#:(")(Q) by the premise, which
implies the inclusion

(6.15) (A, B')(nqu) € He~Fm2atbem2a)(Q 1)

due to Proposition 3.1 and Remark 3.2. Owing to formulas (6.13)—(6.15), we have the
inclusion

(6.16) (A, B)(xu) € H¥FF1-209 (=20 T),

Hence, xu € Hs’k“’%(r)(ﬁ) according to Theorem 4.6 proved above in the global case
of Qg = Q and 'y = T". Thus, u € Hli;kﬂ’“o’(r)(()ml"o) because of the arbitrariness of
the function y used. Implication (6.12) is proved.

Using this implication, we can prove Theorem 4.6 in the general case. According to
the condition v € H~°>()(Q) and embedding (3.6), there exists an integer ¢ > 1 such
that

ue HS_EW’(T)(Q) C Hlsozf,%(r)(ﬂmro).

Therefore, using (6.12) successively for k = ¢, k =£¢—1, ..., and k = 1, we arrive at the
required inclusion u € Hlso’f’(r)(Qo, Ty). O

To prove Theorem 4.7, we make use of the following corollary from Hormander’s
embedding theorem [17, Theorem 2.2.7]: let 0 < p € Z and ¢ € M; then

o0

(6.17) / t;% <oo = HP22(Q) < CP(Q),
1

the embedding being compact (see [47, Theorem 3.4]). Property (6.17), so to say, refines
the well-known Sobolev’s embedding theorem, which asserts that

s>p+n/2 <= H(Q) = CP(Q).
Proof of Theorem 4.7. By Theorem 4.6, we have the inclusion

(6.18) we HP29 () Ty).

loc
We first consider the case of Ty # (. Then p > r — (n + 1)/2 by the hypothesis of

Theorem 4.7. Owing to property (6.18), equality (3.5), condition (4.7), and equivalence
(6.17), we obtain the inclusion

xu € HPr/29:0(Q) = grn/29(Q) ¢ H™~/2+(Q) N CP(Q)

for every function x € C°°(Q) such that suppy C Qo UTy. Thus, u € CP (2 U Ty).
Turn to the case of Ty = 0. According to (6.18), (4.7), and (6.17), we have the
inclusion

(xu)o € Hp+n/2a%(0)(Q) — Hp+n/2,s«>(Q) c H’1/2+(Q) N CP(Q)
for every function xy € C°°(Q) such that suppx C Q. Thus, u € CP(Qyp). O

Proof of Theorem 4.9. Theorem 4.7 in the case of p := 2¢q, ¢ = 1, Qo = Q, and
[y := () asserts that condition (4.9) implies the inclusion u € C?4(f2). Besides, owing to
the same theorem in the case of p := m, ¢ := o, Qy := U,, and I'g := I, we conclude
that conditions (4.9) and (4.10) entail the inclusion v € C™(U, UT). Note that the
assumption p > 7 — (n + 1)/2 made in this theorem in the Ty # 0 case is fulfilled for
p = m. Thus, the solution u is classical. O



ELLIPTIC PROBLEMS IN HORMANDER-ROITBERG SPACES 139

Completing this section, we will justify Remark 4.8. Let 0 < p € Z and ¢ € M, and
assume that implication (4.8) holds true. We must show that ¢ satisfies (4.7). Choose an
open ball V' subject to the condition V' C £y, and make use of a bounded linear operator

T : HPH/28(V) — HPH/2:00(Q)

such that (Yv)g = v in V for every v € HPT"/2% (V). Here, as above, (Tv) is the initial
component of the vector T,.(Yv), with T, being the operator introduced in Section 3.
We will build T in the next paragraph. Choosing v € Hp"’”/QW(V) arbitrarily, we put
u := Yv in implication (4.8). Since the vector u € HPT"/2%:(")(Q) satisfies the premise
of this implication, the inclusion u € C?(QyUT'y) holds true. Specifically, (xu)o € CP(2)
for every function y € C°°(Q) such that supp xy C Qo and that y = 1 on V. Observing
that
v=(Tv)o=up = xup = (xu)o in V,

we arrive at the inclusion v € C?(V). Thus, HPT™/2% (V) < CP(V), which implies the
required condition (4.7) due to equivalence (6.17) in which V is taken instead of Q. We
have justified Remark 4.8.

Let us build the operator Y. To this end we need a linear mapping K : Ly(V) —
Ly(R™) such that Kv = v in V for every v € Ly(V) and that the restriction of this
mapping to every Sobolev space H? (V) of order o € [0,p + n] is a bounded operator
from H° (V) to H?(R™). This extension mapping is given, e.g., in [71, Theorem 4.2.3].
We also choose a function 1 € C§°(R") such that suppn C Q and =1 on V. Put

Tv =T, ((nKv)[Q,0,...,0)) for every v € Ly(V).
5/—/
T times
The element Yv € H%((Q) is well defined because the vector ((nKv) | Q,0,...,0)
belongs to T,.(H*()(Q)) = o, (€2,T). Hence, we have the linear mapping v + Yo
from HO(V) = Ly(V) to H®()(Q). Tt follows from the definition of this mapping that

(Yv)g = v in V for every v € Lo(V). Besides, the restriction of the mapping to H7(12)
is a bounded operator

(6.19) T:H(V)— H*M(Q) forevery o€ [0,p+n]\E,.
This follows from the implication
ve H (V) = ((nKv)[Q,0,...,0) € T-Y(H>(Q)),

which holds because the function nKv € H?(R") vanishes near I'. Applying the inter-
polation with a function parameter to operators (6.19), we can prove that the mapping
Y acts continuously from H*%? (V) to H*#()(Q) for every s € (0,p+n) and ¢ € M.
Namely, choose a number € € (0,1/4) such that s Fe € [0,p+ n] \ E,, and let ¢ be the
interpolation parameter from Proposition 5.1 in the case of § = €. Applying the interpo-
lation with the function parameter ¥ to the bounded linear operators (6.19) considered
for 0 = s F ¢, we conclude by Proposition 5.1 that a restriction of the mapping T is a
bounded operator

Y:H>? (V)= [HS*E(V),HS“(V)]w
— [H==0(Q), H=0(Q)] = H=>(Q).
Thus, the required operator Y is built.
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