UDC 517.956.223

A. A. Murach (Inst. Math. Nat. Acad. Sci. Ukraine, Kyiv; Chernihiv Nat. Pedagog. Univ.),
I. S. Chepurukhina (Inst. Math. Nat. Acad. Sci. Ukraine, Kyiv)

ELLIPTIC BOUNDARY-VALUE PROBLEMS IN THE SENSE OF LAWRUK
ON SOBOLEV AND HORMANDER SPACES

EJIINTUYHI KPAHOBI 3AJTAYI 3A JIABPYKOM
Y ITIPOCTOPAX COBOJIEBA 1 XEPMAHJIEPA

We study elliptic boundary-value problems with additional unknown functions in boundary conditions. These problems
were introduced by Lawruk. We prove that the operator corresponding to a problem of this kind is bounded and Fredholm
in appropriate couples of the inner product isotropic Hérmander spaces H*'¥, which form the refined Sobolev scale. The
order of differentiation for these spaces is given by a real number s and a positive function ¢ slowly varying at infinity
in Karamata’s sense. We consider this problem for an arbitrary elliptic equation Au = f in a bounded Euclidean domain
Q under the condition that w € H>%(Q), s < ord A, and f € L2(£2). We prove theorems on the a priori estimate and
regularity of the generalized solutions to this problem.

JlocmimkeHo eninTHYHy KpaioBy 3aJady 3 JONATKOBUMH HEBITOMHMH (YHKIISIMHA y KpaiioBux ymoBax. Lli 3amaui BBe-
neHi JlaBpykoM. JloBeneHo, 10 omeparop, BiJIOBIIHHIA Takii 3aaadi, € 0OMEKEHUM 1 HETEPOBUM Yy BIAMOBIAHHUX Tapax
ribOepToBHX i30TponHuX mpocropis Xepmanaepa H ¥ ski yTBOPIOIOTh yTOYHEHY COOOJIEBCHKY LiKany. IIOKa3HUK aH-
(epeHniioBHOCTI U IUX MPOCTOPIB 33aHO AIHCHUM YHCIOM S 1 JOAATHOIO (YHKIIEIO ¢, KA MOBUIFHO 3MIHIOETHCS Ha
HeckinyeHHocTi 3a Kapamaroro. Lst 3anaua po3nisiqaeThes U1 JOBIIBHOTO eNinTHYHOTO piBHAHHS Au = f B eBKIIiIOBIH
obmacri 2 3a ymoB, mo u € H>¥(Q), s < ord A1 f € L2(2). JloBemeHO TeopeMH Mpo anpiopHy OLIHKY i perysipHicTs
y3araJbHCHNUX PO3B’sA3KiB M€l 3amaui.

1. Introduction. In this paper, we investigate elliptic boundary-value problems with additional
unknown functions in boundary conditions. These functions are given on the smooth boundary of
a Euclidean domain €2, where the problem is posed. Such problems were introduced by B. Lawruk
[1-3]. They appear naturally if we pass from a general (nonregular) elliptic boundary-value problem
to its formally adjoint problem. Moreover, the class of these problems are closed with respect to this
passage. Their various examples occur in hydrodynamics and the theory of elasticity [4-6].

This class has been investigated in some function spaces by V. A. Kozlov, V. G. Maz’ya, and
J. Rossmann [7] (Chapt. 3), mainly, for scalar elliptic equations and by I. Ya. Roitberg [8, 9] for mixed-
order elliptic systems. The results of I. Ya. Roitberg is expounded in Ya. A. Roitberg’s monograph [10]
(Chapt. 2). The main result obtained are the theorem on the Fredholm property of these problems
on two-sided scales of normed spaces, solutions of the elliptic equations being considered in the
spaces introduced by Ya. A. Roitberg [11, 12] (see also his monograph [13] (Sect. 2)). These spaces
coincide with the Sobolev spaces provided that their differentiation order is large enough. But, for
other orders, the Roitberg spaces contain elements that are not distributions on §2.

The purpose of this paper is to prove a version of this theorem for Sobolev and more general
Hormander spaces [14] (Sect. 2.2) of distributions on 2. We use the Hérmander spaces

H*#(R") = {w € S'(R"): ()" ((£))W(¢) € Lo(R", d&) }

and their analogs for the domain {2 and its boundary. These spaces are parametrized with the number
s € R and the function ¢: [1,00) — (0, c0) that varies slowly at infinity in the sense of J. Karamata.
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Here, @ is the Fourier transform of the tempered distribution w, whereas (¢) := (1 + |¢]?)Y/2. If
¢ =1, then H*>#(R"™) becomes the Sobolev space H*(R").

These Hormander spaces form the refined Sobolev scale, which was selected and investigated by
V. A. Mikhailets and A. A. Murach [15-17]. This scale has an important interpolation property;
namely, every space H*%(R") is a result of the interpolation with an appropriate function parameter
of the inner product Sobolev spaces H*~¢(R"™) and H*t9(R") with £, > 0.

V. A. Mikhailets and A. A. Murach [15, 16, 18—-23] have elaborated the theory of solvability
of general elliptic boundary-value problems on the refined Sobolev scale and its modification by
Ya. A. Roitberg. The above-mentioned interpolation is a key method in their theory. In this
connection, we also note papers [24 —26]. However, this theory does not involve the important class
of elliptic boundary-value problems in the sense of B. Lawruk.

In this paper, we consider these problems for an arbitrary scalar elliptic equation Au = f with
u € H>?(Q) for s < ord A and f € Ly(2). This approach originates from the papers by J.-L. Lions
and E. Magenes [27, 28] (see also [29]). The case of s > ord A was investigated in [30].

This paper consists of seven sections. In Section 2, we formulate an elliptic boundary-value
problem in the sense of B. Lawruk and discuss the corresponding Green formula and formally adjoint
problem. In Section 3, we give the definitions of Hormander function spaces that form the refined
Sobolev scale. Section 4 contains the main results of the paper. They are the theorem on the Fredholm
property of the problem under investigation, the a priory estimate for its generalized solutions, and
the theorem about their regularity on the refined Sobolev scale. In Sections 5 and 6, we discuss
auxiliary results that we need to prove these theorems. The proofs of the main results are given in
Section 7.

2. Statement of the problem. Let € be a bounded domain in R", where n > 2. We suppose
that its boundary I' := 02 is a closed C'°°-manifold of dimension n — 1, the C'*°-structure on I" being
induced by R"™. Let v(z) denote the unit vector of the inward normal to I" at a point = € T".

Choose arbitrarily integers ¢ > 1, 2 > 1, m1,...,mg4s € [0,2¢ — 1] and 71,...,7,. In the
paper, we consider the linear boundary-value problem on the domain €2 with 3¢ additional unknown
functions on the boundary I':

Au=f on €, (D

r
Bju—i—ZCj,kvk:gj on I'y j=1,...,q+ . 2
k=1

Here,
A= Ax,D):= > au(x)D"
lul<2q
is a linear differential operator on Q := Q U T of the even order 2q. Besides, each

Bj(z,D):= > bju(x)D"

|| <my;

is a linear boundary differential operator on I' of order m;, and every Cj; := Cji(z,D;) is a
linear tangent differential operator on I' with ord C;; < mj + 7. All the coefficients of these
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differential operators are supposed to be infinitely smooth complex-valued functions given on ) and
I" respectively.

Here and below, we use the following standard notation: p := (1, ..., fiy,) is a multiindex with
|| == p1 + ...+ pn, and D* := Di* ... D™ with Dy := i@/@xg, where i is imaginary unit and
x = (x1,.. mn) € R"™. Besides, D, := 28/(%( )and &F =g & for € = (&, .., &) € CM

The functlon u on €2 and all the functions vq,...,v, on I are unknown in the problem (1), (2).

In the paper, all functions and distributions are supposed to be complex-valued.

We assume that the boundary-value problem (1), (2) is elliptic on 2 in the sense of B. Lawruk [1].
Recall the corresponding deﬁnition (see also [7] (Subsect. 3.1.3)).

Let A©)(z, &) and B (:r €) denote the principal symbols of the differential operators A(z, D)
and Bj(z, D) respectlvely We recall that

0(z,&) := Z a,(z)Er, with 2€Q and &€ C",
lul=2q

is a homogeneous polynomial of order 2¢ in £ and that

BV (z,6):= Y bju(2)e”, with zel and ¢eC”,

|pul=m;

is a homogeneous polynomial of order m; in §. Besides, let Cj(.’ok) (x, ) denote the principal symbol of
Cjr(x,Dy)iford Cj = mj+ry. For every point z € T', the expression C](?,g (x,7) is a homogeneous
polynomial of order m; + rj, in 7, with 7 being a tangent vector to the boundary I' at the point x. (If
ord C} ), < mj + ry, then we put C](?,g (x,7):=0.)

The boundary-value problem (1), (2) is said to be elliptic on 2 if the following three conditions
are fulfilled:

(i) The differential operator A(z, D) is elliptic at each point z € Q; i.e., A©)(z, &) # 0 for an
arbitrary vector £ € R™ \ {0}.

(ii) The differential operator A(z, D) is properly elliptic at each point x € T'; i.e., for an arbitrary
vector 7 # 0 tangent to I at x, the polynomial A()(z, 7+ (v(z)) in ¢ € C has ¢ roots with positive
imaginary part and g roots with negative imaginary part (these roots are calculated with regard for
their multiplicity).

(iii) The system of boundary-value conditions (2) covers equation (1) at each point = € I'. This
means that, for an arbitrary vector 7 # 0 from condition (ii), the boundary-value problem

Az, 74+ Dyv(2))0(t) =0 for ¢t >0,
B (@, 7+ Diw(@)0(t)|,_y + Y C\ @, A =0, j=1,....q+x

has only zero solution. This problem is considered relative to the unknown function 6 € C*°([0, 0))
with 6(t) — 0 as t — oo and the unknown complex-valued numbers A, ..., \,. Here, A (z, 7 +

+ Dyv(x)) and B](O) (x,7 + Dyv(x)) are differential operators with respect to D, := i0/0t. We
obtain them if we put ¢ := D; in the polynomials A©)(z, 7 + Cv(x)) and B](O) (z,7 + Cv(x)) in (.
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It is worthwhile to note that condition (ii) follows from condition (i) in the n > 3 case.
Examples of elliptic boundary-value problems in the sense of B. Lawruk are discussed in [7]
(Subsect. 3.1.5). Among them, we mention the following simple example:

Au=f on Q, u+v=g and Dyu+Dv=gs on T.

Here, n = 2, » = 1, A is the Laplace operator, and D, := i0/d7, with 9/07 being the derivative
along the curve I'. It is easy to check that this boundary-value problem is elliptic on §2.
To the problem (1), (2) corresponds the linear mapping

% %
A: (u, (T ,’U%) — (A’U,, Biu + Z Cl,k Vky - - - ,Bq+%u + Z Cqu%k 'Uk) ,
k=1 k=1

3)
with v e C>®(Q) and wvi,...,v,, € C().

We will investigate properties of the extension (by continuity) of this mapping in suitable couples of
Hoérmander function spaces and, in particular, Sobolev spaces.

In order to describe the range of this extension, we need the following Green formula (see [7]
(Theorem 3.1.1)):

q+x
(Au, wQ—FZ(B u—i—ZCjkvk,h) =
Iy

7j=1 k=1

gtz > qtx
= (u, Atw Q+Z<D3 1uK w—i—ZQ hk> Z(Uj’zcl;’:jhk> ,
k=1 T

7j=1

where u,w € C®(Q), v = (v1,...,v,) € (C®(T))*, and h = (hq, ..., hgt,) € (C®(T))7T* are
arbitrary, whereas (-, -)q and (-, -)r are the inner products in the Hilbert spaces L2(€2) and Lo(I") of
functions square integrable over €2 and I' respectively.

Here, A™ stands for the differential operator that is formally adjoint to A with respect to (-, -)q.
Besides, C,j j and Q+ denote the tangent differential operators that are formally adjoint to Cj ;
and Q. ; respectlvely relatlve to (-,-)r, the tangent differential operators () ; appearing in the
representation of the boundary differential operators B; in the form

2q
D) = Z Qj,k?(xa DT)DIVC_I
k=1

(If £ > mj, then Q; ;, = 0.) Finally, K; := K(z, D) is a certain linear boundary differential operator
on I', with ord K; < 2q — j.

Taking into account the Green formula, we consider the following boundary-value problem on 2
with ¢ + »¢ additional unknown function on I':

Atw=w in 9, 4

q+x
Kw+ZQ hp=x; on T, j=1,...,2q, (5)
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q+x

ZC’:]hk:XQQ-F] on I j=1,...,: (6)
k=1

This problem is formally adjoint to the problem (1), (2) with respect to the Green formula. It is
worthwhile to note that the problem (1), (2) is elliptic if and only if the problem (4)—(6) is elliptic as
well (see [7] (Theorem 3.1.2)).

3. Hormander spaces and refined Sobolev scales. Here, we give the definitions of the
Hoérmander inner product spaces that form the refined Sobolev scales over R", 2, and I'. We also
discuss some of their properties [23].

We should begin with the definition of the Hormander spaces H*¥(R™), with s € R and ¢ € M.
Here and below, M stands for the set of all Borel measurable functions ¢ : [1,00) — (0, 00) such
that both the functions ¢ and 1/¢ are bounded on each compact interval [1, 5], with 1 < b < oo, and
that the function ¢ is slowly varying at infinity in the sense of J. Karamata [31]. The latter property
means that p(At)/p(t) — 1 as t — oo for every A > 0.

Note that the slowly varying functions are well investigated and has various applications (see
monographs [32, 33]). We obtain an important example of these functions by setting

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

Here, k € Z, with k > 1, and r1, ..., 7 € R are arbitrary parameters.

Let s € R and ¢ € M. By definition, the complex linear space H*¥(R"), with n > 1, consists
of all distributions w € S’'(R"™) that the Fourier transform @ of w is locally Lebesgue integrable over
R"™ and satisfies the condition

[er e iaerpd <.

Rn

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

(w1, wn) ooy = [ 6% (€) T T
Rn
It naturally induces the norm
1/2
Hw”HSW(R”) = (wv w)Hs,«p(Rn)'

The space H*¥(R") just defined is a special isotropic Hilbert case of the spaces B), ,, introduced
and investigated by L. Hormander in [14] (Sect. 2.2) (see also his monograph [34] (Sect. 10.1)).
Namely, H*?(R") = By, if p =2 and (&) = (£)°¢((£)). Note that the inner product spaces Bz,
were also investigated by L. R. Volevich and B. P. Paneah in [35] (§ 2).

In the p = 1 case, the space H*¥(R"™) becomes the inner product Sobolev space H*(R") of
order s € R. Generally, we have the continuous and dense embeddings

H¥T(R") — H5%(R") < H5(R") forevery ¢ > 0. (7

They show that, the numerical parameter s characterizes the main regularity of the distributions
w € H*?(R™), whereas the function parameter ¢ defines a supplementary regularity, which is
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subordinate to s. Specifically, if ¢(t) — oo [or ¢(t) — 0] as t — oo, then the parameter ¢ defines
the supplementary positive [or negative] regularity. Thus, we can say that ¢ refines the main regularity
s in the class of Hilbert separable spaces

{H>*(R"): s € R, p € M}.

This class is selected by V. A. Mikhailets and A. A. Murach in [15] and is called the refined Sobolev
scale over R" (see also monograph [23] (Subsect. 1.3.3)).

In the paper, we need the refined Sobolev scales over the domain {2 and its boundary I'. These
scales are constructed in the standard way with the help of the Hormander spaces H*¥(R™). Let us
pass to the corresponding definitions [23] (Sect. 2.1 and 3.1).

The complex linear space H*¥({2) and the norm in it are defined as follows:

H*?(Q) :=={w|Q: we H*?(R")},
HU||H$,<,0(Q) = lnf {H'LUHH&,L/)(RR) LW e Hs’¢(Rn), U =w TQ},

with uw € H*%?(Q2). Here, as usual, w [ ) stands for the restriction of the distribution w to the domain
). The space H*¥(Q2) is Hilbert and separable with respect to this norm. The space H*%(2) is
continuously embedded in the linear topological space S'(2) := {w [ Q: w € S'(R™)}. The set
C>(Q) is dense in H5?(1Q).

In short, the space H*¥#(I") consists of all distributions on I" that belong, in local coordinates,
to H5?(R"~1). Let us dwell on the definition of H*¥(T). From C'*°-structure on I', we arbitrarily
choose a finite collection of local charts «; : R & I';, with j = 1,..., A, that the open sets
I'y,...,I') form a covering of the manifold I'. Besides, we arbitrarily choose functions x; € C*°(T"),
with j = 1,..., A, that form a partition of unity on I' which satisfies the condition supp x; C I';.
Then the complex linear space H*¥(I") and the norm in it are defined as follows:

H?(T') := {h € D'(T'): (x;jh) o j € H¥?(R"') for every j € {1,...,A}},

1/2

A
llzsey = | D 10H) © @l @n1y
j=1

Here, as usual, D'(T") is the linear topological space of all distributions on I', whereas (x;h) o o
is the representation of the distribution x ;A in the local chart ;. The space H*¥(I") is Hilbert and
separable with respect to this norm. This space does not depend (up to equivalence of norms) on the
indicated choice of the local charts and partition of unity [23] (Theorem 2.3). The space H*¥(I") is
continuously embedded in D’'(T"). The set C°°(T") is dense in H*#(T).

Thus, we have the refined Sobolev scales

{H>*@Q):seR, e M} and {H*?(T):seR, o€ M} (8)

over ) and T respectively. They contain the inner product Sobolev spaces H*(f2) := H*!'(2) and
H*(') := H>!(T"). (Here, of course, 1 denotes the function equaled identically to 1). It follows from
(7) that

HTE(Q) — H*?(Q) < H* () forevery & >0, 9)
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H*™(T) — H*¥(T) — H* (') forevery &> 0. (10)

These embeddings are compact and dense.

It is worthwhile to note the following connection between the scales (8) (see [23] (Subsect. 3.2.1)).
Let s > 1/2 and ¢ € M, then the trace mapping u — u [ I', with u € C°°(T"), extends uniquely
(by continuity) to a bounded surjective operator Rp: H*¥(Q) — H*~1/2#(I'). Thus, for each
distribution w € H*¥(Q), its trace Rru on I" is well defined. Moreover, we have the equivalence of
norms

HhHHS—1/2W(I‘) = inf{HuHHs,gp(Q) LU Hs’¢(Q), h = Rru}

on the class of all h € H*~'/2#(I"). But it is impossible to define this trace reasonably in the s < 1/2
case.

4. Main results. To formulate them, we need to introduce the linear spaces N and N* of
infinitely smooth solutions to the problem (1), (2) and its formally adjoint problem (4)—(6). Namely,
let IV consist of all solutions

(u,v1,...,v,) € C®(Q) x (C'OO(F))%

to the problem (1), (2) in the case where f = 0 on 2 and all g; = 0 on I'. Besides, let N consist of

all solutions
(w,hi,y. . hgys) € CP(Q) x (C=(T)) T

to the problem (4) - (6) in the case where w = 0 on {2 and all x; = 0 and all x244; = 0 on I'. Since
these problems are elliptic on (2, the spaces N and N7 are finite-dimensional [7] (Lemma 3.4.2).
We are motivated by the following result.
Proposition 1. For arbitrary s > 2q — 1/2 and ¢ € M, the mapping (3) extends uniquely (by
continuity) to a bounded operator

» q+x
A: H9(Q) @ @ H e 122(T) — H209(Q) @ @ H* ™~ 1/2#(T0). (11)
k=1 j=1

This operator is Fredholm. Its kernel coincides with N, and its range consists of all vectors

q+x
(f101, - Ggrs) € HT29(Q) @ @ H¥mi=1/29 (1)
j=1
such that
qt+x
(f7w)Q+Z(g]’h])F:0 fOVall (W,hl,.-.,hq+%) €N+. (12)
j=1

The index of the operator (11) is equal to dim N — dim N and does not depend on s and .

Here and below, (-, -)q and (-, -)r denote the extension by continuity of the inner products in the
Hilbert spaces Lo(€2) and Lo(T") respectively.

In the Sobolev case of ¢(t) = 1, Proposition 1 is proved in [7] (Theorem 3.4.1) for integer s
and in [10] (Theorems 2.4.1 and 2.7.3) for real s and general elliptic systems. For arbitrary o € M
and real s > 2q, this proposition is proved in [30] (Theorem 1). The case where ¢ € M and
2q — 1/2 < s < 2q is covered in [37] (Theorem 1).
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In connection with Proposition 1, we recall the definition of a Fredholm operator and its index.
A linear bounded operator T': £ — FE» acting between certain Banach spaces F; and Ej is said
to be Fredholm if its kernel ker 7" and co-kernel Ey/T'(E;) are finite-dimensional. If this operator
is Fredholm, then its range T'(F1) is closed in Es; see, e.g., [36] (Lemma 19.1.1). The number
ind7T := dimker T — dim(E>/T(E4)) is called the index of the Fredholm operator 7

Proposition 1 is not true if s < 2¢g — 1/2. This is caused by the fact that the boundary differential
operators B; cannot be reasonably applied to all distributions v € H*¥(2) in this case. Namely, the
mapping u — Bju, with u € C°°(Q), cannot be extended to a continuous operator from the whole
H*>#(Q) to D'(T) if s <mj+1/2.

To obtain a version of Theorem 1 for arbitrary s < 2¢q — 1/2, we restrict ourselves to the
solutions u € H*?(§2) of the elliptic equation Au = f with f € Lo(2) = H°(Q2). This approach
originates from J.-L. Lions and E. Magenes [27, 28], who took it to the investigation of regular elliptic
boundary-value problems in Sobolev spaces.

Let s < 2q and ¢ € M. Consider the linear space
H3?(Q) :={uec H*?(Q): Au € Ly(Q)}

endowed with the graph norm

1/2
lullzryey = (lulec) + I4ulyq) - (13)

Here, Au is understood in the sense of the theory of distributions.

This space is Hilbert with respect to the norm (13). Indeed, this norm is generated by an inner
product because so are the norms on the right-hand side of (13). Besides, the space H 37 (1) is
complete with respect to this norm. In fact, if (uy) is a Cauchy sequence in this space, then there
exist the limits w := limuy in H%¥(Q) and f := lim Auy, in La(2) because the spaces H*¥(2) and
Lo (2) are complete. The differential operator A is continuous in §’(2), so Au = lim Aug, = f in
S'(2). Here, recall, u € H*¥(Q) and f € Ly(Q). Therefore, u € H}¥(Q) and limuy, = u in the
space H ¥ (). Thus, this space is complete.

It is useful to note that even when all coefficients of A are constant, the space H ¥ (Q) depends
essentially on each of them. This follows from the result by L. Héormander [38] (Theorem 3.1).

Consider the Hilbert spaces

D3P(,T) == Hy#(9) & (P B+ Y/2e(T),
k=1
gt

80,5,4,0(97 P) = LQ(Q) (&) @Hs_mj_l/z%@(r).
7=1

We investigate the properties of the elliptic boundary-value problem (1), (2) in the couple of these
spaces.

Theorem 1. Let s < 2q and ¢ € M. Then the set C™(Q) is dense in the space H¥(2), and
the mapping (3) extends uniquely (by continuity) to a bounded operator

A: DSP(QLT) = E.60(2,T). (14)
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This operator is Fredholm. lIts kernel coincides with N, whereas its range consists of all vectors

(fyg) = (fa g1, -- 7gq+%) € gO,s,Lp(QaF) (15)

that satisfy condition (12). The index of the operator (14) is equal to dim N — dim N+ and does not
depend on s and .

If N = {0} and N* = {0}, then the operator (14) is an isomorphism between the spaces
D57 (Q,T) and & 5, (2, T'). Generally, this operator naturally induces an isomorphism

A DEP(Q,T)/N R o(Q,T). (16)

Here,
Ro,s0(.T) = {(f, 91,1 Gg4x) € E0,55(2,T) 1 (12) is true}

is a subspace of £y s (2, T').
Let us discuss the properties of generalized solutions to the elliptic boundary-value problem (1),
(2). We first give the definition of such solutions.
Let us denote
SH(Q) :={ue S Q): Au e Ly(Q)}.

We interpret S, (€2) as a subspace of the linear topological space S’(£2). Since the domain  is
bounded, we conclude that S, () is the union of all spaces H 7 (Q2) with s < 2¢ and ¢ € M.
Consider an arbitrary vector

(1, 0) = (w01, .., vx) € SH(Q) x (D/(T))”. (17)

Since (u,v) € D57(Q,T) for certain s < 2¢ and ¢ € M, we define its image (15) by the formula
A(u,v) = (f, g) if we apply the bounded operator (14). The vector (u,v) does not depend on s and
o and is called a generalized solution of the boundary-value problem (1), (2) with the right-hand side
(15). This solution satisfies the following a priori estimate.

Theorem 2. Let s < 2q, p € M, and o > 0. Then there exists a number ¢ > 0 such that

[(u, v)lpsear) < ¢ (HA(U7U)H80,S,¢(Q,F) + [I(w, U)pr;"*”(@r)) (18)

Jfor an arbitrary vector (u,v) € D37 (Q,T). Here, c = c(s, p, o) is independent of (u,v).

If N = {0}, then the second term on the right-hand side of the inequality (18) is absent. This
immediately follows from the isomorphism (16).

In connection with this theorem, we mention Peetre’s lemma [39] (Lemma 3) and remark that the
embedding D57 (Q,T) < D5 7%(Q,T), with o > 0, is not compact.

The next theorem says about the regularity properties of generalized solutions to the elliptic
boundary-value problem (1), (2).

Theorem 3. Let s € R and ¢ € M. Suppose that the vector (17) is a generalized solution to
the elliptic boundary-value problem (1), (2) whose right-hand side meets the conditions

feHTHQ) if s>, (19)
gj € H M~ V29(T)  foreach je{l,...,q+ s} (20)
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Then the solution satisfies the conditions

u € H?(1Q), Q1)

vp € HSTY29(0)  foreach ke {1,..., ). (22)

We conclude that the solution inherits the (supplementary) regularity ¢ of the right-hand sides of
the elliptic problem.
We note that the restriction s > 2¢ in condition (19) is caused by the following: if s < 2¢, then

f=Au € Ly(Q) C H29(Q)

in view of (17) and (9). Thus, the assumption f € H*2%%(Q) is superfluous in Theorem 3 in the
case of s < 2q.

5. Auxiliary results relating to the problem under consideration.. Our proof of Theorem 1
will be based on the result by V. A. Kozlov, V. G. Maz’ya and J. Rossmann [7] (Theorem 3.4.1).
They demonstrated that the elliptic boundary-value problem (1), (2) is Fredholm in the two-sided
scale of function spaces introduced by Ya. A. Roitberg [11, 12]. Being a certain modification of the
classical Sobolev scale, this two-sided scale proves to be useful in the theory of elliptic boundary-
value problems in the situation where their right-hand sides can be nonregular distributions (see
monographs by Yu. M. Berezansky [40] (Chapt. III, Sect. 6) and Ya. A. Roitberg [10, 13]).

Let us recall the definition of the inner product spaces H*(29 () introduced by Ya. A. Roitberg.
For our purposes, we restrict ourselves to the case of s € Z.

Beforehand, we need to define the space H*()(Q). If s > 0, then H*>()(Q) := H*(Q) is the
inner product Sobolev space of order s over Q. But, if s < 0, then H>()(Q) is the completion of

C*°(Q2) with respect to the Hilbert norm

[wll grs.0) () = sup [, wlal cweHP(Q),w#05.
1wl -5

Thus, we have the rigging
H>O(Q) = Ly(Q) = H>O(Q), with s> 0,

of the space L2 (€2) with positive and negative Sobolev spaces (see [40] (Chapt. I, Sect. 3, Subsect. 1)).
Note that the negative space H*()(Q), with s < 0, admits the following description: the mapping
u — Ou, with u € C*°(Q), extends uniquely (by continuity) to an isometric isomorphism of the
space H>(9)(Q) onto the subspace {w € H*(R"): suppw C Q } of H¥(R™). Here, Ou := u on Q,
and Ou := 0 on R"\ Q.

We can now define the Hilbert space H*(29)(Q), with s € Z. By definition, the space H* (9 (1)

is the completion of the set C'°°(£2) with respect to the Hilbert norm

2q

1/2
el e ooy = (nuuip,@(m +3° (D5 rr\|§w+l/m> .
k=1

This space admits the following description [13] (Sect. 2.2): the linear mapping
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Tog:u (u,ulT, ..., (D2 ) |T), with ue C™(Q),

extends uniquely (by continuity) to an isometric operator

2q
Tyy: HYPD(Q) » H*O(Q) & @) B F2(T) =TI, (5 (2, T);
k=1

the range of this operator consists of all vectors
(’LLO, ULy e ,UQq) S Hs,(2q) (Q, F)

such that up, = RpDF lug for all integers k € {1,...,2q} satisfying s > k — 1/2. Thus, we

can interpret an arbitrary element u € H*(9(Q) as the vector (ug,us,...,us,) = Thyu. This
interpretation is taken in the mentioned monograph [7] (Sect. 3.2.1) as a definition of the space
H>(29(Q).
Note that
H>CD(Q) = H3(Q) forall s> 2g (23)

as completions of C'*°(2) with respect to equivalent norms.
We can now formulate the result by V. A. Kozlov, V. G. Maz’ya and J. Rossmann [7] (Theo-
rem 3.4.1). Consider the Hilbert spaces

D>(Q,T) .= H>)(Q) & @ H* " V/A(T),
k=1

gt
gs—Qq,(O) (Q, 1—1) — Hs—2q,(0)(Q) @ @Hs—mj—l/Q(F),
j=1

with s € Z.
Proposition 2. For arbitrary s € Z, the mapping (3) extends uniquely (by continuity) to a
bounded operator
A: D5CD(Q,T) — £57200(Q, I). (24)

This operator is Fredholm. Its kernel coincides with N, and its range consists of all vectors
(f7 g1, - .- 7gq+%) € 58_2%(0) (Qv F) (25)

that satisfy (12). The index of the operator (24) is equal to dim N — dim N+ and does not depend
on s.

Note that if s € Z, s > 2q, and ¢ = 1, then Proposition 1 coincides with Proposition 2 in view
of (23).

In the proof of Theorem 1, we will use Proposition 2 together with the following result. For an
arbitrary integer s < 2q, we consider the linear space

HP(9) = {u e H>)(Q): Au € Ly(Q)}
endowed with the graph norm
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2 2 1/2
el .20 gy 3= (Nl + 1403 ) 7 (26)

Note that the image Au € H*~2%()(Q) is well defined for each v € H*(2)(Q) by closure because the
mapping u — Au, with u € C*°(Q), extends by continuity to a bounded operator A: H*(9(Q) —
— H~2:0)(Q) for every s € Z [13] (Lemma 2.3.1). The space Hj{@q) (2) is Hilbert with respect

to the norm (26), and the set C°°(£2) is dense in it (see, e.g., [23] (Sect. 4.4.2, the proof of
Theorem 4.25)).

Proposition 3. For an arbitrary integer s < 2q, the identity mapping on C>()) extends

uniquely (by continuity) to an isomorphism between the spaces HZ(Qq)(Q) and H?(QY). Thus, these

spaces are equal as completions of the set C*°()) with respect to equivalent norms.
Here and below, H¥ () is the space H¥ () in the Sobolev case of ¢ = 1.

The proof of Proposition 3 is given in monograph [23] (Sect. 4.4.2, see the reasoning from
formula (4.196) to the end of the proof of Theorem 4.25).

6. Auxiliary results relating to interpolation between Hilbert spaces.. The refined Sobolev
scales possess an important interpolation property with respect to inner product Sobolev spaces.
Namely, each space H*%(G), with s € R, ¢ € M, and G € {R",Q,I'}, can be obtained by
the interpolation with an appropriate function parameter between the Sobolev spaces H* ¢(G) and
H**3(@) with £,6 > 0. This property will play a key role in our proof of Theorem 1 for arbitrary
@ € M. Therefore, we recall the definition of this interpolation in the case of arbitrary Hilbert spaces
and discuss some of its properties that are necessary for us.

The method of interpolation with a function parameter between Hilbert spaces appeared first
in C. Foias and J.-L. Lions’ paper [41, p. 278]. We follow monograph [23] (Sect.1.1), which
systematically expounds this method. For our purposes, it is sufficient to restrict ourselves to
separable Hilbert spaces.

Let X := [Xp, X1] be a given ordered couple of separable complex Hilbert spaces X and X3
such that the continuous and dense embedding X; < X holds. This couple is said to be admissible.
For X, there exists a self-adjoint positive-definite operator J on X that has the domain X; and that
satisfies the condition ||Jw| x, = ||w|/x, for each w € X;. This operator is uniquely determined
by the couple X and is called a generating operator for X. It defines an isometric isomorphism J :
X1 & Xo.

Let B denote the set of all Borel measurable functions ¢ : (0,00) — (0,00) such that © is
bounded on each compact interval [a, b], with 0 < a < b < oo, and that 1/1) is bounded on every set
[r,00), with 7 > 0.

For arbitrary ¢ € BB, we consider the (generally, unbounded) operator (.J), which is defined on
Xo as the Borel function v of J and is built with the help of Spectral Theorem applied to the self-
adjoint operator J. Let [Xo, X1]y or, simply, Xy, denote the domain of the operator +/(J) endowed
with the norm |lux, = [[¢(J)ulx,- The space X, is Hilbert and separable with respect to this
norm.

A function ¢ € B is called an interpolation parameter if the following condition is fulfilled for
all admissible couples X = [Xy, X1] and Y = [Yp, Y1] of Hilbert spaces and for an arbitrary linear
mapping 1" given on Xjy: if the restriction of T to X is a bounded operator 7': X; — Y} for each
J € {0, 1}, then the restriction of T to Xy, is also a bounded operator 7': X, — Y;. In this case
we say that X, is obtained by the interpolation with the function parameter ¢ of the couple X (or
between the spaces Xy and X7).
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The function ¢ € B is an interpolation parameter if and only if 1 is pseudoconcave on a
neighbourhood of infinity, i.e., 1(t) =< 11 (t) with ¢ > 1 for a certain positive concave function v (t).
(As usual, 1) =< 11 means that both the functions 1 /1; and v /1) are bounded on the indicated set).
This fundamental property of the interpolation follows from J. Peetre’s results [42, 43]. Specifically,
if Y (t) = t74)(t) for some number o € (0, 1) and function vy varying slowly at infinity (in the sense
of J. Karamata), then ¢ is an interpolation parameter.

Let us formulate the above-mentioned interpolation property of the refined Sobolev scales [23]
(Theorems 1.14, 2.2, and 3.2).

Proposition 4. Let a function ¢ € M and positive real numbers €, § be given. Define a function
Y € B by the formula

ta/(a-ﬁ-é)(p(tl/(a-&-&)) if t>1,
»(t) = 27
o(1) if0<t<l1.

Then 1 is an interpolation parameter, and
[H*(G), Hs+6(G)]¢ = H*¥(G) foreach seR

with equivalence of norms. Here, G € {R",Q,T'}. If G = R", then the equality of norms holds.

We will also use the following three general properties of the interpolation.

Proposition 5. Let X = [X¢, X1] and Y = [Yy, Y1] be admissible couples of Hilbert spaces, and
let a linear mapping T be given on Xg. Suppose that we have the bounded and Fredholm operators T :
X; — Y, with j = 0, 1, that possess the common kernel and the common index. Then, for an
arbitrary interpolation parameter 1 € B, the bounded operator T : Xy, — Yy, is Fredholm, has the
same kernel and the same index, and, moreover, its range T'(Xy) = Yy NT(Xo).

The proof of this proposition is given in [23] (Sect. 1.1.7).

Proposition 6. Let [Xéj), X{j)], with j = 1,...,r, be a finite collection of admissible couples
of Hilbert spaces. Then, for every function ¢ € B, we have

T T
X(j)7 x| = [X(j),X(j)}
¥

with equality of norms.

The proof of this proposition is given in [23] (Sect. 1.1.5).

The third property deals with the interpolation of subspaces connected with a linear bounded
operator. Beforehand, we admit the following notation.

Let H, ® and V¥ be Hilbert spaces, with & — W continuously, and let a bounded linear operator 7" :
H — U be given. We put

(H)re :={ue H:Tuec o}

The linear space (H)r,¢ is considered as a Hilbert space with respect to the graph norm

1/2
letll gy = (lull3r + 1 Tul3) 2.

Note that this space does not depend on W.
Proposition 7. Suppose that six separable Hilbert spaces Xq, Yy, Zo, X1, Y1, and Z1 and three
linear mappings T', R, and S satisfy the following seven conditions:
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(1) the couples X = [Xo, X1| and Y = [Yy, Y1] are admissible;

(i1) the spaces Zy and Zy are subspaces of a certain linear space F;

(ii1) the continuous embeddings Yo — Zy and Y1 — Z hold,

(iv) the mapping T is given on X and defines the bounded operators T': Xog — Zy and T :
X1 — Zl;

(v) the mapping R is given on E and defines the bounded operators R: Zy — Xg and R:
Z1—> X 15

(vi) the mapping S is given on E and defines the bounded operators S: Zyg — Yy and S':
Z1 — Yl;

(vil) the equality TRw = w + Sw holds for each w € E.

Then the couple of spaces [(X[))Tg/o, (Xl)T7y1] is admissible, and

[(Xo)rver (X1)rvi ], = (Xy)1y,

up to equivalence of norms for an arbitrary interpolation parameter ¥ € B.

An analog of Proposition 7 appeared first in J.-L. Lions and E. Magenes’ monograph [44]
(Theorem 14.3), where the case of holomorphic interpolation was considered. This proposition is
proved by V. A. Mikhailets and A. A. Murach in paper [18] (Sect. 4); see also monograph [23]
(Theorem 3.12).

7. Proofs of the main results. Let us prove Theorems 1-3.

Proof of Theorem 1. We will first prove this theorem in the Sobolev case where s € Z, s < 2q,
and ¢ = 1. Consider the bounded and Fredholm operator (24) from Proposition 2. Certainly, the
restriction of this operator to the space H;Z’(zq) (€2) is a bounded operator

» q+x
A: Hj@q)(ﬂ) ® @HS+Tk—1/2(1‘\) N LZ(Q) ® @Hs—mj—l/Q(F). (28)
k=1 j=1

Since C*°(Q) is dense in Hj"@q) (€2), this operator is an extension by continuity of the mapping (3).
Let A, (o) denote the operator (24), and let A; denote the operator (28). Evidently, ker Ay =
= ker As,(2q) and

RanAg = {(f,gl, ooy Ggrsx) ERanAg 99y f € LQ(Q)},

with Ran denoting the range of the corresponding operator. It follows from this by Proposition 2 that
ker A, = N and

4+
RanA, = {(f, Giyee s Ggrr) € La(Q) @ @Hs—mrw(r): (12) is true}.
j=1

Therefore,
dimker Ay, = dim N < oo and dim coker Ay = dim N T < 0.

Thus, the bounded operator A is Fredholm. In view of Proposition 3, we conclude that A; is the

required operator (14) in Theorem 1, the set C°°(£2) being dense in H% (€2).
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We will now prove Theorem 1 in the general situation with the help of interpolation with a
function parameter between Sobolev spaces. Let s € R, s < 2¢, and ¢ € M. Choose an integer
p > 2 such that s > —2¢(p—1). The mapping (3) extends by continuity to the bounded and Fredholm
operators

»” q+x
A H;‘2q(p*1)(Q) @ @H—2q(p—1)+rk—1/2(r) — Ly(Q) & @H—%(p—l)—mj—l/?(p) (29)
k=1 j=1
and
b4 q+x
A: H*(Q) o @ B> 12(1) — Ly(Q) @ @ B2~ 2(D). (30)
k=1 Jj=1

This has just been proved for the first operator and is said in Proposition 2 for the second. These
operators have the common kernel NV and the same index equaled to dim N — dim N*. The range
of the first operator satisfies the equation

A(ijq(p—l) () =

qtx

= (£, 9151 Ggtx) € La(Q) © @ H290= V== 12(D) 1 (12) s true o (1)
j=1

and an analogous formula holds for the second operator. Note that the second operator is a restriction
of the first.

Let us define the interpolation parameter ¢) by formula (27) in which ¢ := s+ 2¢(p — 1) > 0 and
0 := 2q — s > 0. Applying the interpolation with the function parameter v to the couples of spaces
in (29) and (30), we obtain the bounded operator

A [sz(p—l)(m ® @H—Qq(p—l)—i—rk—l/Q(F)’ H2(Q) @ @H2q+rk—l/2(r):| N

k=1 k=1 P
q+x q+x
- [L2(Q) & @ B2~ D=1 Ly (Q) & P HQq—mj—l/Q(r)} . (32)
j=1 j=1 ¥

According to Proposition 5, this operator is Fredholm with kernel N and index dim N — dim N *.
Let us describe the interpolation spaces in (32). Using Propositions 6 and 4 successively, we get

[HZQq(p—l)(Q) @ @ H—2q(p—1)+rk—1/2(r)’ HQQ(Q) s @ H2q+rk—1/2(r)] =
k=1 k=1 ¥

= [H, 2% D(@), H¥(Q)] , @ @) [H 20D 2(D), gRatr=t/2(D)]

b4
w =
k=1

_ [H;Qq(p_l)(9)7H2q(Q)]¢ @ @Herr‘kfl/Z,ga(F). (33)
k=1
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Here, we take into account the equalities

s—e=-2q(p—1) and s+ 0 =2q. (34)
Analogously,
g+ g+
Lo(Q) & @ H72q(p71)*mrl/2(p)7 Ly(Q) & @ H2qurl/2(p)
j=1 j=1 "
q+x
= Lo(Q) & P H* ™~ /24(D). 35)
j=1

These equalities of spaces hold true up to equivalence of norms.
Let us prove that

[H22q(p—1)(9)7H2¢J(Q)]w = H3*(Q) (36)

up to equivalence of norms. To this end, we use Proposition 7 in which
Xo:= H20=0(Q), X, := HX(Q), Yy:=Y1:=2:=Ls(Q), Zo:=FE:=H 2PQ),
and T := A. Then
H27770(Q) = (Xo)ry,  and  H2(Q) = (X1)1y,. 37)

Note that the latter equality holds true up to equivalence of norms because A is a bounded operator
from H(Q) to H°~24(Q) for each o € R, specifically, from H?4(2) to Ly(£).

Evidently, conditions (i) — (iv) of Proposition 7 are fulfilled. We also need to give certain operators
R and S satisfying conditions (v)— (vii). With this in mind, we use the known fact that the mapping
u > AP APTy + u defines the isomorphism

APAPT 4 T HY(Q) +» HO4P(Q)) foreach o > 2gp (33)

(see, e.g., [23] (Lemma 3.1)). Here, of course, AP is the p-th iteration of A, then APT is the formally
adjoint operator to the differential operator AP, and [ is the identity operator. Besides,

HH(Q) == {ue H(Q): RrD} 'u=0 foreach j € {1,...,2gp}}
is a subspace of H?(2). The inverse of (38) defines the bounded linear operator
(APAPT + )71 HO(Q) — HOT9P(Q)  for each o > —2¢p. (39)
We now let
R:= AP71APT(APAPY 1 )"1 and S = —(APAPT 4 1)L
Using (39), we get the bounded operators
R: Zy = H2P(Q) — H?p~2=2ar=1)(()) = X,
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R: Z) = Ly(Q) — HAr—2r=2ab-1) () = X,
S: Zy = H2P(Q) — H*P(Q) — Ly(Q) = Yy,
S: Zy = Ly(Q) — HYP(Q) — Ly(Q) = Y7;
here, the embeddings are continuous. Besides,
AR = AAPTIAPT(APAPT 4 [)7h = (APAPT 4 T — ) (APAPT + )P =T+ S

on E = H~2%(Q). Thus, the rest conditions (v)—(vii) of Proposition 7 are satisfied.
Now, according to this proposition and in view of (37), we get

[qu(pfl)(Q)yHQq(Q)]w = [(Xo)ryo, X)), = (Xy)1y,-
Here, by Proposition 4 and (34), we have
Xy = [H7070(Q), H*(Q)] , = H**(Q).

Besides,
Yy = [Lg(Q),Lg(Q)]w = Lo(Q2).

These three formulas immediately gives the required equality (36).
Note that

the set C°°(Q2) is dense in the space H3*(9). (40)

This follows from the density of C°°(Q) in H?%((2) and from the dense continuous embedding of
H?1(Q) in H*(Q). The latter embedding is a general property of the interpolation used in (36).

It follows from the interpolation formulas (33), (35), and (36) that the bounded and Fredholm
operator (32) acts between the spaces

> qtx
A: HYP(Q) @ @ H T+ 129(T) — Ly(Q) @ @ Ho™7/29(T). (41)
k=1 j=1

(Recall that these spaces are denoted by D57 (2, T") and & 5, (2, T") respectively.) We have proved
that the operator (41) has the kernel N and the index dim N — dim N . Furthermore, according to
Proposition 5 and formula (31), the range of this operator is equal to

0.5 (LT NVA(H TP (Q)) = {(£,91,- - > Ggis) € E0.5,0(2,T): (12) s true}.

Finally, in view of (40), the operator (41) is an extension by continuity of the mapping (3). Thus,
this operator is the required operator (14).

Theorem 1 is proved.

Proof of Theorem 2. 1t follows from the isomorphism (16) that

inf{ [|(z,v) + (W@, 0)|preary : @, 00) € N} <eol|A(w,v)lle,, or)  @2)

for each (u,v) € D5¥(Q,T), with ¢y being the norm of the inverse operator to (16). Since N is a
finite-dimensional subspace of both the spaces D%%(2,T') and D% “7(2,T'), the norms in them are
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equivalent on N. Hence, for each (u(?),v(?)) € N, we can write
Y [CLIRC) I
with some number ¢; > 0, which is independent of (u,v) and (u(?), v(?)). Besides,

1@, 0O e oy < 10) + @, 0@ oy + 1101 0) e g ) <

< 2l 0) + @, o)l + 1050) sy
Here, ¢y is the norm of the continuous embedding operator D%¥ (2, T') < D’ 7¥(Q,T'). Hence,
1w 0) | pse o,y < N, v) + (@, 0D [prear) + (@D, )| pye @) <

< 1, 0) + (@, v llpsery + eall @, 0 psoio o py <

< (1+ e1ea) 1, 0) + (W@, 0 ey + 1 108 0)ll e oy

Passing in this inequality to the infimum over all (u(o) ) v(o)) € N and using the bound (42), we arrive
at the estimate (18); namely, we get

I, 0) oy < (1+erea) eo [A(u,v) e, , @) + 1 1) lpeas )

Theorem 2 is proved.

Proof of Theorem 3. We first consider the case of s < 2¢q. By virtue of Theorem 1, the vector
(f,9) = A(u,v) satisfies (12). Note that (f,g) € &,,(£2,T') by the condition (20). Therefore,
according to Theorem 1, we get the inclusion (f, g) € A(D%7(2,T)). Thus, together with A(u,v) =
= (f,9), we have the equality A(u/,v") = (f, g) for a certain vector (u’,v) € D%¥(Q,T). Hence,
A(u —u';v — ") = 0, which implies that

(u—u',v—12") € N CC>®Q) x (C™(I))”".

Thus,
(u,v) = (u',v") + (u— ;v =) € DFP(Q,T).

Theorem 3 has been proved in the case of s < 2gq.
Let us examine the case of s > 2¢q. According to what has just been proved, the condition

gj € HS "M~ Y29(T) ¢ g2~ 1/A4=mi=Y29(T)  foreach j € {1,...,q+ s}
implies the inclusion
(u,v) € H*71/49(Q) @ @ H? -1/ 47=1/22(T),

k=1

Repeating the above reasoning and using Proposition 1 instead of Theorem 1, we deduce from this
inclusion and the condition of Theorem 3, that the vector (u, v) satisfies (21) and (22).
Theorem 3 is proved.
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