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Abstract. We obtain criteria of solvability of the DIRICHLET and the
NEUMANN boundary value problems (BVPs) for the Laplacian in 2D do-
mains with angular points and peaks on the boundary. We start with the
correct formulation of BVPs and modify it for domains with outward peaks
(classical conditions are incorrect). Boundary integral equations (BIEs),
obtained by the indirect potential method, turn out to be equivalent to the
corresponding BVPs only when inward peaks are absent. BIEs on bound-
ary curve with angular points are investigated in different weighted func-
tion spaces. If boundary curve has a cusp, corresponding to an inward or
an outward peak, equations are non-FREDHOLM in usual spaces and we
should impose restrictions on the right-hand sides. The conditions are de-
fined by some mean—value integrals. We consider also equivalent reduction
to boundary pseudo-differential equations (BPsDEs) of orders +1 by the
direct potential method. Crucial role in our investigations of BVPs and of
corresponding BIEs, PsDOs belongs to the equivalent reduction of BVPs
to the RIEMANN-HILBERT problem for analytic functions on the unit disk.
The latter problem can be investigated thoroughly, even when peaks are
present and equations have non-closed image by invoking results on convo-
lution equations with vanishing symbols.
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Introduction

Let @ C C be a bounded domain in the complex plane with a piecewise-
smooth boundary I' = 9QF and O~ = C\ Q" be the complementary outer
domain. Let t; € I', j = 1,...,n, be all knots on the boundary I' = 9Q*
with the angles 7y;, 0 < v; < 2, j = 1,...,n. Boundary curve might
contain cusps 7v; = 0,2 corresponding to an outward (for 7v; = 0) and an
inward (for v; = 2) peaks of the domain Q. By 7(t) = (v1(t),v2(t)) we
denote the outer unit normal vector to T' (with respect to Q7).

As a model we consider the DIRICHLET u® (t) = g(t) (and the NEUMANN
dpmyu™ (t) = f(t), t € ') BVPs for harmonic functions

Au(z) =0, ze€QF (0.1)
and look for the solution, as common, in the SOBOLEV space
ue W3 (QF) or we Wy, (), wx)=0(1), as |z[—oco0. (0.2)

Applying the potential method, based on the GREEN formula and its
consequence-representation of solution by layer potentials, invoking the
PLEMELJI formulae (see §1) we get boundary integral equations (BIEs)
of logarithmic potential

1 1
560+ o= [ Oty log |t = Tle(rldr| = 9(0), (03)

I
11w<t>+i/a~ log |t — l(r)ldr| = f(t), teT, (0.4)
B o 7(t) 108 T T)laT| = y y .
N

which are conjugate to each-other (the indirect method; see [Mal]). It
is rather a classical result, that (0.3) and (0.4) are FREDHOLM equations
provided T' is smooth. Note that reduction to the BIEs (0.3) and (0.4) is
equivalent.

When I' has angular points, equations (0.3) and (0.4) have fixed singu-
larities in the kernels (i.e., they are MELLIN convolution equations) and are
FREDHOLM except some discrete values of parameters of spaces they are
treated in (see Theorems 1.23, 1.24 and cf. [Dul, Du3, Mal]). It is impor-
tant that in both mentioned cases equivalence of BVPs with corresponding
BIEs still hold.

Piecewise-smooth domains without peaks are particular cases of Lips-
CHITZ domains and BVPs for second order equations in such domains were
thoroughly investigated recently (mostly in the Hilbert spaces Ly and W)
even for domains in R™, n > 2. For details of these profound investigations
as well as for exhaustive survey of vast literature in this field we recommend
recent publications [Kel, MMP1, MMT1, MT1].

Situation changes completely if domain Q% has peaks. There arise three
principal problems.



o If a single outward peak occurs constraints (0.2) become incorrect.
Namely, if we look for solution of BVP in the SOBOLEV space W, (QF)
for arbitrary fixed value of p € (1,00), there exists a compact domain
Q443 C CT with outward peak at 0 € 92443 in the first quadrant
Rt +iR* C C of the complex plane such that the analytic function
27, z € Q, with arbitrary 0 < v < oo belongs to the space WZ} (Q2++43)
(details see below in Example 1.2). Therefore in classical formulation
u € W3 (QF) solution to BVP might have non-integrable singularity
on the boundary and it is necessary to change constraints on harmonic
functions in the domain. Moreover, due to complicated relations be-
tween traces of functions on different faces of outward peaks (see, e.g.,
[Tal]) it is almost impossible to investigate corresponding BIEs.

e If a single inward peak occurs, equivalence of BVPs (0.1), (0.2) with
the corresponding BIEs (0.3), (0.4) fail completely. Such reduction is
connected with a representation of harmonic function of the SMIRNOV
class by the CAucCHY integral with real valued density. This turned
out to be possible if and only if the RIEMANN—HILBERT BVPs for
analytic functions is surjective in the same SMIRNOV space but for the
complementary domain (see Lemmata 1.1 and 1.13). If the domain
has an inward peak, the complementary domain has an outward peak
and the RIEMANN-HILBERT BVP is not normally solvable (see Lemma
1.11).

e If a single peak (outward or inward) occurs solvability property of BIEs
(0.3) and (0.4) change dramatically: symbols of these convolution-type
equations vanish and equations can not be FREDHOLM in any L,(T)
or any other space with weight or without (see [MS1]-[MS8] and §1.6
below). For the space of continuous functions this was noticed already
by J.RADON [Ral].

We start with investigations of correct formulation of the BVPs. Namely,
we look for solutions in the weighted SMIRNOV-LEBESGUE space e,(QF, p)
(see §1.2) of harmonic functions written as the real part of analytic functions
represented by the Cauchy integrals with densities in the Lebesgue spaces
with weight L, (T, p) (plus constanta for the unbounded domain Q7). The
choice of constraints is justified in the following sense: looking for solutions

in more narrow SMIRNOV-SOBOLEV space u € w3 (QF) is the same as the
common (classical) constraint u € W3 (QF) provided the domain Q% has
no outward peaks (see Lemma 1.2). Moreover, to raise flexibility of the
method we suggest to look for solutions in some other SMIRNOV spaces:
weighted SMIRNOV—SOBOLEV w;((Ti, p), 0 < s < 1, SMIRNOV-HOLDER

h?n_‘_H(QT, p) etc. (see §1.2).
If the boundary curve has cusps (i.e., the domain has peaks) equations
(0.3) and (0.4) have non-closed images. Same is true for the DIRICHLET

and the NEUMANN BVPs for (0.1) when inward peaks are present. MAZ YA



and V.SOLOV’EV in [MS1]-[MS4] suggested to study BIEs (0.3), (0.4) di-
rectly. Namely, they have found conditions on the right-hand sides which
ensure existence of solutions and have established properties (smoothness,
asymptotic) of such solutions. The method is based on the corresponding
results for boundary value problems in domains with peaks, obtained with
the help of conformal mappings (see [Wal, Wa2| for properties of such con-
formal mappings). In more recent investigations [MS5]-[MS8] for curves
with cusps of order i € RT they have found pairs of BANACH spaces where
BIEs (0.3), (0.4) are surjective.

Different approach (transformation of the underlying domain which
maintains the structure of BVPs) was exploited in [RST1, RST2]. The
authors obtained solvability results for BVPs in domains with special cusps
when the right-hand sides and solutions are in special weighted spaces.

Essential role in our investigations play an equivalent reduction of the
DIRICHLET and the NEUMANN BVPs for (0.1) to the RIEMANN-HILBERT
BVPs for analytic functions on the unit circumference, using the conformal
mapping. Namely, we apply the approach exposed in [Mul, Ch. III] and
contributed by I.VEKUA in [Vel]. Obtained BVPs are reduced further to
equivalent CAUCHY singular integral equations on the unit circumference.

The same method was applyed by V.KOKILASHVILI and V.PAATASHVI-
L1. Namely, they look for solutions of BVPs in the Smirnov—Lebesgue space
e,,(ﬁ), 1 < p < co. Although the motivation for the choice of constraints,
ensuring equivalent reduction to the RIEMANN—HILBERT problem, was clear
justification for the change of conditions in [KKP1] is missing.

For the investigation of the CAUCHY singular integral equations on the
unit circumference, which arise as an equivalent equation, we apply localiza-
tion to 2 x 2 systems of convolution equations on the real semi-axes. Local
representatives at cusps have vanishing symbols and, by applying results
on convolution equations with vanishing symbols of integer order (see [Prl,
§5.2] and §3.1 below), we describe the image space by mean—value integrals
and find the criteria for the data which ensures unique solvability of the
DIRICHLET and the NEUMANN BVPs for (0.1).

Further we prove equivalence of BVPs and of corresponding BIEs (0.3)
and (0.4) if inward peaks are absent (see Theorems 1.12 and 1.14). If the
boundary curve has no cusps, obtained BIEs are particular cases of gen-
eral equations studied in §4 by invoking results from [DLS1]. They are
FREDHOLM with rare exceptions for the parameters of the space. Although
such investigations were carried out earlier (see survey in [Mal]) some re-
sults of the present paper are new: we prove boundedness of harmonic
(the double and the single) layer potentials and obtain criteria for FRED-
HOLM property of equations (0.3) and (0.4) in the spaces of continuous and
piecewise-continuous functions C(T, ) and PC(T, ») (in some cases also

n
in PCY(T, 5); see §1.7) with exponential weight s(t) = H [t — ¢, 0<
j=1



a; < 1.

If inward peaks are present equivalence with BVPs fail (see Lemma 1.13)
and equations (0.3), (0.4) are investigated by localization. The localization
enables replacement of inward peaks by outward ones (see §5.4). Solvability
criteria of equations (0.3) and (0.4) are summarized in Theorems 1.23 and
1.24, which are proved in §5.4.

Let Z,.,, T be the discrete sets of all outward, all inward peaks and
Tk = Tow U Tip be the set of all peaks of QF. We define the spaces

LP(FHO’ %w)v Lp(F7p7 f%w) C Lp(F7p7 Z?k) C Lp(F7p> )

n
with the help of the integrals (see (1.76)), where p(t) = H [t — ¢ ]%,
j=1
—% <oj < 1-— %, 1 < p < oo. Tt is proved that equations (0.3) and
(0.4) are FREDHOLM between spaces L,(T', p) — L,(T, p, Z,i) provided

the conditions 1% + a; # min { 7%_, ﬁ} holds for all t; ¢ k. Moreover, if
1 1

Vi’ 2=
As for solvability of the DIRICHLET BVP for QT (for Q™) it suffices to

restrict the data g € L,(T, p, Z5) (vespectively, g € L, (T, p, Ziy,)) and the

solution is unique provided % +a; < min{ Lot } for all t; & F,i, (note,

the inequalities %—!—aj < min { } hold, the mappings are isomorphic.

Vi’ 2=
that inward peaks of QF have no impact on the corresponding DIRICHLET
BVP). Similar holds for the NEUMANN BVPs.

In Lemma 1.22 we formulate sufficient conditions for the inclusion ¢ €
L,(T, p, Zi), which involves the conformal mapping ((z) : QF — %
of the domain QT onto the unit disk 2, = {¢ € C : [¢| = 1}. Tt is
possible to write more transparent and explicit condition, but for these we
need asymptotic behaviour of the conformal mapping ¢(z) in the vicinity of
outward peak. This we leave for a forthcoming paper.

In our investigations we apply the CIiSOTTI formula, which represents
the derivative of the conformal mapping w : 23 — Q% (see [LS1, Ch. III,
§1, n°. 44, Example 5]):

T)dT dr
% 57—(_)z 7%/5(7)7 , 2€92. (0.5)

Ir[=1 I7|=1

Here G(7) := arg v(w(7)) — argr and arg /(w(7)) stands for the argument of
the outer unit normal vector to the curve I' = 907 at the point 7 = €' €
Iy := 0%;. The formula was rediscovered in [PK1] for a piecewise-smooth
boundary (see also [KKP1]). We return to the classical approach in [LS1])
which is, above all, very simple and prove the Ci1soTTI formula (0.5) in §5.1
for a domain with rectifiable JORDAN boundary.



Although the conformal mapping is participating implicitly, representa-
tion (0.5) simplifies proofs of some classical theorems on conformal map-
pings?) (see [KKP1, Ch. III] and §5.1 for the proofs of LINDELOF’S, KEL-
LOGG’S, WARSCHAWSKY’S theorems). Moreover, using the CISOTTI formula
we generalize the KELLOGG theorem for the ZYyGMUND space (see Theorem
5.9).

In [Pol, Theorem 3.15] the Cisotti formula is rediscovered for a so-called
regulated domain, i.e., for a domain for which the inclination «(t), ¢t € T’
of the tangent vector to the boundary has limits a(t 4 0) everywere on the
boundary t € T'.

V.KOKILASHVILI and V.PAATASHVILI had applied formula (0.5) to find
discontinuities of the coefficient, but the obtained RIEMANN—HILBERT prob-
lems they have found “non-solvable in L,(T") spaces in general” when out-
ward cusps are present (see [KKP1, Ch. IY]) and have written sufficient
condition of solvability as well as explicit formula for solutions provided the
solvability conditions hold.

Applying the representation of solution by layer potentials and the di-
rect method we obtain boundary pseudo-differential equation

%/log\t—ﬂg@(ﬂ\dﬂ —g.(t), teT, (0.6)
r
1 1
9.(8)i= ~59(0) = 5= [ Oty log ¢ ~ Tlg(r)la].
r

of order —1 for the DIRICHLET problem for the Laplacian (0.1) and the
boundary pseudo-differential equation

1
%/am)@m) log |t — 7|p(r)|dr| = fu(t), teT, (0.7)
T
1 1
£.0) = 510+ 5= [ B Yogl = 7).
T

of order +1 for the NEUMANN problem. We can formulate criteria of solv-
ability of equations (0.6) and (0.7) based on full equivalence with corre-
sponding BVPs (see Theorems 1.19, 1.20).

All principal theorems on solvability of boundary value problems and
boundary integral equations are formulated in § 1.7. Some of them are
proved later, mostly in §5.
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ing discussions on the subject during the first authors visit to these univer-
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DSee [Gal] for a survey on application of linear and non-linear integral equations in
conformal mappings.
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1 Boundary value problems

In the present section we formulate the DIRICHLET and the NEUMANN
boundary value problems for the Laplacian in domains with angular points
and peaks; discuss their equivalent reduction to boundary integral equations
(the direct potential method), to boundary pseudo-differential equations
(the indirect potential method) and to singular integral equations on the
unit circumference (MUSKHELISHVILI-VEKUA method); we expose prop-
erties of harmonic potentials appearing in the method and formulate all
principal results.

1.1 spaces

We start by rigorous definitions of domains and spaces which are necessary
for our considerations.

Let T be a closed, oriented, simple (i.e., without self-intersection), piece-
wise-LJAPUNOV curve on the complex plane C, circumventing a domain Q

and having knots at t1,...,t, €{, i.e.,
n
F:UFj, Fj:tjtj+17tn+1 2:t17 ]:1,,n, (11)
j=1
t1 O t2
Fa A\
ST A

Fig. 1



here I'; are v—smooth, v > 1, oriented curves connecting knots t; and
tjy1. Let my; be the angle at t; between I';_; and I';, measured from
Of, 0<~v; <2, j=1,...,n. When v; = 0 or 7; = 2 the domain Q"
has an outward or an inward peak, respectively or, what is the same, the
boundary curve I has a cusp (see Fig. 1).

We use the following standard notation for spaces:

C™(T") for the space of functions ¢(t), ¢ € I with continuous derivatives
up to the order m

dpecT), k=0,1,....m, 8 := m e Ng:={0,1,...}.

dt’
Let us note that invariant (with respect to a parametrisation of the
underlying curve I') definition of the space C™(I") can be provided iff T" is
m-smooth. Therefore for piecewise-smooth curves (with angular points or
cusps) we can define only C(T) := C°(T).
H,(T') for the space of HOLDER continuous functions ¥ (t), ¢t € I' with
the following finite norm

[P (t2) — P(t1)]

, 1l<u<l.
|t2—t1|“ IS

I [ Hu (D) = [l |C @] + sup

1782

PC(T") for the space of functions ¢(¢) which are continuous on each
closed arc between knots t1,...,t, and might have jumps at these knots.

PC™(T) for the space of functions ¢ € C™~1(T") which have piecewise-
continuous last derivative 0]"¢ € PC(T") with possible jumps at knots
ty e tn.

Both, the spaces C™(T") and PC™(T") are endowed with the uniform
norm

le| PC™ ()] := Y _sup {|0"p(t)| : t€T},
k=1

which makes them into BANACH spaces.
Let

O | s (1.2)

be a weight function and C™ (T, p) € PC™(T, p) denote the weighted spaces
of functions:

C™(T,p):={peCm () : pompeC)},
PC™T,p) :={p e C™ HI) : pd™p e PC(I)} .
These spaces both can be endowed with the weighted norm ||| PC™ (T, p)|| =

lp|Cm =1 D)) + [p0™ | PO(L))].
We will write C(T"), PC(T, p) etc. when m = 0.
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HO

mtp(L5p), 0 < <1, m=0,1,..., for the weighted function space

Hpyu(Tsp) o= {p e C"7HID) = g™ o= pa% € H,(T),
gt =... =g =0},
| Hp o (Ts ) = 0] C™ )|| + Hpa%|Hu )|

provided T'\ {t1,...,t,} is C™TF-smooth, while T itself is PC™~!-smooth.
Note, that for piecewise-smooth curve I' definition is correct only for m =
0,1.

L,(T, p) for the weighted LEBESGUE space endowed with the norm

1
P

llo|Lp (T, p)| /Ip )7 |dt|

W (L, p) for the SOBOLEV space

W (T, p) = {¢ : 0,00 e Ly(T,p), k=0,...,m},

e[ Wi (T, p)l| = k§0|\5k¢|Lp(F,p)H-

Wy (T, p), s € R, for the weighted SOBOLEV—SLOBODETSKI space which
for s > 0 can be defined by the complex interpolation (see [Tr1]) between the
spaces W(T, p) and WJ(T, p) := Ly(T, p) (s < m € N, while for negative
s < 0 can be defined as the dual space to Wp_,S(I’,p_l), pi=p/(p—1).

Since multiplication by a piecewise-continuous function is a bounded
operator in W 1oe(R) only for s < 1/p, the space W (I, p) on piecewise-
smooth curve I' can be defined correctly only for |s| < 1+ 1/p.

&,(QF, p) will stand for the SMIRNOV-LEBESGUE space of analytic func-
tions: if w : 21 — Q7 denotes the conformal mapping of the unit disk
2, :={¢ € C:[¢| <1} onto the domain Q*, the norm of 1 € &,(QF, p) is
defined as follows

=

16|6,@F, )| == sup /|p A
o<r<1
Tr)

where I'") := {z = w(¢) : |¢| = r} are the images of the concentric circum-
ferences of the radius r.

Similarly is defined the SMIRNOV-LEBESGUE space &,(Q~,p) for the
outer domain 7.

An equivalent definition of the SMIRNOV-LEBESGUE spaces &,(QF, p) is
the following: u € &,(QF, p) iff u(2) is represented by the CAUCHY integral
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as follows
®(z) =co+Crp(z), co= const, ¢eLyT,p),
1 d
Cro(z) == /M, 2 e QF (1.3)

211 T—2z
T

(cf. [Pvl] and [Gol, Ch.X, §5]). In particular, for the compact domain
QT C C representation (1.3) can be written also as follows ®(z) = Cryg(2),
wo(t) = co+ ¢(t), t € T, while for 2~ we have ¢ = ®(00).

Taking the advantage of the last definition we will introduce the following
new spaces, suited for our purposes.

W3 (QF, p)-the weighted SMIRNOV—SOBOLEV space of functions ®(2)
represented as in (1.3) with a density ¢ € W (T, p). Note, that the restric-
tion for piecewise-smooth contour I'is |s| < 1+ %.

The space %, (QF, p) consists of functions ®(z) which belong to &,(QF, p)

together with their derivatives ®, 0® € &,(QF, p). This is easy to check with
a partial integration.

Due to Theorem 1.8 proved below, we get #5°(QF) c W, +%(ﬁ). If

outward peaks are absent 0 < «; < 1, the following inverse {éoczaulso true:
traces of functions from W;—ltj (QF) belong to W (T'). In case of outward
peaks the last assertion fails as shown in Example 1.3 (see also [Ial]). Note
that formulated theorem on traces remain valid even in the presence of
inward peaks (with interior angle 27).

S0 (QF, p), €(QF, p) and PE™(QF, p) are used for the weighted
SMIRNOV—HOLDER etc. spaces of functions ®(z) represented as in (1.3) with
a density ¢ in appropriate spaces HY, (T, p), in C™ (T, p) (with the restric-
tion m < 1 for a piecewise-smooth contour I') or in PC™(T', p), respectively
(with the restriction m < 2 for a piecewise-smooth contour T').

ep(Qija P) = wg(ﬂiji ﬂ), w;S)(Qi:H p)? h%+;t(mv p)v cm(ﬁ’ p) and
pc™ (@, p) is used for the spaces of harmonic functions represented as real
u(z) = Re ®(z) (or the imaginary u(z) = Im ®(z) parts of functions ®(z)
from gp(ﬁ’ p) = Wpo(mv p)v Wps(ﬁ’ p)’ ‘%Sﬁ-u(mv p)v %m(ﬁv p) and,
respectively, from 2€™(QF, p). We use e,(QF etc for the space e,(QF, 1)
etc.

It is important to have representations of functions (1.3) with a pure real
or a pure imaginary density ¢(t). Next lemma provides the condition for

such representation. Similar considerations can be found in [Mul, §§ 62-66].

Lemma 1.1 Let X(I') be one of the following spaces: W3 (T, p), H),, (T, p),

C™(T,p) or PC™T,p) and 2 (QF)-the corresponding SMIRNOV space
Wps(rap)) %72+H(F7p) Etc'i
The function ® € 2 (QF) can be represented by the CAUCHY integral

as in (1.3) with a pure real ¢ = Re ¢ € X(I') or a pure imaginary ¢ =
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i1Im ¢ € X(I') density if and only if the RIEMANN-HILBERT problem for
the complementary domain QF = C\ QF

ReUT(t)=gt), tel, geX({T), ¥(z)—0 as |z| >

is surjective, i.e., has solution for all right-hand sides in EK(Q?)
For the domain QF the same conditions provide the representation ®(z)=
Cryo(2), 2 € Q1 with a real valued density oo = Re ¢o.

We postpone the proof of the formulated Lemma until Subsection 2.3.
Let us conclude this subsection by the following agreements which we
will hold on in the sequel.

I. X*(T', p) (or more simple X(T")) is used to denote the spaces W (T', p),
HY(T, p) C*(T', p) or PC?(T, p), where the weight function p(t) is de-
fined in (1.2) and 27°(QF, p), 2°(QF, p)—for the corresponding SMIR-
NOV spaces of analytic and harmonic functions.

For the parameters there hold the following constraints:

1 1
|s|§1,—];<aj<1—];,1<p<oo for W (L, p),

{ m+s, m=0,1, 0<s<1, for H(T,p),(1.4)

s<aj<s+1, T\ {ts,...,t,}eC™*s
s=meNy, 0<a; <1 for PC™(T, p)

and for C™(T,p)

for j = 0,...,n. Conditions (1.4) are necessary and sufficient for
boundedness of the CAUCHY singular integral operator
1 o(T)dr
Srp(t)=— | ——, teTl 1.5
vt = [ 20 (15)
r

(the integral in (1.5) is understood in the CAUCHY mean value sense)
in the spaces W*(T, p) ([GK1, Go2, Kh1, Kh2] and Hy),, (T, p) (see
[Dul, Du6, Du7, GK1]) and of operators with fixed singularities in the
kernel (see §3.2) in all four spaces W;™(T, p), Hp,, (T, p), C™(T, p)
and in PC™(T, p) (see [Dul] and §3.2 below; St is not bounded in
C™(T, p) and in PC™(T, p)).

II. For a space with weight W;*(T', p), H),, (T, p) or PC™(T, p), if not

otherwise stated, the weight function is defined in (1.1) and the expo-

nents satisfy the appropriate conditions (1.4).
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1.2 Boundary value problems

For a real valued harmonic function
Au(z) =0, z¢€Q* (1.6)
we consider the DIRICHLET
ut(t)=g(t), geX(,p), 0<s<1, teTl, (1.7)
and the NEUMANN
Ooyw)(t) = f(t), feXYT,p), 0<s<1, tel, (L8

boundary value problems, with some real valued data? Im g(t)=Im f(t)=
0, where Op(y) := vi(t)0y, + v2(t)0y,, t = (t1,t2) € I' denotes the normal
derivative. We hold on the agreement about spaces and weights made in
conclusion of §1.1.
We look for solutions of problem (1.6), (1.7) (of (1.6), (1.8)) in the
SMIRNOV class
u € 5(QF, p), 0<s<1. (1.9)

Let us note that by definition of the SMIRNOV class a function u €
2%(Q~, p) automatically possesses a finite limit at the infinity: u(x) = O(1)
for x € QO as x| — oo (see (1.3)).

Next Lemma and example are a certain justification of the choice of
constraints (1.9) instead of (0.2) which is common for domains with a Lip-
SCHITZ boundary (see [Kel, Mal, MT1]).

Lemma 1.2 If (0.2) holds, 0* has no outward peak and u(z) is a harmonic
function (i.e., u(z) solves (1.6)). Then

i

u € wi(QF). (1.10)
1 -
Vice versa, u € w3 (QF) C e2(QF) implies (0.2) and u(z) is a harmonic
function, also for domains QF with outward peaks.

We postpone the proof of the formulated Lemma until Subsection 2.3.

Next example shows that under constraints (0.2) solution u(x) of BVPs
(1.6), (1.7) and (1.6), (1.8) might have non-integrable trace u™(¢) on the
boundary I' = 9QF as soon as QF has a single outward peak.

Example 1.3 Let 0 <o <00, 7> 0 and

Qf i={z1+izs : 0< a1 <1, 0< 2o <2z{t'}. (1.11)

2)1f we admit complex-valued data Im g # 0 in (1.6) and ITm f # 0 in (1.8) but then
we have to look for a complex-valued solution u = u, + u;, ur, u; € %(QF, p) in (1.9).
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Then, choosing the branch of the analytic function ¢, (z) = 2z~ appropri-
ately, for the harmonic function ¢, (z) := Re z~7 we get Ap, = 0 in €,
and ., € Wl(QiJr) provided o — (y+ 1)p > —2.

In particular, ¢, € Wy (Q2v+3)

In fact,

o+1
1 g

o WR@DIP = [ oy [ [(@2+08) 3 4 2(ad +a3) 47 day
0

1 g 1
<y /d$1 / (171 erg) (7+1)pdx2 C’Q/zl—("Y"rl)zHldx1
0 0

1

/1+t 7+“f'dt<03/ P — Oy < 0.
0 0

1.3 Representation of solutions and layer potentials
Applying the GAUss formula on divergence (on “partial integration”)
/3u dy—/ u(y)0jv(y )dy:t?{ G (T)u(T)o(r)dr, (1.12)
r

0+
we readily obtain two well-known GREEN formulae

/ Au(yyol)dy =Y / 0,u(y)B;0(g)dy + 74 Bs(ryu(r)o(r)dr,  (113)
Q+ i=lg+ r

/ [Au(y)v(y) - U(y)Av(y)} dy = j{ {aﬁm“(ﬂ“(ﬂ

O+ r

—u(T)ag(T)v(T)} dr, wveCs (OF). (1.14)

com

Invoking the fundamental solution of equation (1.6)
1
Fa(2) = o loglel,  AFa()=d(:), zcR,
™

where 0 is KRONEKER’S delta function, we can easily derive from (1.14) the
following representation formula for a harmonic function u(z) which meets
condition (1.9)

X+(@)u(z) = Wrut(z) — Vr (0pu)* (),
X— ()u(x) = e — Wru™ (x) + Vr(9pu)~ (2), (1.15)

reRI\T=Q"UQ"
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(see [Mal, Ch.1, §1.2]), where us, =const, x4 is the characteristic function
of the domain QF and

1
Wiep(e) = 5 [ @lr)Ouieyloglr —alds, ds = Jar],
(1.16)

[\~}
=l"‘H

/4,0(7') log |7 — x|ds, z € QF,
r

are the double and the single layer potentials (known as the harmonic or
the logarithmic potentials as well).

Let us note, that constants are included into the class of harmonic func-
tions in unbounded domains 2~ (see (1.3) and the second formulae in (1.15))
only in 2-dimensional case (see, e.g., [Mal, p.216], [V11, p.333]).

For the direct values of harmonic potentials (1.16) on I" we use the
notation Wr and Vr _; where the additional subscript indices indicate
the order of these operators, treated as pseudo-differential operators on the
manifold " (see Theorem 1.5 below). According this rule we have also
Sr :=Crp (see (1.3) and (1.5)).

Lemma 1.4 The following holds:

Weap(t)= 7 (Se+75:7)o(0) = - [ olr)dlog T
T
= [0 |- (117
Wi oo(t) = i (hSPF + VhSRY) olt)
1 h(t) dr  h(t) dF
*E/W) lh(T)T—t _;L(T)T_tl ’ (1.18)
T
OV —1p(t) = i (St = 7' Sr7) o(t)
:% o(7) [det + Td_Tt] , ter, (1.19)
T
where
Vo(t) :=o(t), h(t): = ie (1.20)

and ¥; denotes the inclination to the abscissa axes of the outer unit normal
vector U(t) (t € T\ {t1,...,tn}; see Fig. 1).

Proof (see [Mul, §§12,14]). Let us consider the natural parametrisation
of the curve I' by the arc length parameter

7(s) : [0,] — T, 7(0)=7(¥).
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Easy to ascertain that if the derivative 7/(s) exists, coincides with the unit
tangent vector to I'. We have

V(1) = (cos¥,,sind,),

dr = [cos (5 +9,) +isin (§ +9;)] |dr| = h(r)ds (1.21)
(see Fig. 1 and (1.20)). Therefore
1 1 d|T —t| dlt —t| .
— ()1 —t|jds = Y + ———sind, | d
2w () llog |7 —tl]ds 27|t — ¢t { dRer -0 + dImr o0 §
_ Re(r —t)cos¥, + Im (1 — t)sinﬁTds _ —(r—t)dT 4 (T — t)dr
2m|T —t)? N 4mi

I dr —Ld lo Tt
Tmi|r—t 71| 4mi' " BF_1
which gives (1.17).

Formula (1.18) follows from (1.17) since the adjoint operator Sf to Sr
in (1.5) with respect to the sesquilinear form

(o, ) = / () dr]

r

reads
St = YhSph™ 'Y = h 'Y Sp YA . (1.22)

In fact, since dr = h(7)|d7r| and h(7) = h=1(7) (see (1.20), (1.21)), we get
(Sro.4) = [ Srp(rpmldr| = [ SeprRmdr
r r

- / o(6) SeRT) ()t = / (PSP RD) O h(t))de]

r r

:/Sﬁ(t)”i/h(t)(srh’l"f/ilf)(t)|dt|-

r
To prove formula (1.19) we proceed as follows:

1
O Vp —1(t) = g/s@(f)ar log |7 — t|ds

r

—Re(r —t)sind; + Im (7 —t) cos ¥,
ds
|7 — t]?

Ir— 2

T—t T-—1

/

N %/w(f) Re(r —#) Redr + Im (7 — #) Im dr
r
/

50(7){ dr dT}
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Next two theorems deal with boundedness properties of layer potentials.
They are based on Lemma 1.4 and justify constraints (1.4) on the weight
function p(t).

Theorem 1.5 Wr o is bounded in the spaces W;(F,p) for 0 <s<1 and
in H,, (T, p) form=0,1.

The operator Wi, is bounded in the spaces W (L', p) for =1 < s <0
and in H)(T, p).

Vi1 is bounded from Ly(T,p) to W,(T,p) and from Hy(T,p) to

H?+H(F7 P)

Theorem 1.6 The operator Wr g is bounded in C(T, p) and in PC™ (T, p)
form=20,1.
The operator WY is bounded in PC(T', p).

We postpone the proofs of the formulated theorems until Subsection 2.3.
Here we will prove the following corollary.

Corollary 1.7 Let p(t) be defined by (1.2) and (1.4). If T is smooth (con-
tains no cusps and no angular points v, = -+ = v, = 1) operators Wr
and WY o have weak singular kernels and are compact in the spaces L,(T, p)
and PC(L, p).

Operator Wt o is compact also in spaces W;(F,p) for =1 < s <1, in
C(T, p) and in PC*(T,p).

Proof. It suffices to prove compactness of Wr g, since Wy, is the adjoint
operator and would have weak singular kernel if Wr ¢ has.

IfI' =RorI' C R then K; = W g = 0 as it is clear from representations
(1.17) and (1.18).

Il =T;:={C e€C : [¢|] =1} is the unit circumference then ¥; =
9, h(t) =€ and 7 = €, t = € (0 < Y, A < 27) inserted into (1.17) gives

27
1
Ki = W) = 3 [ ¢0)do: (123
0
therefore Wr, o is one dimensional and compact.
If T is arbitrary smooth curve and w : T' — I” is a corresponding
diffeomorphism where either IV C R or IV =T'y, then

WF,O =K, — K:; + w*_lKlw* 3
K, :=w'Srw, — Sr, w.p(t) =pw(t), teT,

with w™! : ' — I" standing for the inverse diffeomorphism and K*—for
the adjoint to K. the integral operator K, has a weak singular kernel
(see [DLS1, §3.5] or [Khl, GK1]). As for K, either K1 = 0 or it is a one
dimensional operator (see (1.23)). L]
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To accomplish boundedness properties of potential operators and their
direct values on the curve we formulate the next result. For a general
assertion (layer potentials for partial differential operators with variable
coefficient and arbitrary order in R", provided they have a fundamental
solution) we quote [Dul0, Theorem 3.2] (for LipscHITZ domains see also
[MMP1, MMT1, MT1]).

Theorem 1.8 Let s € R and the boundary T = 0QF be m-smooth, where
m € Ng, m > |s].
The potential operators®

Cr : W) — Witz (OF),
1

Wr = WD) — Wy i2, (OF), (1.24)
3

Voo WE(D) — Wy o2, (0F)

(see (1.3) and (1.16)) are bounded™.
In particular, if I’ is piecewise-smooth we should restrict —1 < s < 1.

Proof. For a smooth I' = 9QF see [Dul0, Theorem 3.2].
Let T' have knots t1,...,t, (see (Fig. 1) and consider Cry(z). The
operator Cr is of the local type, i.e., if

v €0 (QT), wy € Loo(T), supp vi N supp va =0,
then v, Cruvap € C5°(C). Therefore it suffices to establish continuity (1.24)
for vOrul, where v € C§°(QF), u € C(I') are cut-off functions, equal 1 in
some small neighbourhood of a knot ¢; and vanishing outside another one;
in particular, v(tg) = u(ty) = 0 for j # k.
We can suppose that

p=p1+ps, @rp=urp€Wy[I), wup:=xpu, k=12,

where x1(t) and x2(t) are characteristic functions of the left and right neigh-
bourhoods of t; € T' and [x1(t) + x1(¢)]u(t) = w(t). Since xx(t), k = 1,2
have discontinuities at ¢;, for the claimed inclusions ¢, € W5 (I') we need
¢(t;) = 0if s > 1. The latter can be provided since (Crl1)(z) = 1 for
z € QF and

Cre(z) = Crpo(2) + ¢(;) -

Thus,

v(2)Crup(z) =u(2)Cren(2) +u(2)Crez(2) =u(2)Cr, p1(2) +u(2)Cr, 2 (2),

aF) = Wi (@),

YWe have formulated only a particular result—the case p = 2. The general result for
1 < p < oo in [DulQ] states boundedness between the BESSEL potential and the BEsov
spaces.

3)For a compact domain we define Wé"com(
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where I'y and I's are smooth and closed contours which have in common
either only the point {¢;} when ~; < 1) or two points (one of them {t;})

when 1 < 7; < 2, or some arc IV =t; z, when v; = 2. We can assume

v € W5 (T') extending functions to T'y \ ('NT%) by 0 (k = 1,2). As noted
P

above, due to smoothness of I'y, we get vCr, @i, € T/VQSJr2 (QZ‘), where QZ’ is

the inner domain for I'y, £ = 1,2. On the other hand,

supp v N =Q UQy, W = (suppvNQ)NQF, k=1,2.

T
Then LC'p@k = vCr, pi € VVQS+2 (€1 UT2) since on the common boundary
U NQ =T NTy € QY U{t;}, except t;, functions are C*° smooth.

s+1 =
Therefore, vCrup = vCrp1 + vCrys € W2+2 (QF).

S 1 o .
The inclusion vCrup € WQIOQm(Q—) and other results in (1.24) are

proved similarly. [

To proceed further we need the PLEMELJI formulae (the jump relations)
for layer potentials, which we formulate next.
Let ® € C(QF). By ®*(t), t € T = 9QF is denoted, as usual, non-
tangential boundary values ®*(t) = lim  ®(z2).
2€QFE, 2zt
Lemma 1.9 Let 1 <p < oo, =1 <s <1 and ¢ € W(T',p), where p(t) is
defined in (1.2), (1.4). Then

(Weg) (1) = £50(0) + Weoplt), @V (1) = F50(0) + Wi op(d).

(0 W) (1) = 05 Wrp) (1), (Creo)* (1) = 3 0(1) + 3 Sreplt) , (1.25)

for almost all't € T (for all t € T\ {t1,...,tn} provided s > % or ¢ €
H\(T, p)).

Proof. The proof can be found e.g. in [Mul, §§15,16]) (see the survey
[Mal]). See also [MT1, Appendix C] for the case of LIPSCHITZ domains and
[Dul0, §6.4] for much more general operators. L]

If T is a compact curve and ¢ € Ly (T') then

1
Wre(x) =0 <|x> as |z| — co. (1.26)
As for the single layer potential,
Vre(z) =0(1) as |z| — oo iff /<p(T)|d7'| =0 (1.27)

r

and then
Vrp(z) =o(1) as |z| — . (1.28)
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In fact,

r

Veg(z) = / o(7)log - |dr| + log 2] / o(7)dr]
N T

||

:0(1)+log\x|/<p(7)|d7| as x| — 0.
T

and (1.27), (1.28) follow.

If
[ @) larl =o. (1.29)
r
then in (1.15) we have
Uoo = u(00) = Wru™ (0) — Vp(9zu)~(0). (1.30)

In fact, the first equality us = u(oo) follows from (1.15), and (1.26)-
(1.28) since (1.29) holds.

Passing to the limit x — ¢t € T, z € 7, in the representation formula
(1.15) and applying the appropriate PLEMELJI formulae (1.25) we find:

1
u” () = ueo + §u*(t) —Wru™ (t) + Vr(Opu)~(t), teTl.
The obtained formula can be rewritten as follows

Uoo = %uf(t) + Wru™ (t) = Vp(Opu)~(t), tel.

Therefore, the trace of the harmonic function
w(z) = Wru™ (z) = Ve (dpu)~ (), z€Q7,

on the boundary I' = 9Q+

wt () = %u*(t) b Weu (1) — V(@) (t) = ums, tET.
(see the appropriate PLEMELJI formulae (1.25)) is constant. This implies
w(x) ==const for the entire domain » € QF and, therefore, uy, = w(0) =
Wru~(0) — Vi (95u)~(0).
The integral Wrl(x) is known as the GAUSSIAN integral and can be
written explicitly:

1 1 if xeQm,
Wel(e) = 5 /aﬁ(r) log|r—alldr| =4 0 if =ze0, (1.31)
e % if zel

(see [Mal, Chapter I, §1.1]).
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Remark 1.10 The homogeneous equation

1
—5tF Wigr=0, (1.32)

has a unique linearly independent solution tg Z 0 in La(T") such that

tho({L‘)El, /'C()(T)‘dT‘El7
J (1.33)
Vreo(z) = O (log|z|) for x € Q7 as |z| — o0.

The solution vg € WL (T') is known as the ROBIN function (or the density
of the ROBIN potential; see [Mal, §2.2]).
The homogeneous equation

—50) + Wrou(t) = 0

has, due to (1.31), the solution (t) = 1, which is a unique linearly inde-
pendent solution of this equation in Lo(T") (see [Mal, §2.2]).

Lemma 1.11 The RIEMANN—HILBERT problem
Re U*(t) =g(t), teT, (1.34)

has a solution U € gp(ﬁ, p) for all right-hand sides g € L,(T',p) (i.e., is
surjective under asserted conditions) if and only if:

1
1 — for QF,
i —ta; £ Ty (1.35)
p for Q7
2— Vi

0<~v;<2 for QF,
1. the domain has no inward peaks: (1.36)
0<y <2 for Q7

forallj=1,... n.
Moreover, (1.34) is FREDHOLM if and only if (1.36) holds and then the
index of the corresponding operator reads

Ind A = Z 1 for QF,

(é+aj)7j>l

Ind A = Z 1 for Q.

(L+a;)(1—m)>1

Proof. The proof will be given in §5.2.
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1.4 Reduction to boundary integral equations (the in-
direct method)

Theorem 1.12 Let conditions (1.35) and (1.36) hold for the complemen-
tary domain QF . A harmonic function u € e,(Q*F, p) solves the DIRICHLET
problem (1.6), (1.7) if and only if

u(@) = x—(x)go + Wros(z), x€Q*, (1.37)
where
do = /g(T)t0(7)|dT| , (1.38)
T

to(T) is the ROBIN function (see Remark 1.10) and ¢+ = Re o1 € Ly(T, p)
is some real valued solution of the corresponding boundary integral equation
(written separately for the domains Q% and Q~, respectively)

Avpi(t) = Sou(t) + Weop () = glt), teD,  (L39)

A (1) = —50- (1) + Wegp () =g(t) g0, teT. (140)

Proof. Easy to ascertain that formulae (1.17) and (1.19) hold for the
corresponding potential operators as well

Wre(z) = % (Cr+7Cr?)p(z) = Re[CrRep(2)] +iRe[CrIm p(2)],

0. Vrp(z) = % (Cr —¥Cr?)p(z) = —Im (CrRep)(z) +iIm (Cr Im ¢)(2)
= Re(CriRey)(z) —iRe (Crilm)(z),, ze€QF (1.41)

(see (1.3)).
Conditions (1.35), (1.36) provide representation of a solution u €
ep(QF, p), by the real part of the CAUCHY integral with a real valued density

u(x) = x_(x)go + Re [Cro+(x)], ¢ € L,(QF,p), 2cQ*

(see Lemmata 1.1, 1.13 and 1.11) and, due to (1.41) the latter can be rewrit-
ten in the form (1.37).

Passing to the limit z — t € T, 2 € QF in the representation formula
(1.37), applying the appropriate PLEMELJI formulae (1.25) and inserting
ut(t) = g(t) we get equations (1.39) for the density ¢, and (1.40) for the
density ¢_, respectively.

The constant u(oo) in (1.37) is chosen in the form (1.38) to justify the
orthogonality condition

o) = golwlm)lar = [ graolarl =g =0 (142)

r r
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(see (1.33)) which is necessary and sufficient for the existence of the solution
of equation (1.40) provided the equation is FREDHOLM (see § 1.6, Theorem
1.23).

Vice versa, let ¢4, o_ +co € Ly(T, p), co =const, be solutions of (1.39),
(1.40), respectively (we remind, that homogeneous equation (1.40) has con-
stants as solutions; see Remark 1.10); let u(oo) = go =const be defined by
(1.38). u(z) in (1.37) solves equation (1.6); passing to the limit  — t € T,
r € QF and invoking the appropriate PLEMELJI formulae (1.25) due to
equalities (1.39), (1.40) we get

wt1) = 5o+ () + Weops =glt), teT
w (1) = x- (g0 — (W + co)(@)] ™ = x— (g0 — [(Wrp-)(@)] ™

1
=x-()go = 59— (t) + Wrop— =g(t), tel
since (Wreg)(z) = 0 for x € Q7 (see Remark 1.10) and the boundary
condition (1.7) holds. L]

Let us note that representation (1.37) (and, later, a similar one (1.43))
can not be used if inward peak is present. Namely, there holds the following.

Lemma 1.13 The function u € e,(QF,p) (u € w;,(m)) can be represented
by the double layer potential (1.37) with a density ¢ € L,(T, p) (in W, (T'))
if and only if the Riemann—Hilbert problem for the complementary domain
OF (1.34) is surjective (see Lemma 1.11).

Proof. The proof follows from Lemma 1.11. In fact, let ®(z) = u(z)+iv(z),
® € &,(0F, p) (® € #,7(QF, p)) be the analytic function in the same domain
Q*. Since, due to (1.41), Wr = 1 (Cr+ ¥ Cr?¥), representation (1.37)
follows if the representation of the analytic function ®(z) by the Cauchy
integral (1.3) with a pure real ¢ = Re ¢ density in L,(T, p) (in W;(T'))
holds.

Vice versa, let ¢ = Rep and u = Wrp = Re Cry; since & = u + iv is
defined by u(z) uniquelly modulo a pure imaginary aditive constant icq, we
find ®(z) = ico + Crp(z) (cf. (1.3)) with the same density ¢ = Rep. L]

Theorem 1.14 Let conditions (1.35) and (1.36) hold for the complemen-

tary domain QF. A harmonic function u € e,(2*, p) solves the NEUMANN
problem (1.6), (1.8) if and only if
u(z) = co+ Ves(z), = e€Q*,

(1.43)
/Fw_(ﬂ\dﬂ ~o0,
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where Py € w;l(Rp) are solutions of equations (written separately for the
domains Q% and Q~, respectively)

By (1) = —50s (1) + Wighs (1) = f(1), 1T, (1.44)
By (1) = g () + Wigh ()= (), €T,  (143)

and cq is arbitrary constant.

Proof. Since solution belongs to the SMIRNOV space u € e,(Q*, p) and
conditions of Lemmata 1.1, 1.11 hold, we have the following representation

u(z) = cop+ Im [C’Fwoi(:v)] , Imyl =0, ¥lelL,(l,p), zc0*
(see (1.3)). Due to (1.41) the latter can be rewritten in the form (1.43)
u=Im Crol = i0: Vil = Vel0:0l] = Ve, ¢u = 0k = iowl

and ¢+ € w, (T, p) since 3. € e,(T, p).

Applying the normal derivative g, to the representation (1.43), pass-
ing to the limit 2 — ¢t € I', 2 € QF with the help of appropriate PLEMELJI
formulae (1.25) and inserting u* = g we get equations (1.44) for the density
14 (t) and (1.45) for the density 1_, respectively.

The second condition in (1.43) provides u(x) = ¢o + o(1) for x € Q™ as
|z| — oo (see (1.26), (1.28)).

Vice versa, let ¢+ € w, ! (T, p) be solutions of (1.44), (1.45). Then u(x)
in (1.43) solves equation (1.6) and has the asymptotic u(xz) = ¢o + o(1)
as |r| — oo. Applying the normal derivative Op(,), passing to the limit
r—teTl, zeQF and invoking the appropriate PLEMELJI formulae (1.25)
due to equalities (1.44), (1.45) we get

(Ou)* (1) = F50a (1) + Wighs = f(1), tET,

and the boundary condition (1.8) holds as well. ]

Lemma 1.15 The homogeneous DIRICHLET BVP (1.6), (1.7) with g = 0

and u € wé (QF) has a unique solution.
The homogeneous NEUMANN BVP (1.6), (1.8) with f = 0 and u €

1
w2 (QF) has only a constant solution u(x) = const .

Proof. The proof is based on the GREEN formula (1.13) and is standard.

R 1
In fact, if u € wg (QF) then on the boundary u* € W.? (I'). Due to Theorem
1.8 this yields u € W3 (Q*F) and 0,,u € Ly(QF), Au € Wy HQF), j=1,2.
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Now if Au(x) =0 in QF and u*(t) =0 on I' (see (1.6), (1.7)) by assuming
v(z) = u(z) in (1.13) we get

2
Z |0;u(z)> =0 for x€QF.
j=1

Therefore u(z) =const on entire domain and since u(¢) = 0 on the boundary,
u(z) = 0 everywhere.
For the NEUMANN BVP (1.6), (1.8) the proof is similar. L]

1.5 Reduction to Cauchy singular integral equations
on the circumference

In the present subsection we reduce the DIRICHLET (1.6), (1.7) and the NEU-
MANN (1.6), (1.7) BVPs to RIEMANN-HILBERT BVPs for analytic functions
on the unit circumference I'; or, what is equivalent, to CAUCHY singular
integral equations (SIEs) on I';. Theorems on the FREDHOLM and the solv-
ability properties for the obtained SIEs will be formulated in §1.6.

The method goes back to N.MUSKHELISHVILI (see [Mul, Ch. III]) and
I.Vekua [Vel]; they investigated BVPs in HOLDER spaces when domain
has smooth boundary (see [Mul, §§41,43,75]) and for domains with finite
number of cuts (see [Mul, §109]). In [Khl] B.Khvedelidze treated similar
problems in the LEBESGUE spaces and in [KKP1, Ch. IV] the method was
applied to the same BVPs on domains with angular points and cusps in the
SMIRNOV—LEBESGUE space e, () without weight. For the weighted space
see [Mel].

Let QF, t1...,t; el = OO* be asin §1.1 and

w: D — O, w()=t;, j=1,...,n, (1.46)
be a conformal mapping of the unit disk
D=9} ={2cC : |z| <1}
onto the domain Q% (w(0) = 0,w’(0) = 1 for the domain QF and w(0) =
00,w’(0) = 1 for the domain Q7; see §5 for further details). By ((z) we
denote the inverse mapping
Ci g, (W) =2, wc@) =0 (1.47)

Then
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Let 9] := {z € C : |z| > 1} be the domain outer to the unit disk
I = 95 and

po(z) = [[(z—t;)* for zeQF cC (1.48)
j=1

denote the analytic function in the domain Q%, which is the extension of
the weight function; namely, po(z) is analytic in the complex plane C cut
along some curves connecting knots t1,...,t, € 0QF with infinity and do
not crossing the domain Q7.

Theorem 1.16 A harmonic function u € e,(2%, p) solves the DIRICHLET
problem (1.6), (1.7) if and only if

e @1 o i [
o= Re | o | i e e (149

|ri=1 “r

forx € QF,. where ((x) is the conformal mapping from (1.47). ¢ = Re ¢ €
L,(T) in (1.49) is a real-valued solutions of the following singular integral
equation on the unit circumference

A9 = B p(0) + 0P 00 + T K = o), cem,
Ko := % p(e)dy, P = %(I +5r,), (1.50)

—T

where the coefficient G € PC(T'1) (see §5.2) and the right-hand side go €
L,(T'1) are defined as follows:

_ @) [vQ|
e po(w(0)) lw'«)} ’ (1.51)
90(€) = 200((O) ()7 g(w(Q)) . ¢ €Ty

The solution has the following asymptotic at infinity

s

u(o0) = Re (271')711_[(—15)0‘]' /(p(ew)dﬂ . (1.52)

Proof. The DIRICHLET problem (1.6), (1.7) can be written as follows
Re [U=(t)] =g(t), teTu,

L (1.53)
u(z) = Re ¥(x), Ve&QF p), =et.
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Then for the analytic function

po(w(2) W' (2)]7 ¥ (w(2)) for |2 <1,

CENEO] CO) e

(see [Mul, §39] and [KKP1, Ch. IV, §1]), where po(z) is defined in (1.48),
boundary condition (1.53) acquires the form

D(z2) := (1.54)

Re [0 (w(C :1[ ¢ () -+ ¢ (©) 1]: w(()),
) 2 1 po(w(O)w' Q) po(w(Q))w'(C)]? o)

which can also be written as follows

() =GO (C) =g0(Q), C€Tn, (1.55)

with G(¢) and go(¢) defined in (1.51). Since ® € &,(%1) it is represented
by the CAUCHY integral

) 1 T , 1 o(r)dr
) = _K _ = [ - AR
() = ~K+ Cryiple) =5 [ tean+ 5 [ 207
- |7]=1
(1.56)
for all |z| # 1 with a pure imaginary density i@, ¢ € L,(I'1). If we apply

the PLEMELJI formulae for the CAUCHY integral (see (1.25)), we get

OE(Q) = —Kp+ 5 [£0() + S, ()] = —Kp £ i ()
for ¢ € I'; and inserting this into (1.55) we get equation (1.50) for the
density ¢ € L,(I'1).

Let us remind that we need only the real-valued solution ¢ = Re ¢ of
(1.50). To this end let us check that if 1 € L,(T';) is a solution, than 1 is
a solution as well. In fact, applying the relations

2217le,d?:d—72—7 ﬁ:iahS‘f01"T:e“97|<|:1, —r<¥<T
¢ T T T
we find that
G(C) = G_l(C) ) 90((:) = G_l(C)go(C) , 9=4g,
= 11— 1 (1)dr ol 1 gw(T)dT
R0 =500% 5 [ UP0T =507 5 [ S50
|7T]=1 |T]=1
_ d _
—PEUO + 5 [ T = REBO £ KD (157
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Now, if ¢ € L,(I'1) is a solution of equation (1.50), taking the complex
conjugate and invoking (1.57) we get the same equality for v:

GOAAQ) = P + GO a0 + T

K¢ =go(¢), (€T
Therefore, the real-valued function ¢ := Re ¢ = (3 + 1)) is a solution we
look for.
With a solution ¢ := Re ¢ of (1.50) at hand we find ®(z) from (1.56),
but the latter might have the following symmetry property
1 L
D.(2) =P (=) =P(2), z€eQTUQ,
z

as it follows from the definition (1.54). This property is proved similarly to
(1.57):

B(z) = @() Ko+ [ 4T _é TegKerg | 22N

Ir=1 Ir=1

. .
_ g L[ eI e i o) = B(2). (158)
2 2w T—2 2
|7]=1

Inserting ®(z) in (1.54) we find first ¥(z) and afterwards u = Re V.
The result is written in (1.49).

Vice versa, if ¢(¢) is a solutions of (1.58) we easily ascertain that ¥(z)
found in (1.56) and (1.54) solves BVP (1.53) and wu(z) (see (1.49)) solves
BVP (1.6), (1.7).

The asymptotic (1.52) result from (1.47)—(1.49) and from the following
asymptotic of the weight function

w(o(2)) =TI +00™) as d—oo

j=1

Theorem 1.17 A harmonic function u € wé(ﬁ, p) solves the NEUMANN
problem (1.6), (1.8) if and only if

u(z) = co+ Re / 270 ]yp) / , (1.59)
u(z) = co + Re / éig)(]y) ;ﬁ_ / o (Ee?)dd| dy

Zo |T]=1
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for x € Q™ and x € QF, respectively; xo € QF is some fized point, ¢y € R
is a real constant and ((x) is the conformal mapping from (1.46). ¢+ =
Re ¥* € L,(T'1) are real-valued solutions of the following singular integral
equations on the unit circumference

P, _(C)"‘fj(C)PiiP_(C):fo(C)a cely,
Biwi(é‘) = Kw— _ i /wf(e“g)dﬂ -0 (160)
2w ’

BHt(Q) = Bt () + FOPRwt Q) + XLy = gy(0).

The coefficient F' € PC(T'1) (see §5.2) and the right-hand side fo € L,(I'y)
are defined as follows:

(@) [w©]"
PO =200 /(0] |
15(0) = 2OV O Fi)s CeTy.

)

Proof. The NEUMANN problem (1.6), (1.8) can be written as follows (see
[Mul, §§74,75])

c (1.61)
(
6

Re [ (W)*(t)] = f(t), tel,
v (1.62)

u(z) = Re U(z), We#} QF py) zeQF,

where ¥(¢) = ¥; denotes the inclination of the outer unit normal vector 7(t)
to the abscissa axes at t = w(¢) € T\ {t1,...,t,} (see Fig. 1). In fact, since

— Oou . Ou
. 1 .
U=u+1iv e Wp (Qi7p0), v = 781‘ — Zfay €& (Q ,po) (163)
Oppyu(t) = cos?d Ou + sind Ou cos Uy + isindy, = e’
7 (1) = i Yoy ¢ t=

(see (1.21)), we get
i (gl E A o™ +
Re [e™"(¥')*(t)] = cos ¥, [&c] + sin ¢, {ay} = (Opyu)=(t)

and (1.62) follows.
Similarly to (1.54) (see also [Mul, §39] and [KKP1, Ch. IV, §2]) for the
analytic function

po(w(2)) [ (2)] V' (w(2)) for || <1,

B(z) = 1 (1.64)

v 1
g (w (>> for |z| > 1,
z
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which belongs to the space &,(%;), we get the following BVP:

() — F(O2(C) = fol¢), ¢€Tn, (1.65)
where fo(¢) is defined in (1.61) and

F(C) =

ot () [«)] ) [w«) ] ’
po(w(¢)) [w'(¢) po(w(¢)) [w'(¢)

with a(¢) = 9(¢) + 5 denoting the inclination of the tangent to I' vector
to the abscissa axes at t = w(¢) € T'\ {t1,...,tn} (see Fig. 1). Let us
recall that w’(z) has an angular (i.e., non-tangential) boundary limits 2 for
almost all ( € I'; and

W(Q) = e ()] (1.66)

(see, e.g., [Gol, p.p. 405-411] and [Ks1, Ch. I, IT]). Therefore

aaO <<<>>
w'(C)

and by inserting this into the foregoing formula we get F'(¢) as written in
(1.61). In (1.64), (1.65) ® € &,(21) and, therefore, it can be represented
by the CAUCHY integral (cf. (1.56))

Rt i) = (e 1 [ ¢t
B(:) i= KV +i(Cry0) (@) = 5 [t oo [ T
-7 |T]=1
(1.67)
For the domain ©Q~ we should require in addition (see the condition in

(1.60))
1
K¢~ = — /z/ﬁ(em)dﬂ =0.
21
To justify the latter we remind that ¥ € ”//pl (ﬁ, po) and, due to represen-

tation (1.3) the derivative should vanish at the infinity ¥'(co0) = 0; therefore
(see (1.64), (1.67))

/ B (€7)d9 = 27D(0) = 2mpo (w(0)) [ (0)]F ¥/(w(0)) = 0

because w(0) = oo (see (1.46)—(1.47)).
Let us note that ®(z) in (1.67) would have the symmetry property
D, (z) = ®(2)(cf. (1.58)).
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Since we need only real-valued solutions ¢* = Re % of (1.60), we
check, based on the properties similar to (1.57) that along with ¥* equa-
tions (1.60) have solutions 1)%. Therefore the real-valued solutions 1* =
Re ¢* = (¢ + ¢F) are those we look for.

Vice versa, if »* = Re ¥* are real-valued solutions of (1.59), (1.60),
we find easily that ®(z), defined in (1.64) solves BVP (1.65), which implies
that u(x) in (1.59) solves BVP (1.6), (1.8). L]

Remark 1.18 FEquivalent reduction of the DIRICHLET (1.6), (1.7) and the
NEUMANN (1.6), (1.8) BVPs to BIEs (1.50) and (1.60) can be carried out
in the spaces of continuous C(QUF, p) and piecewise-continuous PC(QF, p)
functions. Transition to the unit disk is clear and smooth, but is senseless
because the CAuCHY SIO is unbounded in these spaces, even on the unit
circumference.

Solvability results we possess e.g. for the HOLDER spaces with weight
hg(gl, p) on the unit disk (see §4), but transformation of the RIEMANN—
HILBERT problem for QF to the unit disk (similar to (1.53)-(1.59)) is not
implemented so far.

1.6 Reduction to boundary pseudo-differential equa-
tions (the direct method)

Theorem 1.19 Let X*(I', p) stand for one of the following spaces: W (T, p)
with 0 < s < 1 or for HY) (T, p), PCY(T, p). x*(QF, p) is used for the
corresponding SMIRNOV space of harmonic functions. p(t) is defined in
(1.2) and inequalities (1.4) hold.

A harmonic function u € 2°(QF, p) solves the DIRICHLET problem (1.6),
(1.7) if and only if

u(z) = x—(2)[Wrg(0) — Vro—_(0)] £ Wrg(z) F Vre+(z), (1.68)
where ¢ € X57Y(T, p) is a solution of the following pseudo-differential equa-

tion of order —1 (written separately for the domains Q+ and Q~, respecti-
vely)

2
r

1
wﬂm@:f/mwwwmww%w,mn<mw

1 t—T1
Voo ()= 5 [0 oo trllarl =g, ter,
i T
r (1.70)

[e-ar =0

T
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and

1
9+(0) = =590~ o= [ Oucoylogle — rlg(rar|, ter,
r

1 1 t—T1
50 = y3(0) ~ 5 [ ducoto| 7| atnlarl, ter
I

Proof. Solution u(x) of the the DIRICHLET problem (1.6), (1.7) has the
form (1.68) (see (1.15) and (1.30)). Taking the trace on T' from Q% invoking
the PLEMELJI formulae (1.25), inserting u® (t) = g(t) from (1.7) and choos-
ing the function ¢4 (t) := (Jpu)*(t) for an unknown, we get equations
(1.69) and the first equation in (1.70), because

1 r—T
Wre(z) — Wre(0) = o /35(7) log 7_‘ o(7)|dr],
r

Vrp(x) — Vrp(0) = % /log

r

H‘ o(r)dr|, z€Q*.
-

The second equation in system (1.70) is necessary for boundedness of solu-
tion (1.68) at infinity (see (1.27), (1.28)).

Vice versa, if u(z) is written in the form (1.68), it is obviously harmonic
and u € 7°(Q%, p). In fact, o+ = Re py € X*~1(T, p) and, due to (1.41),

u(r) = x-()u(00) Wrg(2) FVrp () = x - (2)u(o0) + Re Cr[+gFipL](2).

Further, u(x) has finite limit u(co) = Wpg(0) — Vre_(0) at infinity and it
remains to check the boundary condition (1.7). To this end it suffices to take
the trace in (1.68), applying the PLEMELJI formulae (1.25), and remember
that equations (1.69) and (1.70) hold. We easily get:

w* (@) = X ()[Wrg(0) ~ Vi (2)] + 590
TWrog(t) F Vrpx(t) = g(t). "

Theorem 1.20 Let X*(T', p) stand for one of the following spaces: W3 (T, p)
with 0 < s < 1 or for H), (T, p), PC'(T,p). 25(QF, p) is used for the
corresponding SMIRNOV space of harmonic functions. p(t) is defined in
(1.2) and inequalities (1.4) hold.

A harmonic function u € 2°(QF, p) solves the NEUMANN problem (1.6),
(1.8) if and only if

u(z) = Co £ Wrpg () FVrf(x), (1.71)
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where Cy is arbitrary constant, ¥ € X5(I', p) is a solution of the following
pseudo-differential equation of order +1

1
Dr 19+ (t) := %/39(089(7) log |t — T[ipx(T)|dr| = fi(t), teT, (1.72)
r

and
1

falt) = £ 550 + 5

: [ oswogle~rlsiar. ter.

r

For the outer domain problem Q= the data f(t) should meet the addi-
tional constraint

/f(r)|d7'| ~0. (1.73)
T

Proof. Solution u(z) of the the NEUMANN problem (1.6), (1.8) has the form
(1.71) (see (1.15)) and to be bounded in the outer domain condition (1.73)
should hold (see (1.27), (1.28)). Taking the trace on I' from QF, invoking
the PLEMELJI formulae (1.25), inserting (85(,yu)*(t) = f(t) from (1.8) and
anounceing 1 (t) := u® (t) as an unknown function, we get equations (1.72).
Vice versa, if u(z) is written in the form (1.71), it is obviously harmonic
and u € z5(Q%, p). In fact, ¥+ = Re ¢+ € X5(T, p) and, due to (1.41),

u(z) = Co £ Wrps () F Vo f(z) = Co + Re Cr[t¢4(x) Fif](x).

Further, u(x) has finite limit u(co) = Cp at infinity (see (1.73) and recall
(1.27), (1.28)). It remains to check the boundary condition (1.8). To this
end it suffices to take the trace in (1.71), applying the PLEMELJI formulae
(1.25), and remember that equations (1.72) hold. We easily get:

(Ooteyu)* () = £Dr 12 (1) + 39(0) F Ve F(1) = F(0). -

1.7 Statement of the principal results

In the present subsection we formulate principal results on BIEs (1.39),
(1.40), (1.44), (1.45), (1.50), (1.60) (see Theorems 1.26 and 1.29), which we
prove later in §5.3-§5.4. We also formulate (and prove) their immediate
consequences-solvability results for corresponding BVPs (see Theorems 1.28
and 1.30). Theorems are formulated separately for the case of absence of
cusps because in such a case equations can be studied directly and not only
the weighted LEBESGUE space L, (T, p), but in the weighted spaces of con-
tinuous, piecewise-continuous and HOLDER functions. Moreover, equations
are FREDHOLM in usual spaces, in contrast to the case of cusps, when we
have to introduce special image spaces to make operators FREDHOLM. The
approaches to the cases are substantially different (cf. §5.3 and §5.4).
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Before formulating theorems on solvability of boundary integral equa-
tions and boundary value problems let us recall [DNS1, Lemma 19] which
will be quoted later and which is useful in establishing additional smooth-
ness properties of solutions to BVPs (e.g., HOLDER continuity with weight).

A pair of BANACH spaces {Xg, X1} embedded in some topological space
E is called an interpolation pair. For such a pair we can introduce the
following two spaces Xpin = Xg N X7 and Xphax = Xo + X5 1= {ac cE:z=
ro+x1, v €X;, =0, 1}; Xmin and Xj,ax become BANACH spaces if they
are endowed with the norms

[l Xmin || = max{|[z[Xoll, [l2|X:]l},
H-T|Xmax|| = 1nf{||x0|X0|| + HQL‘1|X1H 1x =29+ X1, Tj € Xj, 7 =0, 1},

respectively.
Besides, we have the continuous embedding

Xmin C XO» Xl C Xmax~

For any interpolation pairs {Xg,X;} and {Yo,Y;} the space
L ({XoX1},{YoY;1}) consists of all linear operators from Xax into Ypax
whose restrictions to X; belong to Z(X;,Y;) (j = 0,1). The notation
Z(X,Y) is used for the space of all linear bounded operators A : X — Y.

Lemma 1.21 (see [DNSI1, Lemma 19]). Assume {Xo,X:1} and {Yo, Y1}
are interpolation pairs and the embedding Xmin C Xmaxs Ymin C Ymax to be
dense. Let an operator A € £ (Xo,Yo) N L (X1,Y1) have a common regu-
larizer: R € g(Yo,XO) n X(Yl,Xl) and RA—1T € X(XOXO) n X(Xl,Xl)
be compact. Then

A: Xmin — Ymina A: Xmaz - Ymax
are FREDHOLM operators and

A = Ind Xmax—Y

Ind s, v A=Tndx A, j=0,1,

min max

If y € Y, then any solution x € Xyax of the equation Az =y belongs
to X;. In particular,

Kerx,,,A = Kerx,A = Kerx, A

min max )

j=0,1. n

Let
T ={t1,... tn}, Top = T U T,
{h oo T (1.74)
%w::{tjey:’ﬁ:o}v %w::{tjey:yj:2}

be the collections of all knots, of all peaks, of all outward and all inward
peaks on T'.
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Let us define the following mean value integral on the contour I' (cf.
(1.90))

o= (6)

tit

3=

(0= c(tﬁ); AHEDCTE. )

¢(t) = C(t5)

Let t; € J be a peak and t € I'. The points
t=w(() and t; =w((B)GF), w(G)=

are the images of equidistant points |(t) — ¢;| = |¢(£)¢ )¢F — ¢j| on the unit
circumference under the conformal mapping (1.46). Pjntb telandt; €l

are on different sides from the outward peak t; € ¢ . Let I'y; C T' be,
similarly to I'y¢; C I'1, a sufficiently small ﬁxed nelghbourhood of t; el
such that T'y, N Ty, = 0 (and, therefore, ) & I'y;) for k # j. Let I‘t =
Iy U I‘j; be the decomposition of the neighbourhood of ¢; into the semi-
closed left and right neighbourhoods and x;, be the characteristic function
of I'y;. We define the space '

Ly(T,p, Tp) i= {0 € Ly(Tsp) + iy € Ly(Top), 45 € T} o (176)

Vo= Y,0% . @5 (t) = cjo(t) — p(w(Ct)C2)),, & =erD
ol Ly (T, 0, Zoi)| =l | Lp (D, )+ X2 17, xt, 0| Lo(TF (£ = 1))

tjEypk

and % g; = e v for t; € Ty, £, = v for t; € Fi,. Similarly is defined
the space L,(T, p, Tou) C Lyp(T, p, Tpi).

Lemma 1.22 Let T’ be a piecewise-Ljapunov curve. If ¢ € L,(T,p) and
log[C(t) — C(t))]Yf, € Ly(T', p) for all t; € Ty, then ¢ € Ly(T', p, Tpi).
Let a € Loo(T") and

a(t) = a(t;) + O (|log[¢(t) — ¢(t)]I ™) (1.77)
for allt; € Tpr, ast — t;. Then the operators
al LP(Fapa Zﬂc) _)LP(vav %k)v (178)
[a—ao®I : LT, p) — Lp(T, p, Tpi)

are bounded, where ao(t) :== . a(t;)x;(t) and x;(t) denotes the charac-
tjeypk
teristic function of I'y;.

5)Non-equal rights of left and right neighbourhoods and differences for outward and
inward peaks in the definition of the space Ly (T, p, Z%) are explained in Remark 5.12.
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Proof. The proof is an easy consequence of Lemmata 1.25 and 1.27. L]

Note, that if I' has no cusps, 0 < y; < 2 for all j = 11,...,n, than

log[¢(t) —¢(t;)] ~ log[t —t;], teT
(see Corollary 5.10). For a curve with cusps this is not valid any more.

Theorem 1.23 Let T, = 0 and X™(T', p) be one of the following spaces
WL, p), H2+m(F, p), C™(T, p) or PC(T,p), m=0,1.
Equations (1.39) and (1.40) are FREDHOLM in the space X™ (T, p) if and

only if

0 .
V5 if m=0, (1 1
Gy 7?¢=mln{_72}
1—7; if m=1, Vi 4=
forallj=1,... n, where
1
p for — X™(T',p) = WL, p),
Bi=19 qaj for pPC™(T,p), C(T,p), (1.79)

aj—p  for  HY(T.p).

If T # 0 or B :'y? when m =0, §; = 1—7? when m = 1, then the
operators Ay in (1.39), (1.40) have non-closed images in W;™(T', p).

Equations (1.39) and (1.40) with ¢ € L,(T',p), g € Ly(T, p, Tpi) are
Fredholm, i.e., the operators

Ai : Lp(rap) - Lp(rapa ‘Zlk) (180)

are bounded and are Fredholm if and only if §; # 'y? for all t; & Tpi;
the following formulae hold for the index, kernel and cokernel in the space
X™(T', p) when Ty, =0 or in the pairs (1.80) when T, # 0

Ind xor pyAs = Z 1, Ind s r )As = — Z 1, (1.81)
&, €T
t jZ>7pj;C Bjté%—%p

dimXO(pvp) Ker Ay = ¢4 + Ind XO(I‘,p)A:I:u dim Coker XO(FVp)Ai =€4,

dim Kerxl(r,p)Ai =e4, dim COkerxl(pr)Ai =¢e4 — Indxl(rp)Ai

withey =0 ande_ = 1.
In particular, if

0< B <vy foral t;¢& T, (1.82)
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then equations (1.39) and (1.40) have solutions for all right-hand sides g(t)
in Ly(T, p, Tpi) (in C(T, p) and in® HY(T, p) when Tpr = 0), while for

T =0, 1-7)<B;<1 forall t;€7 (1.83)

they have solutions in W, (T, p), in PC*(T,p) and in Hy,,(T,p) for the
right hand sides in the same spaces. Equation (1.39) has a unique solution
in these spaces, while homogeneous equation (1.40), g(t) = 0 has a single
linearly independent solution ¢_(t) = 1.

Proof. The proof is postponed to §5.4.

Theorem 1.24 Let Ty = 0 and X™(T, p) be either W)*(T, p) (m = 0,—1)
or H)(T, p).
Equations (1.44) and (1.45) are FREDHOLM in X(T', p) if and only if

1_70 for L (vaa HO(F7/))) 1 1
ﬁﬂé{ ; »(T.p), Hj) Vg:mm{ }

o for W, (T, p), v 2=

forall j=1,...,n, where B; is defined in (1.79).
If either T # 0 or B; = 7;) whenm =0, B; =1 —fy? when m = 1 then
the operators By in (1.44), (1.45) have non-closed images in W (T, p).
FEquations (1.44) and (1.45) with ¢ € L,(T,p), f € Ly(T, p, Tpr) are
Fredholm, i.e., the operators

By LP(F7p) - LP(F>p7 'Z)k) (184)

are bounded and are Fredholm if and only if B; # 1 — 7;-) for all t; & Tpi;
the following formulae hold for the index, kernel and cokernel in the space
X" (T, p) when T, =0 or in the pairs (1.84) when Ty, # 0

Indyor B = Y 1, (1.85)
#7E70
Indxl(Fﬁp)Bi:— Z 17 (1.86)
tje%
Bj<"/j

dim KerXO(F,p)Bi =&4 + Ind XO(RP)Bi s dim Coker XU(F,p)Bi =&4,
dim Kerxfl(pyp)Bi =&4, dim Cokerxq(p’p)Bi = &4 — Indx—l(F’p)Bi,

where e =0 and e_ = 1.

6) Absence of additional solvability condition for equation (1.40) under constraints
(1.82) and (1.83), which are inevitable since dim Coker A_ = 1 (see Remark 1.10),
is due to the special right-hand side g(t) — go, which already satisfies the orthogonality
condition (1.42).
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In particular, if

0<B;<1—7) forall t; & T, (1.87)

then equation (1.45) has solution for all right-hand sides f(t) in L,(T, p, Tpi)
(in H)(T, p) when Tpr = 0), if and only if (1.73) holds. If

T =0, ) <B;<1 foral t;cT (1.88)

then, again, equation (1.45) has a solution for all right-hand sides f(t) in
W, (T, p), while equation (1.44) has a solution if and only if condition
(1.73) holds.

Equation (1.45) has a unique solution in these spaces, while homogeneous
equation (1.44), f(t) =0 has a single linearly independent solution _ = vy
(see Remark 1.10).

Proof. For the cases Fx = 0 and W*(T, p) (m = 0,—1) the proof fol-
lows from the foregoing Theorem 1.23 because equations (1.39), (1.40) in
Wy (L', p) (m = 0,1) and equations (1.45), (1.44) in W, (T', p~1) are pair-
wise conjugate.

As for equations (1.44) and (1.45) in the HOLDER spaces HJ)(T', p) and
the case T, # 0 (see (1.84)), the assertion is proved word to word as
Theorem 1.23 (see §5.4). L]

Let
E={C ..} CT1, Sk o= Sow Ui, (1.89)
Eo’w = {C] = {w_l(tj) : tj S %w}a
Biw = {G = {wl(t)) : t; € T}

be the images on the unit circumference of the discrete sets 7, Tk, Tow Zi
(see (1.74)) under the inverse conformal mapping w=1(¢) in (1.46)—(1.47).
We define the following mean value integral

Yol0= [ (C‘g) o= (1.90)

¢i¢

Let us fix a neighbourhood I'y¢; C I'y of ¢; € I'y such that I'ye, NIy, = 0
(which implies ¢y & I'y¢;) for k # j and decompose I'1¢; into the left and the
right neighbourhoods T'y¢; = Fl_gj U Fizj. X¢; be the characteristic function
of T'y¢,. We define the space (see (1.89))

Ly(T1, Zow) == {@ € Ly(Th) : Vo e Ly(Ti), (e Eow} , (1.91)
Vo0 =00, 95 (0) = e 70(C) — p(C¢2),

le| Lp (T, Zow) | = o LpTo)ll + 32 17, x¢, 0] Lp(Ti ) -

i €Zow
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Below, in Lemma 1.22, there is given a sufficient condition for the inclu-

sion ¢ € L,(I'1,E,,) and for the boundedness of a multiplication operator
al).

Let us note, that if ¢ € Fi“jv then the point Z(JQ belongs to the different
half-neighbourhood ZCE € Fing (i.e., points are on different sides of (; €

I'1¢,), but are equidistant from (;: |¢ — (| = \2432 -Gl

Lemma 1.25 If¢ € L,(I'1) and log({ — Cj)wa € L,(I'y) for all {5 € Zpr,
then 1 € L,(T'1,Zpk).
Let a € Loo(T'1) and

a(t) =a(t;) + O (| log(¢ — Cj)|_1) forall (GeZ, as (— (.
Then the operators

al Lp(Fl,Epk) I Lp(I‘l,Epk),

(1.92)
[a—ao(QI : Lp(T1) — Lp(T1, Epr)
are bounded, where ap(t) := Z a(C;)x;(t) and x;(t) denots the charac-
teristic function of U'¢, . R
Proof will be given later at the end of §3.3.
Theorem 1.26 The operator
At L(T) — Ly(T1.E00) (1.93)

(see (1.50)) is bounded and is FREDHOLM (i.e. equation (1.50) is FRED-
HOLM if go € Ly(T1,Z0w) and we look for a solution ¢ € L,(T1)) if and
only if

1
vj = (p + ozj) v #1 forall (; €Ey. (1.94)

If conditions (1.94) hold,

Ind A = ; 1,
“rS (1.95)

Vi

dim Ker A= Ind A, dim Coker A =0,

Proof. The proof is postponed to §5.3.
Let (cf. (1.64))

Z,p() = p(w(Q)) W (O] p(w(C)) - (1.96)
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Lemma 1.27 %, defines an isomorphism of spaces
2y o Lyl p) — Lp(Th),
L,(T, p, Towy) — Lp(T1,Eow)s (1.97)
LT, p, Zp) — Lp(T'1, Epic)

and the inverse operator reads

2N = p ) O] (@ (). (1.98)

The integral operators 73, in (1.75), ”1};. in (1.76) and 7¢,; in (1.90), ”/7Cj in
(1.91) are related as follows

Zoxe, Vixe, 25 =7, Zoxt; 77t] X, 2, = 77gj . (1.99)

Proof. The proof is direct and follows from the definitions. m

Theorem 1.28 The DIRICHLET problem (1.6), (1.7) with
u€e,(QF,p) and g€ L,(T,p, Tow) (1.100)

is Fredholm if and only if the conditions

v = (; + ozj> v #1 forall (& Jw. (1.101)

hold. If this is the case, the problem has solution for each right hand-side
in (1.100) and the homogeneous problem has exactly

= 1 (1.102)

solutions (i.e., the index of the corresponding operator is »). In particular,
if conditions

1
v; = VJQ = (p + aj> v; <1 forall (& Fw (1.103)

hold, the problem has a unique solution.
Moreover, if Tpw = 0 the DIRICHLET problem (1.6), (1.7) with

u € wh(QF, p) and ge W)(T,p), vj:= (1%+ozj—1)7j,
uepc™(QF,p)  and ge PC™(T,p),

vit = (aj —m)y;, m=0,1,

(1.104)

u € c(QF, p) and geC(T,p), v):=a,

u€ h2+m(m7 p) and g€ H2+m(F7p) )

pm

= (aj — py —m)y;, m=0,1,
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18 Fredholm if and only if the condition
vt £ (—1)™ (1.105)

holds for all 7 = 1,...,n. If this is the case, the problem has the following
index
Ind A:= > (-1)™ (1.106)

[ >1

and either the kernel (when Ind A < 0) or the cokernel (when Ind A > 0) is
trivial. For Ind A = 0 both kernel and cokernel are trivial and the problem
has a unique solution for all right-hand sides (see (1.103)).

The same holds for the domain Q= with the obvious replacements: T,
by Tiw and v; by 1 — ;.

Proof. The first part of the theorem (1.100)—-(1.103) follows from Theorems
1.16 and 1.26.

The second half of the theorem, when 7, = 0, follows from equivalence
of the DIRICHLET problem and of the corresponding singular integral equa-
tion (1.39)—(1.40) in appropriate space, which can be proved as in Theorem
1.12; and from appropriate assertions on singular integral equations in §4.
m

Theorem 1.29 The operator
B* : Ly(T1) — Ly(T'1, Eow) (1.107)

(see (1.60)) is bounded and is FREDHOLM (i.e., equation (1.60) is FRED-
HOLM if fo € Lp(T'1,Zow) and we look for a solution ¢ € L,(T1)) if and
only if the conditions

1
o= (1 o aj> v #1 forall t; & Ty (1.108)
hold. If conditions (1.107) hold,
Ind Bt =-14+ > 1,

(0w
pi>1

dim Ker BT = Ind BT, dim Coker B =11,

(1.109)

Proof. The proof follows word in word the proof of Theorem 1.26 (see §5.3)
with obvious modifications (including substitution of Il] by % — 1, as seen
from (1.51) and (1.61)). The only difference which we have found worth
explaining is the appearance of “—1” and “1” in the index formulae (1.106):
the second condition in (1.60) obviously increases dim Coker BT by 1 and
diminishes Ind BT also by 1. ]
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Theorem 1.30 The NEUMANN problem (1.6), (1.8) for Q1 has solutions
u(x) + co, where c¢g =const is arbitrary and, u € wzl,(Qj, p) for f €
L,(T, p, Tow) if and only if conditions (1.108) hold and the solution is unique
modulo a constant if p; <1 fort; & Ton. The index of the problem is given
by the formula

Ind BF =1+ ) 1L (1.110)

pi>1

If 7., = 0 the NEUMANN problem (1.6), (1.8) QT with

u € pc' (QF, p) and ge PC™(T,p), pj:=(1—a;)y,

wehd (QF,p) and ge H) (T,p), (1.111)
pii= (= aj+p5)y, m=0,1

is Fredholm if and only if the condition u; # 1 holds for all j =1,...,n. If
this is the case, the problem has the same index (1.110).

The same holds for the domain Q= with the obvious replacements: Ty,
by Jiw and v; by 1 — ;.

Proof. The first part of the theorem (1.110) follows from Theorems 1.17
and 1.29.

The second half of the theorem, when .7,,, = (), follows from equivalence
of the NEUMANN problem to the corresponding singular integral equation
(1.43)—(1.44) in appropriate space, which can be proved as in Theorem 1.14,
and from appropriate assertions on singular integral equations in §4. [

Remark 1.31 Fredholm and solvability properties of pseudodifferential
equations (1.69), (1.70), (1.72) can easily be derived from Theorems 1.28
and 1.30 (see Theorems 1.19 and 1.20). To save the space we leave this to
readers.

2 Convolutions with elliptic symbols

2.1 Boundedness properties

C§°(R) denotes the FRECHET space of all infinitely differentiable functions
on R := (—o00,00) with compact supports supp ¢ and D’'(R) — the dual
space of distributions.
The convolution operator W2 with a symbol a € L (R) is defined as
follows
Wl =7 aFp, ¢cCP(R), (2.1)

where

Fp(&)= [ p(x)dx and
/
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y—lw(x)z(zw)—”/e—iwfzp(g)d@ z,& € R", (2.2)
R

are the FOURIER transforms.

M, (R) denotes, as usual (see [Dul, Hrl], the class of FOURIER L,-
multipliers, i.e., the class of all those symbols a(X) € Lo (R) for which
the operator W2 admits a bounded extension

W2 L,(R) — L,(R) (2.3)

a

for all 1 < p < oo (see [BS1, Dul, RS1]).
In particular, if symbol a(\) has: one of the following properties:

i. bounded total variation a € V4 (R) (B.STECHKIN theorem),
i, if
a € CYR\{0}), la(t)| < My<oo, [ta'(t)|<My<oo (24)
(J.MARCINKIEVICZ theorem),

iii. belongs to the Wiener algebra

a € WR):={a(X) =c+Fk(\) : ke Li(R)},

then a € M,(R). Moreover, in the case (iii.) W2 is written as an integral

convolution
oo

W0p(x) = cp(z) + / k(e — v)o(y)dy .,

— 00

while in general case convolution has distributional kernel (see [Dul, Hrl,
St1] for details).
Let R and R denote one point and two point compactifications of the
real axes
R =RU{o0}, or R =RU{+o0}

respectively and PC(R) denote the space of all piecewise-continuous func-
tions on R, i.e., the space of all functions a(\) on R which have finite limits
a(A £ 0) for all A € R. The space PC(R) coincides with the closure of
all piecewise-constant functions on R with respect to the uniform norm
(in Loo(R); see [Dul]). Let PC,H(R) be the same closure of all piecewise-
constant functions with respect to the multiplier norm ||a|Mp ®)] = ||W§’
Z(Ly(R))||. Then

PCy(R) = PC(R), Vi(R),W(R)C [ PC(R).

1<p<oo
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For a matrix symbol a € PCZJ,V XN (R) invertibility criteria of the operator
W0 in L,(R) space reads

inf | det a(A)] >0, (2.5)

which yields a=! € PCY*N (R) and the inverse operator is WY, (see [Dul,
Hr1] for these and other properties of multipliers).

Moreover, we can take 1 < p < oo and involve new spaces. Namely
WY has bounded extensions in the following spaces of smooth functions:
Ci(R), C™(R), Ci*(R) for all m = 0,1,... (see [Krl]). These spaces are
defined as follows.

Let X be either one point or two point compactifications of the real
axes and C™(X) denote the BANACH space of continuous functions on the
compact HAUSDORFF set X, which have continuous derivatives up to the
order m and is endowed with the appropriate uniform norm

Iel= s | () ©)

(C™(X) is even a BANACH algebra with pointwise multiplication). Note,
that a function ¢ € C™(R) and its derivatives have equal limits at infinity
(d¥ Jdt*)p(c0) = (dF /dt*)p(£o0) while function ¢ € C™(R) might have two
different limits (d*/dt*)y(+o0) for all k =0, 1,...,m.

Ci*(R) denotes the subspace (the sub-algebra) of C™(R) of those func-
tions () which vanish at infinity with all derivatives up to the order m:

c(i)i= {o e 0m@) + oto0) == (e () =0}

Let
Wa‘p = T+W(?€0(Pa p e CSO(RJF) ) (26)

where r denotes the restriction to R from R, while £o—the right inverse to
r4+ which extends functions by 0 from Rt to R. Let L,(R*,p), p(z) > 0,
denote the weighted LEBESGUE space endowed with the standard norm

e Lp@®RF, )| := [lpeo| Lp(R)]I-

Lemma 2.1 (see [Dul, Scl]). Let a € V4 (R) and
1 1
l<p<oo, ——<a,y<l—-—. (2.7)
b b

Then

W, @ LR, 2%(1 + )% — L,RT, 2*(1 +2)7~) (2.8)
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18 continuous. n

Let 8 € R and
LiRT)NLi(R™, (1 —x)7F) for <0,

L (R) =
Li(R7)N Ly(RT, (1 +2)P) for 23>0,

where R™ := (—00,0]. Let further

S
=
~—
Il
S
—~
>
N
Il

¢+ Fk(\) : ¢ = const, kELl(R7(1+|x\)‘m)}, (2.9)
WP R) = {a(\) = c+ F() i c = const, ke LT (R)} (2.10)
and endow them with the appropriate norms
la|Ws(R)| := le] + k| L1 (R, (L + [«)/?)]| for +8>0,
la| WO R)| = lel + [[K| L{” R)I| = le] + k| L1 (RF)|
k| Ly (RE, (1 + |2)Ph]| for £8>0

provided a(\) = ¢ + Zk(\). Obviously, Ws(R) ¢ W) (R).

Let C(RT) denote the restriction of the space C'(R) to the semi-axes
Rt and C(RT, (1 + #)?) denote the weighted space of functions ¢(z) on
the semi-axes RT for which (1 + x)%p(x) belong to C(R¥).The space is
endowed with the appropriate weighted norm ||¢‘C(R+, 1+2)2)| = ||(1+

)% (2)|C(R)].
Lemma 2.2 Let a € W) (R) and 3 € R. Then the operator
W, : C(RT,(1+2)%) — CRT, (14 2)") (2.11)

is continuous”) and

i (14 2) Wop(e) = a(0) lim (1+2) p(z). (212)
IWa|CER", (1+2)°] < lla| WP ®)]. (2.13)

Proof. For a(\) = ¢ we have W, = ¢l and the assertion is trivial. Thus,
we can take a = Fk, k€ L§ﬂ>(R).
The integral

wo = / Kz — y)o(y)dy = / k(y)o(z — y)dy

7)See similar assertions in [GF1, Prl, PS1].
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is continuous function for a continuous ¢ € C(R*, (1 + z)?) and we should
check only (2.12)—(2.13).
Obviously,

[W,|CRT, (1 +2)7)| < Kg,

o0

Kp = sup /(”x)ﬁw(xy)dy. 214

z€RT 1+ Y
0

If 8 < 0, applying the inequality
1+ <(1+z—y)A+y), zyecRT, (2.15)

we proceed as follows

T

G 7 -
1+ 1+y
Kz < k(x —y)|d —I—/ — k(x —y)|d
s | [(TE2) e —lan+ [ (F52) ke lay
0

xT

oo

<sup | [ btz = pldy+ [ @+ 10— o)k - ldy
0 T

00 0

< / Ik(1)]dt + / (L -+ [6) P k(0)|dt = |a| WP ®R)].

0 —o0

Now let 8 > 0. Similarly to the foregoing case we find (see (2.14) and
(2.15))

Kp < sup f(“”)ﬂm(x—y)dy+7(<1”)ﬁ|k<w—y>|dy

x>0 1+y

x

<sup | [(1+ fo — y)Ihte — pldy + [ bl = lay
T
0 T

x

0
<sup / <1+t>ﬂ|k<t>|dt+_/ kOt | = [la[Wa(R)]|

To prove (2.12) (for arbitrary 8 € R) we represent
pp(@) = (1+2) p(z) = ps(00) + @h(z),  Pj(o0) =0
and suppose that both ¢%(z) and k(t) have compact supports

suppy C [0,¢1],  suppk C [—ca, o).
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Since such functions are dense in appropriate spaces, this does not restricts
generality. Then

x B
lim (14 z)°W,p(z) = lim (1 ki x) k(z —y)es(y)dy

Tr—00 T— 00

= lim (
r—0o0

+pp(c0) lim <

) )y = a(0)ps(o0)

since
Kz —y)ehy) =0 if x>e+e,
o0 ﬁ C2 ﬁ
1 1
lim Y k@ —g)dy = lim | [ —2) k(t)ar
700 1+ y T—00 1+z—1t
s
C2 o0
_ / k(t)dt = / K(t)dt =
—C1 — 00
This accomplishes the proof. ]

2.2 Fredholm properties

Lemma 2.3 Let 3 € R. Then W(R) € Wy(R) = W(R) € C(R) is an in-

verse closed BANACH algebra in C(R), which reads: the element a € Wg(R)

is invertible if and only if it is invertible in C(R), i.e., iff infR|a(A)| > 0,
€

and then a=1 € Wz(R).
Proof. The proof see in [GRS1, §18]. n

Let for a matrix-function a = [a;x]nxn Wwith entries a;; € A use the
same notation a € 2.

Lemma 2.4 Let § € R and a matriz-function a € W3(R) be elliptic

)1\2{Q |det a(A)] > 0. (2.16)

Then a(\) has the following factorization

a(\) = a_(\) diag {(i;i)% ,

,G:)W}M(A) (2.17)
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where the matriz-functions a* € Ws(R) and aJir € Ws(R) have uniformly
bounded analytic extensions af()\ —i0) and af()\ + i0) in the lower and
upper o > 0 complex half-planes, respectively. The integers s, ..., %N are
known as the partial indices of the factorization (2.17).

Proof. For the algebra W(R) = Wy(R) the proof is well-known (see, e.g.,
[GF1]) and we follow the same scheme: if all rational functions are dense in
Ws(R) (a rationally dense algebra) and the HILBERT transform

L[ )y 0
Srp(z) = o / ﬁ = Wi plz), z€R (2.18)
(see [Dul, Lemma 1.35]) is bounded there (a decomposable algebra), then
according to the general theorem proved in [BG1] (see also [CG1, GF1]) all
invertible elements of Wz(R) would possess factorization (2.17). Invertibil-
ity of a € Wz(R) under condition (2.16) is provided by Lemma 2.3.

Rational density of W3(R) follows since the LAGUERRE polynomials are
dense in Ly (R, (1 + |z|)1?) (see, e.g., [GF1, §8]).

Ws(R) is a decomposable because .F Sp.% ~11(\) = —sign Ay(A) (see
(2.18)) is a bounded operator in L§ﬁ> (R) and W3(R) = const +.7 L1 (R, (1+
|2)1P1)) (see (2.8)). m

Let us consider a = ¢+ .Zk € W3(R) and the corresponding equation

Wopla) = colo)+ [ Ko —p)elidy = @), aeR" (@219)
(cf. (2.5)).
Theorem 2.5 Equation (2.19) in the space C(RT,(1 + z)%), 8 € R is
FREDHOLM if and only if the symbol a(X) is elliptic (see (2.16)). If this

is the case, then
Ind W, = —ind a.

If, in addition, (2.19) is a scalar equation N = 1, then:
i. equation (2.19) is uniquely solvable for all f € C(RT, (1+x)?) provided

ind a = 0;

ii. if 22 = ind @ < 0 equation (2.19) has a solution ¢ € C(R*, (1 + z)P)
for all f € C(R*, (1 +z)P) and the homogeneous equation f =0 has
exactly —s«¢ linearly independent solutions;

iii. if » = ind a > 0 equation (2.19) has a_solution ¢ € C(Rt, (1+z)7)
only for those right-hand sides f € C(R*, (1 + x)?) for which

/f(y)gj(y)dyz(), j=1,...,,
0
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where g1,. .., 9, are all solutions to the dual homogeneous equation
coa) + [ by~ )gly)dy =0 (2:20

in the dual space C(R*, (1 + x)~7).

If the solution exists it is unique.

Proof. The proof is standard and based on Lemmata 2.3, 2.4 (see [Dul,
GF1, GK1, Krl] for similar proofs, except the last claim).

Concerning the last claim-we replaced the adjoint space C* (R*, (14z)7)
by the dual one C(R™, (14 z)~?); this is possible since the equation (2.20)
has the same solutions in these two spaces (see [Dub] for a similar assertion).

The last claim follows also from Lemma 1.21. which states that equation
has the same solutions in two spaces B; C ‘B, provided the embedding is
dense and the equation has a common regularizer in 87 and inB,. [

Now let a € V1(R); then W, can be written as integral convolution (2.19)
only conventionally—the kernel k(¢) is a distribution. If a(\) possesses a
single jump, operator W, is not bounded in C(R™, (1 + z)?) because the
HILBERT transform (2.18) is not bounded in these space.

Thus, we should consider equation (2.19) with a € PC,(R)in the LE-
BESGUE space L,(RT,z%(1 + 2)7~®) with weight under conditions (2.7).
With equation (2.19) we associate the symbol

(%ny:1+mmhgw@)+ﬂdA_m

N 1 — cothm[iB(\) + £] “

5 (A4+0), AeR, ¢eR, (221)

where (note, that a € PC,(R) has limits a(A+0), A € R including infinity
a(oo £ 0) := a(Fo0)). w := (p, a,y) reminds the space and

%, if A#£0,00,
BA) :={ +a, if  A=0,

%—1—77 if A=o00.

Theorem 2.6 Let a € PC,(R); the weight p(t) be defined by (1.2) and
satisfy appropriate (namely the first) condition in (1.4).

FEquation (2.32) is FREDHOLM in the space L,(RT, z*(1+2)7~%) if and
only if the symbol ay, (N, €) is elliptic

inf |det a,(\, &) >0.
AER, ¢€R
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If this is the case, then
1 o]
Ind W, = —5— 3 {larga(M) eyl + g an(hy, Oleen} . (2:22)
j=1

where {\;}52, C R denotes the set of all points where a € V1(R) has jumps

a(Aj — 0) # a(X\; +0) and® [argg(t)]ic.r denotes the increment of any
continuous branch of arg g(t) as t ranges through & in the positive direction.
If, in addition, (2.19) is a scalar equation N = 1, then:

i. equation (2.19) is unuquelly solvable for all f € L,(RT, z*(1+z)7~%)
provided Ind W, = 0;

ii. if 2 = Ind W, > 0 (2.19) has a solution ¢ € L,(R*,z*(1 4+ x)"~%)
forall f € Ly(RT,2*(14+2)7"*) and the homogeneous equation f =0
has exactly » linearly independent solutions;

iii. if 3 = ind W, < 0 (2.19) has a solution ¢ € Ly(RT,2*(1 + z)7~%)
only for those right-hand sides f € L,(RT, (1 4+ x)7=%) for which

/f(y)Mdyzo, j=1,.0., -5,
0

where g1,...,g9_, are all solutions of the dual homogeneous equation
coa)+ [ by = 2)gly)dy =0 (223)
—o0

in the dual space Ly (RT,27%(1 + x)~ ") with p’ := Ll
p—

If solution exists it is unique.

Proof. For the proof we quote [Dul] (the case o = v = 0) and [Scl] (the
case « # 0, B #0). [

2.3 Some proofs

Proof of Lemma 1.1. Let, for definiteness, consider the domain Q. Since
® € Z(QF) we have

1 oF
®(z) =co + /70 (r)dr 2eQf,

2mi T—2z
T

8)The set {)\; }52.1 is at most countable and the sum in (2.22) is convergent (see, e.g.,
[Dul]).
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where @ € X(I') is the trace of ®¢(2) := ®(2) — ¢ on T from QF. On the

other hand p
1
<I>(Z)=co+—./‘p(7) T Leqt,

for some ¢ € X(I') (see (1.3)) and we get

/QJ(T) — 2y~ zear.

T —Z
r

The obtained equality means

dr(t)—pt) =V (), teTl, (2.24)

where ¥ € 27(£27); therefore,

. 1 p(r)dr _
U(z) = =Crp(z) := 27ri/ > z€Q7,
r
and ¥(2) — 0 as |z| — oo, since Cr®¢ (2) =0 for z € Q. In fact, P & =
®¢ yields Pr®¢ = 0 (we remind that Pn + P7 = I; see (1.50)). On the
other hand, due to the PLEMELJI formula for Cre in (1.25) (Cr®f)~ =
Pr®f = 0 and the analytic function Cr®{ (z), 2 € Q~ vanishing on the
boundary vanishes everywhere in (7.
(2.24) can be written as follows

Re (=0 7)(t) = Im U (t) = Im & (t), teTl
if p(t) = Re ¢(t) = Re & (t) — Re ¥~ (t) is pure real and
Re U™ (t) = Re &1 (), teT,

if p(t) = ilm @(t) = ilm ®f(t) — ilm U~ (¢) is pure imaginary. Since
@7 (t) is known, solvability of the obtained RIEMANN—HILBERT problems is
equivalent to the claimed representations. [

Proof of Lemma 1.2. If (0.2) holds and QF has no outward peak (., =
1
0), ut € W7 (') due to theorem on traces (see, e.g., [Trl])). Although

1
gt € W3 o (0F), we can not claim (97u)* € W, 2(I') because the trace
does not exists. But u is harmonic Au(z) = 0 in QF and from the GREEN
formula (1.13) we get

f s ==Y [outoptidy. (22
T

jzlgi
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_ 1
Taking arbitrary v € Wy ., (2F), which implies v* € W (T') due to theo-

rem on traces, by duality of spaces from (2.25) follows (9yu)* € W, 2(T).
Since u(z) is a harmonic function, due to representation formula (1.15)

u(2) = Re u(z) = x_(2)u(00) = Wrut (2) F Ve (Bru)* (2)
= X_(z) (00) &+ Wru®(2) T Re (0. Vr)vE(2) (2.26)
+ Re(Crus)(2), wux(t) :=Fu®(t) +iRe v (1),

(oo
vE(t) = /(35(7)u)i(7)d7, zeQF, tel.

From (2.26) we get the inclusion into the SMIRNOV class u € w3 (QF) with
the complex valued density uy+ € W3 (T') because u*,v* € W7 (T).

1
Vice versa, u € wj (QF), also for QF with peaks, implies the represen-
tation

u(z) = u(o0) + Re Crop(z),  ze€QF, e WEI).

Then u(z) is harmonic in QF and u(z) = u(o0) + O((1+42])7!) as [z] — oo
and, due to Theorem 1.8, u € W4 (QF). "

Proof of Theorem 1.5. The first and the second claims for s = m =0
follows from representations (1.17), (1.18) and boundedness of the singular
integral operator St (see (1.5)) in L,(T, p) (see, e.g., [GK1, Khl, Prl]) and
in H)(T, p) (see [Du6, Du7] and also [Du3, Du5]).

The operators

W o(t) = i (Sr+ VRESEh ™) (1)
L _ hR() d7
- = F/ [ ot t] (2.27)

are bounded in L,(T, p) and in H}(T, p) by the same reason.
For a closed contour 9;5T¢ = Srdip and we get

1 dt
0,5Wp,0<p = - atSF + ”//iatSqu/ [%2)
4 dt
1
= (St +V2Sch™> ) dup = Wiiorp (2.28)

(cf. (1.17)-(1.21), (1.26)); therefore Wp is bounded in W, (T, p) and in
HY,,(T,p). By interpolation (see [Tr1]) we get boundedness of Wr in
W (L, p) for 0 < s < 1.
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Since the operator Wi is adjoint to Wr o, it is automatically bounded
in adjoint space W (T, p) (see, e.g., [Tr1]) to W, *(I', p) for =1 < s < 0 and

pi=p/lp—1).
Let us prove the last claim.
Vr has a weak singular kernel and, therefore,

IVee| Ly (T, p)l| < Crlle| Ly (T, p)]| 5
on the other hand, due to (1.19),
10:Ve| Ly (T, )| = [I(Se + ¥Se ¥ )| Ly (T, p)|| < Call| Ly(T, )] -
and we get the final estimate
Ve[ Wy (T, o)l = IV Ly (T, p) | + [10:Vep| Ly (T, p)| -

Similarly for the HOLDER spaces HS(F, p) — H?+M(F, ). L]

Proof of Theorem 1.6. It suffices to show that ngkg are bounded in

PC(T, p) for even k = 0,2,... and ng?g = Wry is bounded in C(T', p). In
fact, h*I are bounded in PC(T,p) and boundedness of Wi o in PC(T, p)
follows since

Wit = —hW DRI

(cf. (1.18), (2.27)). By virtue of (1.22) we get

||WF,090|PC1(F7p)” = ||WF,090|C(F7P)” + HatWF,OSDIPC(Fap)” )

= |[Wr,00|C(T, p)l| + WD 8e0| PC(T, )] -

which means boundedness of Wr o in PC(T, p).
Integral operator K with a weak singular kernel

k(t,7)| <Clt—7|""', 0<v<1, tT€T, (2.29)

is bounded (moreover, is compact) in spaces C(T', p) and in PC(T, p).

In fact, this is easy to ascertain for p(t) = 1. For p(t) # 1 we have to
prove that K; := pKp~'I — K is compact in C(I') and in PC(T).

The kernel k; (¢, 7) of K; has the following estimate

(e, 7)] = ) = o) 5T < €2 e,

here g,(t,7) = |t — 7|% when both ¢ and 7 are close to the knot t;, j =
1,...,n and g,(t,7) = |t — 7| otherwise. Thus, k;(¢,7) is weak singular and
compactness (in C(T") and in PC(T")) follows.




54

Let TV be another LJAPUNOV contour and w : I' — IV be a diffeomor-
phism with analytic continuation in some neighbourhood of cuspidal wedge
U; C Q" (outward peak of Q1) of cusps ¢; with v; = 0. Then the operator

Ko = w ' Stw, = Sr, w.plt) = p(w(t), tel, (2.30)

where w™' : T' — I" is the inverse diffeomorphism, has a weak singular
kernel (2.29) (see [DLS1, §3.5] and [Khl, GK1]).

Due to representations (1.17)—(1.19), (2.27) and to boundedness of op-
erator K, in C(T', p) and in PC(T, p) (see (2.29) and further) the contour I'
can be replaced by another one I'V for which we can find a diffeomorphism
w: T — T with local analytic continuation in the vicinity of cusps.

Fig. 2

Due to this we can suppose I'; has rectilinear parts F;r and I in
some neighbourhoods of the endpoints t; and t;,1 except cusps; for a cusp
v; = 0,2 the right neighbourhood I‘;L C TI'; is rectilinear in the vicinity
of ¢;, while the left neighbourhood I';’ C T'j_1 is not (we remind, that
{t;} =T;-1UT; see Fig. 2). Let

n

0 _ 11— + 0 _ 0 _ 0
rf=r;yrf, T 7_UFj, Do =T\T°. (2.31)

Jj=1

Let vg € CY(T") be a cut-off function with supp vg C I'° and wvg(t) = 1

in some neighbourhoods of all knots ¢1,...,%,. Then
W = (1= v0)WY + Wil + w5 (2.32)
[y is free of knots ¢4, ..., ¢, and operators (1 — vo)ngfg, vongg,)o have

weak singular kernels. In fact, kernels of these operators read
kg(t7 T) = [1 — ﬂo(t)]ko(t, T) )

ks(t, ) =vo(t)xo0(t)ko(t,7), t,7€T,
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where xo(t) is the characteristic function of I'g and

1{ 1 1 cﬁ}_hk(t)—hk(r)il

- - — 2.33
T—t T-—tdr ( )

i
ko(t,7) = ki(t,7) = 0 if ¢t,7 & To; therefore we can suppose t,7 € T'g
because otherwise ko (t, 7) and ko (¢, 7) are bounded. Ty consists of n disjoint

smooth arcs and ko (¢, 7) is the kernel of ngkg Sr—7 h¥Sph=k¥; therefore
we can apply a diffeomorphism w : I'g — FR C R which transforms Iy to

the finite union of intervals on the real axes. Since w; 1W1£’§?0w* differs from

ngi?o by a compact operator with weak singular kernel, we can consider

ngi?o. But the first summand in representation (2.33) of the kernel of
operator Wr(g?o vanishes

1 1 dr

T—t T—1dr

=0, t,7relrCR,

while the second summand is weak singular, because the function h*(w=1(t))
is C''*¥-continuous.
Thus, we have to consider only operator ’UQWFO)O in (2.32). This can be

simplified further and we need to treat only operators wk

00" because the

difference
To =vo 193)0 Z WIEIS)O

is compact (has a bounded kernel).
Let 0 < ~; < 2. Without loss of generality we can suppose that

JUF = (0,1], Fj_:{e”szogxgl}.

Consider the transformation

675]% e~ 7
%, 5, 0(x) = [ efgjmﬁp‘/(’e(mj,)z) . zeRT, (2.34)

and its inverse
Z.%, [ z; ] () = X3 ()t ¢ (~log 1)

+x° (t)e”“’jé?it_‘sng(ﬁvj —logt), te F? ,
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where Xi and x¥ are the characteristic functions of I‘j and I';", respectively.

Z,, 5, arranges the isomorphism of the space PC(F?,t‘SJ’) = PC’(F?,p)
with the vector-space [C(RT)]> = C(R1) x C(R") (see § 1.1). The trans-
formed operator acquires the form

(k) 1 0 W‘ﬁ 5,k
_ Y585
Z. WFU 03‘”% 5 = 0 )

a'yj,éj,k
where
oo
Wz :/ b (T = Y)e(y)dy
'YJ F
0
+
awﬁj,k( ):=Fin [ vir8; k(t)} , Az eER,
ki (t) - eE™Vik—05t gin ™5 + e~ 0+t gipy ™
RRLARG 2m(1 — 2e~t cosmy; + e 2t)
e 0t 1 ety ki
B 4mi |:1 — Tyt ] — emysi—t
Obviously,

ki s x €L1(R) iff 0<d; <1 (2.35)

and, due to Lemma 2.2, the transformed operator 27, ;. eré)oﬁfyjl7 is

bounded in [C(R*)]? because 0 < v; <2, 0<; < 1.
Now let v; = 0,2. We can suppose without loss of generality that t; =0
and

rf= 7 =(0,1cR*,

Iy ={z(z) =z +igj(z) : 0 <z <1},

eC'™t( 7)), gi(0)=4g;(0)=0, g;(x)=>0,
h(zj(z)) =1+1g;(z), h(z)=1, xze€ ¢ (see(2.21)).
The transformation
oy — | @) () — ot e
Bip(x) [ o(z(z) |7 zj(x) =x+1ig;(z), xz€ 7, (2.36)

arranges the isomorphism

B : PO, [t%) — [C(7, |t)]?
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and ~
_ 0 Vi 0 Tip
BWE, B = 9 | 4 ,
JTL,077 Vigj 0 Tor Toho
where
Tio = Ny, [(1—ig)) ™" 1], Tiz=I[(1—ig})* = 1Ny, ,

T =—I, — (1 —ig)) Ko, (1 —igh) "I + (1 —ig})*S s (1 —ig;) " I-S »,

Vvingigj - N*'L.gj ) ‘Zgj = ]\Nfigj(l + Zg;)l Nfzgj( ig})I,
1 / (y)d 1 / (y)d
ply)ay 7 Y
N:tzgj*./ ) N:I:ng _
i ) y—xtig;(x) i —x+ig;(y)

and K, is defined in (2.30) (z;(x) see in (2.36)). Operators T2, To1, Tho
all have weak singular kernels and there is left to prove boundedness of
operators Vi, and Vig, only.

It is easy to ascertain that

@) t= Vi, )= — 21 /
0

L o [+ 1951 = 2 + igy (o)

+gj()

i 8 o — gy (@)1 — @ —ig;(2)]

)

~ 11—z+ig;(z)

v(z) == Vig,1(z) = , re 7,

w1l —a—ig;(x)
and v,v € C(_#). Functions

Vig,p(x) = Vig; [p(y) — ()] + p(z)v(z),

Vig,0(x) = Vig, lo(y) — ()] + o(2)V(x)

are continuous provided ¢ € C'(_#). On the other hand we get

Vi, ()| = 212) / . o(y)dy

i —z)? + g} ()
0

= ”@‘675/)” /[yxjig'(z)_yxlig'(fv) W
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M o),
1
B 2| [ (y—2)gi(y) — g;(v)
VigjsO(w)’ == / (y— )%+ g3(y) )iy
1
) 9; ()97 (x) — g3 (y)]
< Zllele() {O/ +g] Nty — 7+ g2(@)] *

ol

< lle|CNA + g | SN Ng1C(7)

2ig;(z)dy

+Hlgs [CCONIGGICAN + llgi |C ()] =2+ 5@

o —__

1
s

= Cy, | C(A)lv ()],
Cy, = [+ llg5|CCAI2Nlg5|C (A7)
+Hlgi [CCANNg; | CAN + gzl D] -

Obtained inequalities prove that V. and ‘N/igj can be extended as continuous

operators from C(_#) — C(_#) to C(_#) — C(_ 7). L]

3 Equations with non-elliptic symbols

3.1 Convolutions on Rt

Let a, v and p be as in (2.7) and the symbol a € PC,(R) be non-elliptic
(vanishing at 0):

a(A) = oI\, o e PC,(R), )i\n% |det ' (N)| > 0. (3.1)
€

Then equation (2.19) is not FREDHOLM in L,(R*,z%(1 4+ 2)7~%) due
to Theorem 2.6. Namely the image of the operator Im W, is not closed in
L,(RT,z%(14 x)7") (see [Du4, §4]).
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In the present section, similarly to [Prl, §5.2], we define the spaces
L, (Rt z*(1+2)""*) and L, (RT,2%(14 2)7~%) such that the operators

W, @ Ly(RT, 2%(1 +2)7"%) — L, (RT, 2%(1 + 2)7~%), (3.2)

Wa : L (RT,2°(1 + 2)7™%) — Ly(R*, 2%(1 + )~ (3.3)

would be FREDHOLM.
Let

x (o)
Uoolw) = [y, Saplo) = [el)ds,  3a)
0 T
where we have to deal with an usual improper integral
o] t
/w(y)dy = Jlim [ o(y)dy . (3-5)
x T

The operator 75 in (3.5), ”sz in (1.90) and ”Zj in (1.75) are equivalent
modulo isomorphism of the corresponding spaces (see Lemmata 1.27 and
3.8).

Let

Zp RY, 214 2)"%) :={p : ¢, Yot € Ly(RT,2%(1 +2)7"%)}, (3.6)

Ly (RY, 2214 2)77%) := {0+ Zp : ¢, € Ly(RT, 2°(1 +2)7")} .
On defining the norms

o] Zp (B2 (14 2)~) | = o] Ly (R, a%(1 +2) )
H oo | Lp(RT, 2% (1 + 2)7 ),
lip + 20| Ly (R, 2(1+ 2 )] = el LR, 2 (1 -+ 2) )]

HIP|Lp(RT, 2% (1 + )72
we make Ep (R, z*(1 4+ x)"~%) and Ep (R, z%(1 4+ x)?~%) into BANACH
spaces.

The embedding

C(RY) CL, (RY, 2%(1 4+ 2)7%) € Ly(RY, 2%(1 + 2)7~%)

CL, RY, 2*(1+2)") (3.7
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are dense and follow from definitions.

Let \
%: = ng, g+ ‘= )\:ti' (3.8)
Then
G ox)=p(x)— [ e Voy)dy, YGip() =) - [ “p(y)dy (3.9)
/ /

and we can give equivalent description of spaces (3.6) in form of the following
lemma (see [Prl, §5.2] for a similar assertion).

Lemma 3.1 The following definitions of spaces are equivalent:

zp (R, 2%(1 4+ 2)77%) := {ff_gp D p€ LP(R’L,xa(l + x)'y_"‘)}
= Im &+ zo(142)-2) G-,
Ly (RY 21 +2)7%) = {p : G e LR, 2°(1 +2)")}

= Im LP(R+7w”(1+w)’Y—“)g-;1 .
Proof. It suffices to prove that

9] Ly (R, 2%(1+2)~)|° i= |- | Ly(RY, 2% (1 + 2)77)||, (3.10)

o] Ly RY,2(1+2)7" )| := || Lp(RT, 2%(1 + 2)7~)|| (3.11)
define equivalent norms. To check this let us prove that the operators
Wt =9 =g+,  Wob=90=0+%) (312

represent inverses to ¥ and to ¥, respectively. Let us check ¥_(I +
Y )@ = @, because all other cases are similar.

Due to the density of embedding (3.7) we have to check the claimed
equality only for p € C§°(R*). Then

oo

Yootp(x) = /so(y)dy

x

and integrating by parts we find

G (T + Va)p(x) = pla) + / o(s)ds — e / e Vo(y)dy
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By the definition of ¢ Ezp (R, 2 (142)7*) we get ¥~ Lo = o+ Yoo €
L,(RT,2%(1+ x)7~*); therefore the mappings

G Ly(RY,a%(1+2)"%) —L, (RY,2%(1+2)7"),
G~ Ly (R, 2%(1+2)77%) — Ly(RY,2(1 + )%

are one-to-one and continuous. Equivalence of the norm in Zp (R, z*(1+
2)7~%) and of the norm in (3.10) follows from the BANACH theorem.
As we already know

G (o + Uop) =997 0 = ¢

on the other hand ¢ € L,(R*,2*(1 4 2)7~%) implies %, ¢ € L,(RT,z*(1+
x)77%) (see (3.8), (3.9)) and therefore Y. % = Y1 (p + Up) — Yo =
©— Yo € Ly(RT, 2*(1 + x)Y~*). Thus, the mappings

G Lp (R, 2%(1+2)77%) — Ly(R",2%(1 +2)""%),
971 Ly(RT,2%(1+2)77%) — L, (RT,2%(1 +2)77°)

are one-to-one and continuous. Equivalence of the norms in (3.11) and of
this in L, (RT,2%(1 + 2)7~%) follows from the BANACH theorem. L]

Corollary 3.2 The spaces Z,, (R, 2%(1 4+ 2)7™%) and zp/ (RT,27(1 +

)7V where p’ = %, are dual.

Proof. The operators

W, =9 : LR+, 21 +12)7"%) — L, (R, 2*(1 +2)7~2),

g—

. (3.13)
Wy, =94 : L ®*,2%(1+2)7~%) — L,(R*,a(1+2)"°)

define isomorphisms (see Lemma 3.1) and they are dual (conjugate) Wy, =

W,._.. The claimed result follows since the spaces L,(R*,z%(1+x)Y~*) and
Ly (Rt z7%(1 +2)~7%) are dual as well. "

Lemma 3.3 The embedding
Ly(R*,a%(1+2)7=) C L, (R, 2"(1 +2)77°) € Ly(R*,a(1 +2)~°)
CLy (RT,2%(1+2)7™%) C Ly(RT,2%(1 + 2)~1H7~9) (3.14)

are continuous and dense.
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Proof (see [Prl, Ch. 5, Theorem 2.3]). We have to prove only the first and
the last embedding (see (3.7)).

Density of embedding follow from the density of C§°(R™) in all these
spaces.

First we check the embedding in (3.14). Obviously,

Ly(RT,2(1+2)"77%) = L,([0,1],2%) + Ly([1,00), (1 +2)'77),
Ly (R, 0%(1+2)77%) = Ly((0,1],2%) + Ly([1,00), (1 + 2)")
and it suffices to prove the embedding
Ly([100), (1+2)"*7) C Ly ((1,00), (1 +2)7). (3.15)
If we prove the inequality
1Yot | Lp([1,00), (1 + )| < etlle|Lp([1,00), (1 +2)77),  (3.16)

due to the norm definition in zp ([1,00), (1 + x)7) (see (3.6)) there will
follow the embedding (3.15).
Invoking the HOLDER inequality we proceed as follows

ol =| [eas] < | [ ay| | [ el ay
1 e

since —p'(1 +v) < —1 (see (2.7)). Thus, Ysw(x) exists as an ordinary
LEBESGUE integral for arbitrary ¢ € L,([1,00), (1 + z)'*7).
For the function

f(s,t) == t|p(st)|, s,t € [1,00),

we have

oo

/ f(s,t)ds = / o)yl > [Yool@)],

o0

/[t”f(svt)]”dt =t 5! /|y””<p(y)|p dy.
t

1

The latter equalities, inserted in the following well-known inequality

1
oo [ oo p P oo 0o D

//ﬂf(s,t)ds dt g/ /[t“*f(s,t)]pdt ds

1 1 1 1



63

(see [HLP1, Theorem 202]) yield

=

oo

PraelLullt00) (1 o)) <20 5371  [ g dy
1 1
Y

2
< L,([1,00), (1 +z)'™
< 1Jr,yHtp| »([1,00), ( )

p

since —}% — v <0 (see (2.7)).

Thus, (3.16) is proved and implies continuity of the first embedding in
(3.14).

The second embedding in (3.14) follows by density. In fact, as we already
proved the embedding

Ly(RY, 271+ 2)' "7+ c Ly (RT, 27 %(1 + ) 79)

is continuous and dense. The spaces are reflexive and the embedding of the
dual spaces

Ly (RT, 221+ 2)7™%) C Ly(RT,2%(1 + 2)1T79)

are continuous and dense as well. [ ]

Corollary 3.4 Let a € C(R"); then
al € & (Zp (RT,2%(1 + x)%a)) L aled (E,, (R*,2%(1 + x)%a)) ,
provided
la(z) —a(o0)| < M(1+2))", zeRT M<co.
Proof. It suffices to represent
ap = [a — a(00)]p + a(co)p

and apply Lemma 3.3 to the first summand, because the second summand,
multiplication by a constant, is obviously continuous operator. [

Theorem 3.5 Let a(\) be given by (3.1) and (1.4) hold. Then operators
(3.2) and (3.3) are continuous.

Operators (3.2) and (3.3) are FREDHOLM or are invertible if and only if
the corresponding operators

Woo + LyRY 2%(1 + )% — L,(RY, 2*(1 +2)""%),  (3.17)
Wy = Ly(RY, 2%(1 +2)7%) — L,(RY, 2%(1 + )™,  (3.18)

A+
A

a () = a(N)



64

are FREDHOLM or are invertible, respectively.
The pairs of operators (3.2) and (3.17), (3.3) and (3.18) have the kernels
and cokernels of equal dimension and equal indices.

Proof (see [Prl, §5.2.3] for a similar proof). Let b,d € V;(R) and either
b(\) has a bounded analytic continuation b(\ — i) in the lower half-plane
o > 0 or d(\) has a bounded analytic continuation d(A + o) in the upper
half-plane ¢ > 0; then

Wya = Wi Wy (3.19)
(see[Dul, GF1]). Since
A A
= A = -
o) =10 7N =550
(see (3.1), (3.17) and (3.18)), we get
Wo =YW, =9 Wy (3.20)

(see (3.8) and (3.19)).
All claimed assertions follow from (3.20) since the operators

G LyRY,2%(1+2)"%) — L, (RT, (1+ )77,

G L, (RT, 2% +2)") — LR, (1+2)7)

establish isomorphism (see Lemma (3.1)). L]

Remark 3.6 Defining the spaces

—

C R, (1+2)) = {¢ : ¢, %o € CR", (1 +2))} ,

O (R*, (1+2)%) = {1/}+%0g0 : @,¢€C(R+,(l+x)ﬁ)},

for B € R and taking in (3.1) a,a=) € Ws(R), full analogies of Lemma 3.1
and of Theorem 3.5 can be proved for the convolution operators

W, : CRY,(1+2)%) —C (RT, (1 +2)7),

W, : C (RT,(1+2)%) — C®*,(1+2)7).

As for the analogies of Lemma 3.3 and Corollary 3.4 we easily find that
continuity

g — g(co)] = C(RT, (14 2)) —C (R, (1 +2)°),
g — g(co)) : C (BRY, (1+2)%) — CRY, (1 +2)%),

gle & (8 (RF, (1+ x)ﬂ)) L gled (6 R+, (14 m)ﬁ))
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follows if

geCMR), |glz)—g(0)| <MA+z)"7¢, zeRY, M<o.

3.2 Convolutions on R

Let a € PC,(R) be non-elliptic, namely, as in (3.1). Then operator W7 is
not FREDHOLM in L,(R) and, moreover, has non-closed image Im W2 (see
[Dud, §4]).

Let us consider the operators

Yootp() r=/<ﬁ(y)dy, dst¥_oop(t) == /@(y)d% (3.21)
Fop = /gp(T)dT, teR,

where the integrals are understood all as improper (see (3.5)). We define
the space

Ly (R) = {p € Ly(R) : Yo € Ly(R)}
={p e L,(R) : Vieo € L,(R), Fpop =0} (3.22)
and endow it with the norm
le| Zp ®)I| = e | LRI+ [ Yoo | Lp(R)]] -
To justify the second definition in (3.22) let us prove that the conditions
V_oop € Ly(R), Fop=0

follow from the principal condition Y@ € L,(R). In fact, the inclusion
V_oop € Lp(R) follows from the principal condition and from Fyp = 0,
since

Vooop(t) = Fop — Vocip(t) = —Vocp(t) -
Thus, we have to prove only Zpp = 0. Since
Fop = lim Yop(t),
t——oo
Vootp € Lp(R) is absolutely continuous with derivative (¥5p) = ¢ € Ly(R),
we get the result.

The embedding

{p € C°(R) : Fop =0} CL, (R)
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is dense.
Let us prove that the convolution operator
- A

G =W,) : L,R) —L,(R), g-(\):= St (3.23)

with vanishing symbol is bounded and, moreover, defines an isomorphism
with the inverse operator written as follows

(W) =W,os =T+ ¥ : Ly (R) — Ly(R) (3.24)

(cf. Lemma 3.1). In fact, by the definition (3. 22) the operator (3.24) is
bounded and, due to 0bv1ous equality WIW? = W (see (2.1)) W -1 is the

inverse from the right to W;_:
0 _ /0 —
Wy Wy =Wy g =1

Let us prove that the inverse operator (3.24) is bounded. According to
the definition (3.22) it suffices to prove that

Voo W @ € L,(R) provided ¢ € L,(R).

Since

we proceed as follows

VoW, (t) = Voot /dT/ (y)dy

— Veolt) / dy/wdy (1— e )o(y)dy
t

- / e Vp(y)dy = p(t) — WO (t) (3.25)

8

o~

and get the inclusion ¥, W ¢ € L,(R) because @, WS ¢ € L,(R). More-
over, (3.25) can also be written as follows

which means, due to (3.24), W;),le({ =TI and ng is invertible from the
left. )
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Similarly to (3.14) is proved that the embeddings

{p € Ly(R,1+|a]) : Fop=0} CL, (R) C Ly(R, (1+|z])")

are continuous.and dense.
If g € Lo (R) has the estimate

lg(x) —g(o0)| < M(1+]2]))"", 2€R, M < oo, (3.26)

the following multiplication operators are bounded
[g—g(c0)lI : L,(R) — L, (R), gl : L, (R)—L, (R). (3.27)

Theorem 3.7 Let a(\) be as in (3.1). Operator W2 : L,(R) —»Zp (R)
is FREDHOLM if and only if Wg(,) is FREDHOLM in the space L,(R), which
reads

inf |a(™) 2
;IelRla (MN[>0 (3.28)

(see (2.5)). If (3.28) holds, (a{=))~1 € PC’Z],VXN(R) and the inverse is

(W)™ =Wy (I + %) & Ly (R) — Ly(R). (3.29)

Proof. Due to (3.23), (3.24) the proof can immediately be reduced to the
investigation of the operator W(?(,) in the space L,(R). In this case the
FREDHOLM criteria is known (see (2.5)). n

3.3 Operators i, 7,

J

We remind that T’y := {¢ € C : || = 1} is the unit circumference,
2 :={(,...,(.} C Ty is the conformal image of all knots of I' and =,
is the subset of E (conformal image of all outward peaks of I'; see (1.74)—
(1.91)); Ty, = Iy, UI‘EQ, is a fixed neighbourhood of (; (see (1.74)—(1.91)).
We use L,(I'1,{¢;}) for the space L,(I'1,Eo,) when Eq,, = {{;} consists of
a single knot.

For a BANACH space X by X" we denote the spaces of vector—elements
U = (¢1,...,%,) with components ¢; € X. Let

L2(R, {o0}) i= {® = (¢1,¢2) € LA(R) : @ € L(RY)},  (3.30)

Vo= [ ¢ p07/oc _g/"o } [ z; } = Yoole 71 — 2]

(see (3.4) for #.) denote the subset of L2(R) with the appropriate norm

19| L3 (R, {oo})I| := [|B|Lp(R)I| + || Voo ®| L, (RT)]|.
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Lemma 3.8 There exists an isomorphism of spaces

Zpe, ¢+ Lp(T1) — LE(R),

, (3.31)
‘Qopfj : LP(F1’ {CJ}) - Lp(Ra {OO}) )
such that the operators 774j in (1.90) and Vs in (3.4) are equivalent
e, Ve iyl = 9Vl ] = 95700 + Ry (3.32)

where the functions g;tl, h?ﬂ e C*> (R) are non-vanishing
1—ie=®\ 7 (1+e2%)7
()= [ ho(g) = —~— "¢ )7
1) = (Trem) - e =
and the operator R; : Lp(R) — L,(R) is bounded.

Proof. The transformations

Zple) = o @ el () = 20 - DFo (G5)

Zp(\) = (e_%w(e*)‘),e_%w(—e”‘)) . ZAER,

where the first one is based on the KELLY transformation

T —1
T+

establish isometric isomorphisms

%, 0 Lp(T) = Ly(R), [ 260]Ly®R)] = lle|Lp (T,

o (3.34)
Z, ¢ L(R) =~ LyR), [ Z¢[L3(R)] = [¥|L,(R)]

s, () = =G cR—T1, 5;(0)=¢,

and have the following inverses

Qp{]—lzﬁ(C) = ‘(%C_Jl)/(x)ﬁq/)(%gl(x)) = |C + C]|_%1/J (Zg ; gj) , (335)

%710 () = X (2)(—2) 7P o~ log(—2)) + x4 ()2 g1 (~ log ),

where ® = (1, 2) " and x4 (x) are the characteristic functions of R* C R.
The transformation
Zpe, = 22, (3.36)

establishes the first of the claimed isomorphisms in (3.31).
To prove that 2, arranges the second isomorphisms in (3.31) as well,
let us consider the following intermediate space

2R, {0}) == {¥ € L,R) : Tov € L,(R")}, (3.37)

Youb(x) := Yole 7 (x) — (—a)],
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where the operator % is defined as follows (cf. (3.4)):

x

st = [ (4) v (3.3%)

0

It is easy to verify directly the following connection
LI = Ve (3.39)

(see (3.34)). Moreover, 2, establishes isometric isomorphisms
Zp ¢ Lp(R,{0}) = L3(R, {oo}), (3.40)
1250 L3 (R, {oo})Il = [[4]Lp(R, {0})

Therefore, to justify the second isomorphism in (3.31) we just need to
(3.41)

verify
L, Ve, 2 = 9oVohol |
where gF!, hE! € C*°(R) are non-vanishing functions

1—dx\7 1+ a22)%

because applying equivalence (3.39) to equality (3.41) we get (3.32) immea-

diately.
To prove the second isomorphism in (3.31) we proceed as follows:
5 T—(; g
e xe, Ve, Z7 ) (x) = |5 (x [7}
( G XG 72 )( ) CJ( ) e, (117) — C]
i (x)
b d
d (3.42)

x| ()] v )=
T =G
inserting 7 = s, (y), dT = %/Cj (y)dy and taking into account the equalities

—1y/ / -1 S () %
(%Q ) (2, (y) = [%Cj ) %Z(JI))—FCJ -

—9¢s _9ic.
s (x) — G = ﬁcﬁf7 e, () = @ _:?)2 , (3.43)

i,

we continue as follows

8=

x

s, (Y)(y)dy

4@
X (y) - Cj

7 (y)

J

=

(2,367 25 0 = | {Z o)

z
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= Q(J(CE)Z (%)% ho(y)lb(y)%go%hoiﬁ(w) ;

d0() = (1 ”””)p () = AET)? (3.44)

1422

and we get (3.41).
Boundedness of

R; = g;Voolhj — 1)1 : L*(R) — L*(R)
follows since hj(z) —1 = hj(z) — h;j(+00) = O (67%) as ¥ — +oo which
yields the boundedness [h; — 1]I : L?(R) s 2(R) (see (3.27)). L]

Proof of Lemma 1.25. Let us apply the isomorphism 2, defined in
(3.31), (3.33). Then ¢,log(¢ — ()¢ € Lyp(T'y¢;) for all §; € =,y imply

—T

Zheyp € LR, (236, 106(¢ - ))0) =0 (6 ) (23, 0)e)

= (~ot1op S8 ) (2 0)e) € L3R

6—I

(see (3.33)); due to Lemma 3.3 Z¢, ¢ €L 2(RT). Applying the inverse iso-
morphism %! (see (3.31), (3.35)) we find ¢ = 20! Zc ¢ €L 2(Tig, {G})-

The remainder claims of the Lemma (see (1.98)) follow from the proved
part as Corollary 3.4 from Lemma 3.3. [

Remark 3.9 Due to the above established isomorphism (3.40) and to Corol-
lary 3.4 if a function g(z) has the property

geC(7), g(x)—g(0)=0((1—-logz)™"), _Z:=(—c,c)CR (3.45)
the following multiplication operators (see (3.37))
gl = Lp(7,{0}) — Ly, (7,{0}),
l9=9O = Lp([F) — Lp( 7, {0})

are bounded.

3.4 Equations on the circumference (example)

Let I't, 2 := {(1,..., G} €T, Bow C E, T'y¢; and Fli@} be the same as in
§3.3. '
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We us consider, as an example, the following operator with fixed singu-
larities at = in the kernel

Azp(C) = »(C)
Eaoms g ()7 cene ow
Jj= Tt

where Xzfj (t) is the characteristic function of the arc ITC], CTIy¢ CT'y and

1
sin ( + 7j> for €€E,,
p
py = (3.47)

1
sin ( + 7;) for ¢€Z,,
p

1 1
_7<’Yj<1_7a gEEowv
p p

1 1 —
—— < FEm<l-=, £¢Ew. (3.48)
p p
Theorem 3.10 Let conditions (3.47) and (3.48) hold. Then the operator
Az : Ly(Ty) — Lp(T1,Z0n), 1<p<oo (3.49)
is FREDHOLM provided
1 1
-4y # - forall j=1,...,n (3.50)
P 2
and then
dim Ker Az = Z oj, dim Coker Az = Z gy, (3.51)
;>0 ;<0
where
1 1 -
0 for §<f—|—'yj<1, Cj € Bow s
0 for Vi € :E'V;'v 1- ’Y;l) ) <j Eow P
=91 _1 for 0<~4ry < 5 ¢ € Bow, (3.52)
p
1 for ;> max{v;,1 -7}, ¢ &Zow,
-1 for 4; <min{yj,1-~%}, j=m+1,...,n

In particular, Az in (3.49) is invertible provided
1

1
- <-4 <1 forall £eZE,,
2 p

and  v; € (5,1 =) forall £&Z,,. (3.53)
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Proof. Note that since I‘fck nry () for k # 7, we have

¢
Az = ﬁ AC;’?
j=1
e — N\ d
A = o0+ M [ (S28)TEDT L cer s
J J
i,

Therefore it suffices to prove the Theorem for a single knot Z = {(;}.
We will apply the isomorphisms of spaces
2,

J

LP(FT@_) — Ly(F),

- (3.55)

2y ¢ Ly(I) — Ly(RT),

where % = [0, 1] and 2¢, is defined in (3.33), while
Zop(n) =€ pip(e™®). (3.56)

We have assumed, without loss of generality, that
0
FTC; :{eZ G- 0<19<7r}
is the half-circumference; otherwise we will use another KELLY transforma-

tion )
_ Y5
K 1cot 5 / v
_ = e
J

¢, (x) = _CJ DS = [07 1] I F;rgj :Cj(CJ

>

ey
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x—&—icot?

while defining the isomorphism 2¢; in (3.33). The operators Z¢, and f;*”;,
besides (3.55) and similarly to (3.31), (3.40), establish the following isomor-
phisms
%, LT, G — Lo(7.{0}),
— N (3.57)
2y o Lp(F,{0}) — L ,(RT).
Lifting the operator (3.54) to the equivalent operator first by the iso-
morphism 2¢;, we get, by applying (3.43),

1
P

By () = (2, A, 2 ) () =h(x) + 145G ’%j (z) /(%@T(w_)c—j Cj)%‘

Tig;
—1\/ ; —1 dT
% ‘(%C-fl) () w(%ﬁ (T))CZ — 7, ()
WG TIA@ (@ =G\ A W)y
=(z) + T / %gj (y) (%@, (v) gj> (2 — s, (), (x)




73

) Vi 1 T2 1 : d
-2 [ (2] ) S

for x € .#, where

i) = L By =) - / FIRE ey

and g;E € C™(.#) satisfy condition (3.45). Therefore we can detach invert-
ible operators gjilf and study the equivalent operators

BC_;’ : Lp(j) - LP(]a {O}) for Cj E Eow s
B¢, 1 Ly(F) — Ly(F) for (€ Eou -

The operator B¢, can be lifted further, now by %, to the following equiv-
alent operator

W
Wz,

—fBgflzLAMj—+@mﬂ for ¢j € Zow,
= AB, 27 ¢ Ly(RY) — Ly(RT) for ¢ ¢ Eou

<G

(3.59)

(see (3.56)), which turn out to be convolutions. In fact,

1 1
/ _e [e7®]7 27 v p(—log 2)dz
e » _—
A
0

- —a)(Lans d
e P VIR

(Z1B¢, 27 o)(2) =

=1\Z<F

1+ev—2
0
where

_(l_;,_’\/j)t ¥

1 e v i

gi; (A) = -= d\t_’A 1 —t = 1 - . 1 : .
0 +e s1nh7r{(5 —I—%)Z—I—)\}
—1- ac) . AER, j=0,....,n (3.60)

. 1 .
sinm (5 + 5 — 2)\)

(see [Dul, Ch. II, §1]).
First let ¢; & Zow; then (see (3.47))

: 1 /
s 7w (E + 'yj>

sinm (% + 5 — i/\)

%Q‘j(/\)::l* , AER, '7;#7]
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From the property ¢, () = B¢, (—A) we easily conclude that %¢,(\) =0
implies A = 0 and, due to conditions (3.48),

irelﬂfx"@@'@” >0 for (& Zow-
Since %¢,;()\) depends continuously on the parameter 3; := % +7;, 0 <
B < 1, the index ind %, might have at most 3 different values. For
vj € (7,1 —7}) we apply the homotopy
: 1
sinm (; + 7;)

. 1 .
sin (5 +5 = z/\>

BinA) i=1—p £0 for AeR, 0<pu<1,

since %;,(\) # 0 for all A € R and p € [0,1] we conclude ind %, =
ind ﬂj,l = ind (@Lo =0.

For v; < min{v},1 —}} and for v; > max{y},1 —~}} it is sufficient
to calculate the index only for one value of parameters in each case. The
images of the test functions on the complex plane are plotted on Fig. 5 in
the Appendix with the arrows showing the orientation of the image when
the argument A ranges through R from —oo to oo.

Finally we get

1 if v <min{y},1—~;},
ind %;, =< 0 it ye@,1-7), (3.61)
-1 if 45 >max{y;,1 -},

for ¢; & Zow (cf. [Dul, Du3]).
Next let ¢; € Zop. Then (see (3.47))

sinm (L +~;
p Tl A
B, (V) =1 - - 1( ) = AW
sin (5 +75 = z)\)
and
0 A—i 0 - 7!
%#;(0) = hi% i\ B;(\) = —i%;(0)
1
:—ﬁcot7r<+7j>7é0 1ff7+7]7é§.
Therefore,
1 1
}\relﬁf§|,%’j()\)|>0 iff p—l—%#Q, ¢j € Eow - (3.62)

Further we find easily that ind %g might have at most two different values,
H(00) = 1, £29(0) > 0for + (1 495 = 1) > 0 and +Tm Z9(N) > 0 for
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£+ > 0. The images of the test functions on the complex plane are plotted
on Fig. 6 in Appendix with the arrows showing the orientation of the image
when the argument A ranges through R from —oo to co. These tests show
that

1if 0< o +7 <3,

. 0 _
1nd93j_{0 if %<%+vj<1 for (5 € Sow -

According to Theorems 2.5 and 3.5 we get: the operator W@Q‘ in (3.59)
is FREDHOLM iff conditions (3.48) and (3.50) hold (see (3.51) and (3.62))
and Ind nggj = —ind ,%’;-) = g, for {; € Eyy (see (3.61)), Ind W@Cj =
—ind B¢, = o for (; € oy (see (3.61)), where o is defined in (3.52). m

4 Elliptic boundary integral equations

Let I' be as in § 1.1, the weight function p(t) be defined in (1.2).
For our purposes we need to define the order of cusp: o; > 0 is called
the order of a cusp t; € I' if there exists g; # 0 such that

T_(tj,T) —t; _ qugj +0(r%) as r—0,

arg——2 7
T+ (tJa T) - tﬂ

where 7_(tj,7) € I';_; and 7, (t;,7) € I'; are equidistant points |74 (t;,7) —
tj| = r (see Fig. 3).

y 8

Fig. 3
The obvious equivalent condition is
T_(tj,r) — T (t;,r) = ;v T + o (r'T) as r—0.

Further equivalent definitions of the order can be found in [DLS1].
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Throughout this section we assume the orders of cusps are all equal 1

if 7,=0 or v;=2, then o;=0(t;)=1 (4.1)

forall j7=1,....n
(see (3.2)) and will investigate the following integral equations:
Ao = agp + a1St + aaWr op + asWr g + as0;Vrp = f (4.2)

with N x N matrix coefficients ag, a1, a2, as, ay € PCV*N(T) (ag, a1,
as, a3, a4 € PH})’XN(F)) in the vector space LZI)V (T, p) (in the vector space
(HS)N(F, p), respectively, provided I" has no cusps 0 < v; < 2,j=1,...,n)

Arp = agp +arWrop + aaWr gp = f,  ag,a1,a2 € PC’NXN(F) (4.3)
in the vector spaces LéV(F, p) and PCN (T, p),
Bop = bop + b1WF,0<p =g, bo, b1 € (Pcl)NXN(F) C CNXN(F) (44)

in the vector spaces (W'))(T,p), CN(T,p), (PCH)N(T,p) and in
(H®)Y,1 (T, p) (in the latter case cusps are absent and coefficients belong
to PHY*N(T)).

Due to Theorems 1.5 and 1.6 respective conditions in (1.4) ensure bound-
edness of operators Ay, Ay, By in spaces listed above.

4.1 Equation (4.2) in the spaces L) (T',p) and H}(T', p)

Let X(T') denote the space L]]DV(Rp) or, if cusps are absent, the space
HS(F, p) and appropriate condition in (1.4) hold. Symbol of equation (4.2)
in the space X(T') reads as follows

(JZ{O)X(F) ‘= ag + a1 Sx([‘) + &QWX(F) + 63W§(F) + ay (8tV)X(F) R (45)
where

a(t+0) 0

, ac PCN*NT), tel,
0 a(t —0)

WX(F) (tv )‘7 5) = i [SX(F) (tv )‘7 g) + SX(F) (ta _)‘7 _§)j| 5 )‘7£ S R7
(8tV)X(F) (t7 )\a 5) = % [SX(F) (ta )‘7 é-) - SX(F) (ta _)\a _£)i| )

Wyt A, €) == —% [ﬁ—l(t)sx(p) (t, A, E)R(E) + h(t)Sgry (E, — A, —E)h L (t)



7

1 0 . ”
it At b,
7o 0 1 '
t) :=
( 1 0 ;
i t=t;, 7=1...
0 er(y—1)i ! i J "
) e
th (i -
cothm(ifk +A) sinh7(i0; + \)
em(1=7)(8e+) . R
sy clmistA)
if 0<y <2,
—sign A 2y_(\)e
Sxr) (&, A,€) =49 (v —1) (4.6)
2y (N)e A sign A

if t:tjv ’Yt:73:0727 A#Ov

—cothw(if +&) 14cothnw(if + &)

(v;=1) _ .
1—cothnw(if: +&) —cothm(if; + &)
if t:tj, ’)/t:")/j:O,Q, AZO,

5 if t#£t,...,tn,  X(I)=Ly(T,p),
: if t£t,...,t,, X(T) = H)(T, p),
Bt =
S+ if t=t;, X(T') = L,(T, p),
aj—p  ift=t, X(I) = HY(T, p),
%::{ PR et = Y s ).
v i t=ty, 2

Due to constraints (1.4) 0 < 3, < 1 for all ¢ € T and the symbol
(@)% (t, A, &) represents piecewise-continuous uniformly bounded func-
tion of all variables.

Although h(t; — 0) = h(t; + 0)e™ =D (see (1.20)), we have dropped
the factor h(t; + 0) for t = t; and the factor h(t) for t # t1,...,t, in
the definition of the symbol matrix ?L(t) above since it cancels out in the
combined symbol (2% )x ) (t, A, §). In fact, Rh(t) and h=1(t) enter the symbol
(“)x(r)(t; A, §) only as the combination %71(t)SX(F)E(t) and the constant
factors h=1(t; +0), h(t; + 0) cancel out.
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Theorem 4.1 Let X(I') = L}(T,p) or, if T' has no cusps, X(I') =
(H))N(T, p)). Equation (4.2) is FREDHOLM in the space X(T') if and only

if

inf : 4.
ter’lrifeR‘det (“0)x(r) (t; A )| > 0 (4.7)

If condition (4.7) holds, then
1
Ind Ag = ~9 [arg det (o) )x(r (¢, +00, 0)]F

n

1
B Zl ﬂ{ [arg det (o))xr) (¢, A, 0)]R\{0}
=

+ [arg det ()xr (15, 0,6)] 5 | - (4.8)
Proof. Due to Lemma 3.1
ag as , ~x « aq
A() = CL()I + CL1SF + Z(SF + qf/Srqf/) + Z(SF + WSF/V) + Z(SF — qf/SF%)

and the claimed result follows from [DLS1, Theorem 1.1] for the case X(I') =
LY(T, p) and from [Du6, Du7] for the case X(I') = (HJ)™ (T, p) (when cusps
are absent) if we take into account the following:

I. The symbol of operator Ay defined in [DLS1] and in [Du8] (see also
[Du3, Du5]) has a block-diagonal form

(%)X(F) (t7>‘7£) 0

0 (%)X(F)(tv _)\7 _5)

and it suffices to consider only the first block as a symbol of Ay. Due

to this change we should multiply the index formula by factor 5

Let us note that symbol would be a full matrix-function if the corre-
sponding operator contains terms *'Sr, ¥al, a¥ or Sp7 .

II. The dual operator Wy to Wr is defined in (3.9) and the symbol
for it is composed according to the usual rule (see (4.5)) with h(t)

denoting the symbol of il (see (3.7) for h(t)).

1. If A(t, )\, €) is the symbol of B, the symbol of B® = ¥ BY reads as
follows

BO(t, N, €) = B(t, -\, =€) (4.9)
(see [DLS1, §1]). "



4.2 Equation (4.3) in the spaces L) (T, p) and PCN (T, p) 79

Corollary 4.2 For the operator

Ao — 7

?
a, + ay

1
Ap = apl+a,1 St = (a0+a1)(P++GP_), Py = E(I:I:SF)’ G :=

following conditions are equivalent to (4.7):
) inf )
(i) inf Jao(t) £ ai (t)] > 0;
t: —

(i) —2mf, < argG( 0)

J
G(t; +0)
defined in (4.6);

<2r(l—pBy), j =1,...,n, where B, is

(i) (equivalent to ii’) G(t) has the representation
G(t)=Go(t) [Jt - 20)7 . GoeC(Ty),
j=1

e, =B, <y <1=0,, j=1,....n
and (t — zo),l;; has the jump only at the point t; € I'.
If conditions (i) and (ii’) (or (i) and (ii”)) hold,
Ind A = ind Gy.

4.2 Equation (4.3) in the spaces L)(T', p) and PCY (T, p)

Although equation (4.3) is a particular case of equation (4.2), in this case
we can define substantially simpler symbol and consider equations also in
the space PCN (T, p).

Let X(T') denote either L)Y (T, p) or PCN (T, p) and (1.4) hold.

Symbol of equation (4.3) in the space X(T") reads as follows

ao(t+0) o (t,\)
(@)xm)(t, A) = ) (4.10)
o (t,\) ao(t—0)
where

,!Zfi(t, )\) = al(t + O)UIX(F) (t, )\) + az(t + O)w;g(F) (t, )\) , tel', AeR,

0 ittt

sinh (1 —~;)(i6; + A) )
wi(r) () sinhw(i3; + ) ' p 0<7; <2,

1
ﬁ;—fw it t=t;, 7, =0,2,
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0 if tA b, b,

) sinh (1 —4;)[(8; + 1)i + ]
’wx(]_") (ta )‘) = sinh W(Zﬁ] + )\)

if t=t;, 0<~; <2,

=1
%Teil)\‘ if t:tj, i :0,2,

Lo, it xm=1dm),
Bi=1 P
Q; if X(TI')=PCN(T,p).

Since 0 < #; <1, j =1,...,n (see (1.4)) the symbol (@ )xr)(t,A) is a
correctly defined 2N x 2N matrix-function, is continuous and

(@)x(r)(tj, —00) = (@ )x(r) (L), +00) = diag{ag(t; —0),a0(t; +0)}.

Theorem 4.3 Let X(T') denote either L) (T, p) or PCN(T,p) and (1.4)
hold.
Equation (4.3) is FREDHOLM in X(T") if and only if

tel})n{ . | det (#)x(r)(t,A)] > 0. (4.11)

If condition (4.11) holds, then

n

1
Ind Ay =) o larg det (4 )x(r)(t, )] - (4.12)

Jj=1

Remark 4.4 It is easy to ascertain that condition (4.11) for a cusp t; (with
v; = 0,2) reads as follows

ao(tj—0)ao(tj+0)—[a1(tj—O)—l—az(tj—0)}[al(tj+0)+a2(tj+0)]e_>‘ %0, NeR,
or, equivalently,

ao(tj - O)QO(tj + 0)

[ax(t; — 0) + ax(t; — O)][ar (t; 1 0) T+ aalty +0)]| ~

Proof of Theorem 4.3. For X(I') = L)Y(T', p) the proof can be derived
from Theorem 4.1 (see (4.36) how to get symbol (4.10) from (4.6)). We
expose independent proof to cover the case X(I') = PCN (T, p) which is not
covered by Theorem 4.1.

We suppose, as in the proof of Theorem 1.6 in § 2.3, that I" has rectilinear
parts '}, F;r in some neighbourhood of all knots ¢4, ...,t, except cusps;
for a cusp v; = 0,2 the right neighbourhood F;-" is rectilinear, while the
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left one I';" is not (cf. (2.31) and Fig. 2). Such changes of the contour I
cause a compact perturbation of equation (4.3) and does not influence the
FREDHOLM properties as well as the index of equation (see [DLS1]).

Next we notice that operators Wr, o and Wy o are compact due to
Corollary (1.6) since I'g has no angular points and cusps.

Applying the “macro localization”, described in [DLS1, Theorem 1.1,
§3.2], we find that A; is FREDHOLM in X(T') iff det ag(¢t) # 0 for ¢t €
'\ {t1,...,tn} and operators

Al,F? = ao,jI + al,jWFg,O + agij;Q’O , Fg = F]_ @] Fj_ ; (413)
ak(tj - 0) if te FJ_ s
akvj(t) =

ap(t; +0) if tel), k=0,1,2

are FREDHOLM in X (T'}) for all j = 1,...,n; for the index we have
n
Ind A; =) Ind Ajro. (4.14)
j=1

First let us consider the space X(T') = LIJ)V(F, p) and 0 < vy, < 2; without
loss of generality t; = 0.

The transformation 2, 5. with 3; := 1%—1—04]» has the inverse Qﬁ;lﬁ] (see
(2.34)) and arranges an isomorphism

Zyp, 0 LYY, [t%9) — L2V (RT). (4.15)
Obviously,

P 4 20_1 [ ao(tj + 0) 0 ‘|
V5,08 41,19

B =
1R 0 ao(tj—())
[ai(t; +0) 0 0 N"(Y)j _Ngw
_A'_f
L 0 a1 (t; —0) N) —N°. 0
[ ax(t; +0) 0
_A'_f
21 o as(t; — 0)
—T ]’71 A 0 T j*l 7 0
y O e (’Y )N’Yj e (’7 )N—’Yj
—7(y;=1)i ATO _ e (~;—1)i ATO ’
e~ (. )N%_ em(y )N—w 0
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where

1 e~ (@=98i p(y)dy
N9 o) : 2—/1_6 T (4.16)
0

(see (4.6) where the symbols of hl, St and of ¥ Sr¥ is possible to pick up).

Thus, we get a convolution operator
2.8 ALF? ff’y;}ﬁj = Wia)eay (t5.) L127N (RF) — LiN(R+) (4.17)

(cf. (2.6)) with the symbol (@ )xr)(t;, A) defined in (4.10). In fact, Ni%_
in (4.16) are convolutions with the symbols

1 oo Z/\y ﬂjydy 1 tﬁjfz)\ Lqt
NN = o= = — 4.18
:E'Y_7( ) 27i / 1—e 1 _ o—yEmvsi 9 / 1— eiﬂ—fyﬂt ( )
oo 0
6:|:71'(17’y_,>)([“3j7z'>\) eiﬂ'(lf'y]-)Atji

1
- = = AeR
sinh7(if8; + )  sinh7(if; +\)’ B = + aj, AeR,

since —m < m —mwy; < 7 (see [GR1, 3.194.4]). Thus, Ni,yj = Wt/‘ﬁ_fw. and

from (4.18) we get (4.17).

From (4.17) and from Theorem 2.6 follows: A;r, is FREDHOLM iff
inf | det (#)x(r)(t;,A)] >0, AeR (4.19)
and, for 0 < y; <2

Ind Al,F]‘ = —ind det (M)X(F) (tj, ) . (420)

Now let 7; = 0 or v; = 2. Then I'J = [0,1] and, due to condition
(4.1) I'; can be taken as the quarter part of the circumference centered at

0= 1—2w i, starting at 27 = 3 4+ 1 A“ i and terminating at zo = 0 (see Fig.

N

4

~—
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Z * 1 i
’ 313
F; //
r+ rt
0 TN =0 J 0 J
\ i
Fj
1_ 3
o 70 * 2 2
Fig. 4
The transformations
()
o ——
rz+1 r+1 .
Zop(z) = it =0,
1 1
z—it1°\z—it1
e (7)
— o —
z+1 r+1
Zp(x) = ) ) if =2, xzeR" (4.21)
x+i+1@(x+i+l)

define isomorphisms

Zy s Y™ — LYRY (14 )), @ =p—a; -2 (4.22)

and their inverses read

Y1

2! . (t) =X9r(t)%¢1(t—1)+x9(t)%z/}2(%+i—1),
2
-1 ¥ 0 1 0 1 1 .
Z . () = XLt =)+ X2 5va(5 —i = 1),
2

where Xi and x° are the characteristic functions of F; and I';", respectively.
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Obviously 1 < a; <p—1 and

ao(t; +0) 0
%YjAl,F?%yzl =
0 ao(tj - 0)
1 al(tj—l—O)—i—ag(tj +O) 0
+
2 0 al(tj — 0) + ag(tj — 0)
0 N; — N_;
x )
N, — N_; 0
where -
1 o(y)dy

are convolutions with the symbols

S .
1 eNdy
oM ) +i—y

— 00

Nei(N) = Txr(N)eT, (4.24)

1
X+ (A) = 5(1 + signA), AeR.

Therefore,
ao(t; +0) 0
Qp%‘ Alvrj "%07:1 =
0 ao(tj — O)

1 al(tj +0)+a2(tj+0) 0
_|_L

2 0 al(tj — O) + az(tj — 0)

0 Wi,
X = W(Efl)x(m(tjv')
Woi—ns 0

and, due to Theorem 2.6, A; ., is FREDHOLM iff (4.19) holds; the index
formula (4.20) remains valid for v, = 0, 2.
Now let X(T') = PCMN (T, p).
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For 0 < 7; < 2 we consider the transformation 2 s, defined in (3.20).

Similarly to (4.15)—(4.18) we find that
%5 ¢ OV IP) — OV (RY)
defines an isomorphism and
25,1020 5 = Wist e (45,9
is a FREDHOLM operator in the space C?N (RT) iff
inf | det (@) po(r,p)(t;,A)] >0, AeR
and

Ind A; o = — [argdet (#1) per,p) (£, V)] 5 -

provided 0 < y; < 2.
For 7; = 0 and v; = 2 (see Fig. 4) the transformation

(4.25)

(4.26)

%, o PCN(TY,|t)%) — C*N(RY, (1 +2)"%*"), I9=T;uT],

defined in (4.21), arranges an isomorphism and

f’fwAlvF? zy?l =Wt powm(ti)

is FREDHOLM in the space PC?N (R, (142)~%+1) iff condition (4.25) holds

(see Theorem 2.6); again the index is defined by (4.26).

Remark 4.5 If Sx(I')(t,\) is the symbol of Sr (see (4.5), (4.6), (4.10)),
the symbol of V' Sr¥ is Sxy(t,—X). We know the symbol of al for a €
PCN*N(T) (X(T') = LY(T,p) or X(I') = PCN(T,p)). Therefore we can

compose the symbol of equation

M
aop + aWrop + aWi o+ > asgsWige = f

k=1

ag,...,a24M € PCNXN(F)

and prove Theorem 4.3 for equation (4.27).

4.3 Equation (4.4) in the spaces (W})N(T, p),

(HY, ) (I, p), CN (T, p) and (PCH)M (T, p)

Let X(T") denote one of the spaces mentioned in the headline.

(4.27)
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To equation (4.4) in the space X(I') with smooth matrix coefficients we
assign the symbol

bo(t) bl(t)e_ﬂ(l_W)iwx(r) (t,\)
(PBo)xr)(t,A) == , , (4.28)
b1 (t)eﬂ(l_’\/j)sz(p) (t7 )\) b()(t)
where
0 ittt b,
wx(r (t7 )\) = R
o WL p=4y, 4 =02

2
and wxr(tj, A) has following values for the different spaces X(T"):

sinh (1 — ;) (% +a;i—i+ )\)

)

ww(r,p) (L5 A) = : , :
2sinh 7 (% + ot + A)

sinh (1 — ;) (i — pi — i+ X)
2sinh 7 (% + ot + A)

WHO,\ (T,p) (tj;A) =

b

sinh (1 —v;)(aji — i+ )
2sinh w(ayi + X)

wpcr(r,p) (L, A) =

)

sinh (1 — ;) (e + A)
2sinh 7(oyji + A)

We(r,p) (tj> )‘) =

Due to conditions (1.4) the symbol (%o)xr)(t, A) is correctly defined,
i.e., is a piecewise-continuous and uniformly bounded function of all vari-
ables.

Theorem 4.6 Let X(I') denote one of the following spaces (W)™ (T, p),

(HSH)N(Rp) (if cusps are absent), (PCHYN(T, p) or CN (T, p) and condi-
tions (1.4) hold.
Equation (4.4) is FREDHOLM in the space X(T') if and only if ¥

terl‘)nie]R | det (Bo)x(r)(t, )] > 0. (4.29)

If condition (4.29) holds, then (cf. (4.12))

n

1
Ind By=—) o [arg det (Bo)x(r)(t, \)] 5 - (4.30)
j=1

9) An equivalent condition for a cusp see in Remark 4.4.
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Proof. For the space X(I') = CN(T,p) the proof is verbatim the case
X(T) = PCN(T, p), exposed in Theorem 4.3.
Let

g(s) : [0,0] — T, r(t):=g ') : T — 10,0, g(rlt)=t

be some parametrisation of I' and the inverse to the parametrisation. The
operator

271-2 2:7” 'I"(t)

Are(t) 1= dup(t) + ' (8) =~ [o(t) — p(tn)] + p(tn)e”

21 2mi

= Dspo(s) + 7[@0(5) —©0(0)] +o(0)e™ " %, (4.31)

s=1(t), ¢ols)=¢(g(s)), 0<s<f, tel
(see [Du3, §2.2]) defines an isomorphism of spaces

and the inverse operator reads

Atp(t) == 0 (T)dr
1 27” 27\-1
+5 {1 —r(t 7"“) / Frmy(r) (4.33)
T

Namely,
A'MY =9, peL)(T,p), AArlo=¢, e (W)Y (T,p)

and
A =0 +%, 0% : (Wpl)N(F,p) — Lé\[(F,p)7

where Z is a compact operator.
Then the equation

Bty = AL BoAr 'Y = u, (4.34)
u,fL/JeLIJDV(I‘,p)7 Vi=ALp, u=ALf
is equivalent to (4.3). Since

At =1+K, K : LT, p)— L)(T,p)
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where K is a compact operator, applying (2.27). we get
By = (0 + Z)(apl + alWr,o)Al?l =agl + alWIE’Qg +T
= aol + a1[Sr +h 2V SV R+ T, (4.35)
T = (apl + a\Wro)Ar' + Z(aol + a1 Wr o)A !

+aol + s WK + LY (T, p) — LY (T, p).

T is a compact operator because Ap L % and K are compact in L;,V (T, p).
Symbol of the operator By in L)Y (T, p), according to (4.6) and to Remark
4.5, reads

bo(t) 0

(%1)[/19(1"”0)(1),)\) s [ ] if t#tl,...,tn,

0 bo(t)

while for the knots t = t; we get

bo(t;) 0 bi(t;) 0
(931)%@,[,)(@&):[ 00 bo(t-)]+l 1o bl(t-)]

N \ e—ﬂ'(l—fyj)(iﬁj-i-)\) T
t 7 3. -
cothm(iff; +A) sinh w(i3; + \)

x e (1=75) (iB5+)) . \ +
- — t ) .

sinh w(i83; + A) cothm(if; +A)

r em™(1=7;)(iB5+X)

—cothmw(iB; +\) ———— | T
y (i5; ) sinh w(i3; + A) 1 0 (4.36)
o—T(1=7;)(iB;+X) —2m(1—7;)i '
—C " cothw(iBj+N) | LO € ’
L sinh7(if; + A) /
B [ bo(t) bl(t)efw(lfw'j)iwwz}(r,p) (tj, \)
- I bl (t)€7T(1_7j)inp1 (T,p) (tﬁ )\) bo(t) ’

sinh (1 —~;)[i(8; — 1)+ )
sinh (i3, + \) ’

where (; is defined in (1.79). Thus, we get the symbol defined in (4.28).

As proved above, the operator By (see (4.35)) in the space L)(T, p)
is equivalent (as a FREDHOLM operator) with By (see (4.4)) in the space
(WHN(T, p) and their indices are equal Ind By = Ind By (see (4.34)).
Thus, the symbol (%o)r,r,p)(tj;A) == ($1)L,1r,p)(t;A) defined in (4.36)
is responsible for the FREDHOLM properties and the index of By in the
space (W)N(T', p). Now the assertion follows from Theorem 4.1 (and from
Theorem 4.3).

wWI}(F,p) (tja )‘) =



89

In the cases X(I') = (HJ), ;)™ (T, p) and X(T') = (PC")(T", p) the proofs
follow verbatim the above exposed case X(T') = (W)™ (T, p). L]

5 Conformal mapping and BVPs

Through this section we use the notation from §1.1: for domains QF, for
their boundary T' = 9Q%, for the weight function p(t) (see (1.2), (1.4)), for
the unit disk &; and the unit circumference I'y = 0%;.

5.1 The Cisotti formula and its applications

In the present subsection we prove the C1SOTTI formula (5.5). It was pub-
lished in 1921 (see [LS1, Ch. III, § 1, n°. 44, Example 5]) and was rediscov-
ered in [PK1] for piecewise-smooth curves by a different method (namely,
by reducing the problem to the RIEMANN-HILBERT BVP for analytic func-
tions). This formula has several interesting applications (see [KKP1]) and
we will give some further applications below. Returning to the original
method (see [LS1]) we prove the CI1SOTTI formula for arbitrary domain
bounded by a rectifiable JORDAN curve.

Next Theorem is easy to ascertain if properties of conformal mapping
w : 9 — QF and of the inverse to it w™! : QT — 9, are taken into
account: it suffices to change variables in the integrals ¢ = w(z), 2 = w™(().
(see (1.47) and [Ev1, Ch. V, §1]).

Theorem 5.1 The derivatives w'(z) and (w™') (¢) of conformal mapping
(1.46) and its inverse are both square integrable

J1e P =7, [P = (mes0?)?, (51
Q+ D1

while restricted to the boundaries they become absolutely integrable

[y @ldc =2e, [ 1(@lids] = mest. (5.2)

Next Theorem is a far non-trivial and subtle consequence of the foregoing
theorem and we quote [Gol, p.p. 405-411] (see also [Kol, Ch. I, II]) for
rigorous proofs.

Theorem 5.2 If w(z) in (5.1) is a conformal mapping of the unit disk 9,
onto a simply connected domain QT with the rectifiable JORDAN boundary,
then:

i. w € WD) (see §1.1).

it. w(z) is absolutely continuous on the boundary T'y.
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iii. For almost all ty € [0, 2m] there exists an angular (i.e., non-tangential)
boundary limit = of the function W'(2)
dw(e'™)
dr

lim  W'(re') = —je "o

A
reit Seito

(5.3)

The limit is denoted again by w'(e'0).

Theorem 5.3 The derivatives w'(z) of the conformal mapping w : Py —
QF has the following representation

W(z) =W /L,,/ﬁ & , 2€91, (54)

ICI 1 [¢1=1

Ble't) := at) —t — g =9(t)—t foraa te|-mn], (5.5)
where a(t) and Y(t) = Oy(eiry = argF(w(e')) denote the inclinations with
respect to the abscissa axes of the tangent and the outer unit normal vectors
at the point w(e'), respectively (see Fig. 1).

Proof. Due to (5.3) Bo(t) := B(e®) in (5.5) exists for almost all t € (—, ]
and for those t we have

W () = —ie# B _ isots

dt dt

)|

Since W’ (') # 0 (w(z) is a conformal mapping!)
Re [—ilogw'(e™)] = Im log w'(e™) = Bo(t) = B(e') for a.a. t € (—m,7]

and the SCHWARTZ integral recovers the analytic function —ilogw'(z2) €
wi(Z,) by its real part on the boundary

1 7Te”—!—z ;
—ilogw'(z) =iC + — . T)d
ilogw'(z) =iC + o / i 7Zﬁ(€ )dr

(see [Kol, Ch. I, II], [LS1, §. 44]); therefore

W'(2) = exp(—=C QL/ ”—’_Z Ydr
[ ; . ) .7 iT i‘rd
= Coexp |~ [ Blemar+ 1 / gleJerar
= C}exp i/i(c_)ic

I¢l=1
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and taking z = 0 easily locate the constant Ci:

C1 = w'(0) exp —% / B(C)% . .
I¢l=1

It is sometimes helpful to have the C1soTTI formula (5.4) in the following
equivalent form

e = O exp [i( 2, 50)(re) — (Zf)re") = 5 [ ol | (5.0
0<7‘<1,7r—7r<t§7r,

where Z,.¢(z) is the POISSON operator and %ap(z) defines the adjoint
harmonic function to Z,¢(z) (2| < 1; see [Kol, Ch. I]):

P, it)._i/ L (7)d
T o 1—2rcos(t—7)+r2<p7- ™
x (5.7)
—~ , 1 rsin(t — 1)
. iy — d .
Frplret) 27 / 1—2rcos(t—7)+ TQSD(T) ’

—T

In the next theorem WeAl/lave collected properties of the POISSON op-
erator &2, and its adjoint &, from [Kol, Ch.I] and [Kol, Ch. V, §D.1°],
necessary for further investigations.

Theorem 5.4 Let ¢ € L,(II), Il := [—-m, 7|, 1 < p < c0. Then
i. Prp(z) is harmonic in 91 and

12r| Ly (M| < [lp| Ly, 0 <7 <1, lim |2 — | Ly(IT)|| = 0

it. If p(t) is continuous at some to € 11, then
lim Z,p0(2) = p(ty) as z=re’ —elo r<1, (5.8)

In particular, if ¢ € C(Il), o(—m) = @(m), then the convergence in
(5.8) is uniform (including convergence across tangent paths) with re-
spect to tg € 11.

i, If Tmg(t) =0, [g(t)] < AF for allt € IT and X < 1, then

s

/eXp H%g(e”)

—T

47
< . 5.9
] T cosgA (5.9)
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Remark 5.5 Fasy to check that

s

Prp(z) = ImCrep(z) — % /‘P(T)dT’ (5.10)

— ™

Prp(z) = —ReCrp(z) for Imep(t)=0

(see (1.3)). Therefore for ;@Trcp we can apply the PLEMELJI formulae and
get

lim «égrsﬁ(z) =—-p(t) - L /cott 5 Tgp(T)dT, (5.11)

where the limit is angular (see (1.25)).

Corollary 5.6 If the inclination of the tangent vector to the boundary curve
T is continuous on the entire boundary, derivative w'({) of the conformal
mapping in (1.46) belongs to the SMIRNOV-LEBESGUE space w' € e,(%Z1)
forall1 < p < oo.

Proof. Due to the asserted conditions 3y(t) = 8(e®) in (5.5) is a continuous
function By € C(II) and By(w) = Bo(—n); then

Bo(t) = Bi(t) + Ba(t), freCHID), Bi(n) = pi(-n),

1
|Bg(t)|§%:%g for all ¢ e 1.

From (5.6) and (5.9) we get

/ ' (re' ™) [Pdr = / | exp Hp%ﬂﬂ@”) +p@:ﬂ2(e”) } dr
§47TC:9 forall 0<r<1,
cos T

4

where

Cy = /exp Hp%ﬁl(e”) } dr < oo
since 1 € H1(T'1) and £2,.01(¢) is uniformly bounded with respect to 0 <
r <1 (see (5.8)). n

Let us formulate several consequences of the foregoing results. First of
them is a weak form of the LINDELOF theorem; in full generality it can be
found e.g. [Kol] and deals with arbitrary domain with JORDAN boundary.
For a domain with the smooth boundary it is proved e.g in [Gol] by a
different method and in [KKP1, p. 141]-as here, by using the CISOTTI
formula, but for piecewise-smooth curves.
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Theorem 5.7 Let QF be a simply connected domain with the rectifiable
JORDAN boundary I' and w(z) be a conformal mapping of the unit disk 2y
onto the domain Q. If the tangent exists at some point of the boundary to €
T, then the argument argw’(z) of the derivative of the conformal mapping
is continuous at €0 € 'y = 0Py, where to = w(e™°):

ic(Yo) Yo

limargw’(z) = argw’(e'0) = e as z— e and ze€ Q'

In particular, if the tangent exists at each point of the boundary T, then

argw’ () is a continuous function on the closed domain Q.

Proof. The proof follows from Theorem 5.4.ii and from the equality

argw’(z) = argw’(0) + Z,.Bo(t) — % /ﬂO(T)dT, (5.12)

i

z=re , 0<r<l, —w<t<m

(see (5.6)), where Bo(t) := B(e®) is defined in (5.5). "

Let 0 < p < oo and X be a compact sufficiently smooth manifold (we can
take X = [0,1], X = Qt or even X = T' if the latter is sufficiently smooth).
Norm in the ZYGMUND space Z*(X) is defined as follows

ez (X)|| = [|f1C (X))
[(0%p)(z + h) —2(0%p)(x) + (0%p)(x — h)|
v s T ’

o =[u] -
p=[u" +{u}" (W eNo, 0<{u}* <1,

where

IFIC™ &)=Y sup|o®f(x).
o] <m ¥€
For € RT\ N the space Z*(X) coincides with the generalized HOLDER
space H,(X) (see [St1]), where (cf. §1.1)

||@’HH(X)|| — ||f|C[“](X)H + Z sup 1(0%p)(y) — (0%¢)(2)]

g evetary el

p=1[ul+{u}, Wl eNo, 0<{p}<L

ZMT') coincides with the BEsov space B, (') (see [Trl]) and the
next theorem represents very particular case of [Dul0, Theorem 3.2] (cf.
Theorem 1.8 above). The assertion can readily be derived from the Mus-
KHELISHVILI-PRIVALOV theorem (the case u < 1), proved in [Mul, §21],
for non-integer p € R and extended to integer values p = 1,2,... by the
interpolation of ZYGMUND spaces (see [St1, Tr1] for theorems on interpola-
tion).

)
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Theorem 5.8 Let 0 < u < oo and the boundary T' = 9QF be m-smooth,
where m € No, m > .
The potential operators

Cr : 7ZMT) — ZM(QF),
Wr : ZMI) — ZHQF), (5.13)
Ve @ ZHM(I) — ZHTHQF)

(see (1.3) and (1.16)) are bounded.
In particular, if T is piecewise-smooth, we should restrict 0 < p<1. m

KELLOGG proved that if the inclination of the tangent vector is a HOL-
DER continuous function with some exponent 0 < p < 1 (so called L1APUNOV
boundary), then the derivative w’(x) of the conformal mapping w :; 2, —
Q7 also is HOLDER continuous with the same exponent p. The simple proof
of this assertion is exposed in [KKP1, p. 143] and is based on the CISOTTI
formula. The next theorem generalizes KELLOGG’S theorem for p > 1.

Theorem 5.9 Let Q) be a simply connected domain and the inclination of
the tangent to the boundary I' = 0Q with respect to some fixed direction
belongs to the ZYGMUND space ZH([0,¢]) for some 0 < p < 0.

If w(z) is a conformal mapping of the unit disk P1 onto the domain (Q,
then w € ZHtL1(9y).

Proof. Let us consider the natural parametrisation of the curve I" by the
arc length parameter ((s)[0,¢] — T, ((0) = ¢(¢) (cf. (1.21)). The derivative
¢’'(s) coincides with the unit tangent vector to I and the condition of the
theorem can be written as follows

arg (1) € ZM([0,4]), argd*TI(0—0) = arg 0 T1C(040), k=0,...,[4].
By the definition (see (5.5))

B(e") = a(t(s) ~ t(s) - 5 »
where t(s) : [0,¢] — [—m, 7] is a continuous function of the arc length
parameter, defined by the equality w(e**(®)) = ¢(s). Thus, we need to prove

the implication

t'() € Z([0,4]) = t'(s(w(-))) € Z*(T1).

Nl

From the asserted conditions # € C'(I'1) and from the Corollary 5.6 we
get w' € ea(2;). Then
G2 G2 ©) 5
[s(w(C2)) = s(w(C))| = /\w’(C)HdCI < /Iw’(C)IQIdCI /IdC|
G §! ¢1

= Col¢a — G2 . (5.14)
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Thus, s(w(-)) € H1(I'1) and we find the first crude inclusion 5(s(w(:))) €
7" (') = H,,(T'1) with v; = min {%, %} Due to Theorem 5.8 and to the

C1soTTI formula (5.4) we get another crude result w’ € Z"1(%;). We return
o (5.14) and find

G2

5(@(G2)) — s(w(C1))] = /|w<>||d<|sol|<2—<1|, GLGer,
<1

where C; = sup |[w'({)]. The obtained estimate and the inclusion §(-) €
el

Z*([0,4]) give the second crude inclusion S(s(w(-))) € Z*2(T'y) with v =

min{1, u}. Due to Theorem 5.8 and the formula (5.4) this inclusion yields

W' € Z2(%1), which is the final result provided 0 < p < 1.

If 4 > 1 we take the derivative in (5.4)

w'(2) = w'(0) exp| Cr Bz Bo] Cr,f'(2) (5.15)
L/" 6 -, z e g%.
\(\ 1

On the other hand,
(0cB)(s(w(())) = —— = = B'(s(w(()))(Ocs) (w(C)) - (5.16)

Since —s’(t)—=1, we find that

(Ocs)(w(O))] = 1w’ ()

and from the inclusion ' € Z*(T'y) C H;(T1) we conclude (9;s)(w(+)) €
H;(T'1). This inclusion, together with 3'(+) € Z#~1([0, 4]) yields 9:3(s(w(+))) €
7¥3(T'q) (see (5.16)) with v5 = min{1, u — 1}.

Again, we derive w” € Z"3(QF) = w € Z*+2(QF) from (5.15) and from
Theorem 5.8. The final result is obtained if y < 2 which implies 3 = p.

If 4 > 2 we repeat the foregoing proof, taking further derivatives in
(5.15) and accomplish the proof by the mathematical induction. L]

Corollary 5.10 (see also [KKP1]). The inequality

loglw(C) — w(&))]
0<C | glc—¢)

< Cy < o0 (5.17)

holds for all |{| = 1 provided t; = w((;) is not a cusp of T, i.e., if 0 < ~y; < 2.
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Proof. Invoking the LAGRANGE theorem and C1soTTI formula (5.5) with
the PLEMELJI formula (the last one in (1.25)) we get

loglw(¢) — w(¢;)] =log(¢ — ¢;) +logw'(¢)

—Co+log(c - ) +5(¢)+ 7 [ ADT
|T]=1

~

where ¢’ = (’(¢, ;) €¢;¢ and

1
Cy :=logw'(0) — = / ﬁ(T)d—T = const .
7r T
I7|=1

The density 5(7) in the CAUCHY integral is piecewise-HOLDER continuous
B e H,(I'i¢; \ {¢;}) by condition and has the following jump at (; € Zo,

B(¢; +0) = B(¢ —0)

™

=1- ’Yj .
Applying the estimates

1 d . 0) — - —0 / /
! ﬁng _ BG+0) . B =0 1001¢i — ) + Bu(C)
|7|=1

= (y5 = Dlog(¢" = ¢;) + f1(¢) = (5 — 1) log(C = ¢;) + F2(¢)

as ¢ — G, [¢' = ¢1/[¢ = G| <1, where 81,82 € H,(I'1¢; \ {¢;}) (see [Mul,
§26]) we find

log[w(¢) — w(¢;)] =75 log(¢ = ¢') + B3(¢;:€)

with uniformly bounded £3(¢j,-) € H,(T'1¢, \ {¢;}) when ¢ — (; and (5.17)
follows. .

5.2 Proof of Lemma 1.11

Repeating verbatim the arguments exposed in the proof of Theorem 1.16
(see (1.51)—(1.56)) we find easily that the Riemann-Hilbert problem (1.35)
in the space ¥ € &,(0F, p), g € L, (T, p) is equivalent to the singular integral
equation (1.50) in the space L,(T').

Let, for definiteness, consider the domain Q7. The case of outer domain
differs only by angles: we should replace all ; by 2—7; (i.e., by the measure
of the complementary angle).

First let us prove that G € PC(T'1); namely,

G(¢;—0 27 1 . )
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In fact, in the vicinity of ¢; € I' we get
po(w(€)) = pj(Q) [w(C) = w(E™ = pi(Q) [W(EH]T (€= ¢)™, =G

G=NG+HA=2)C, 0<X <1, pi(Q) =[] [w(¢) - w(G)]™
k)

(see (1.46), (1.48)) and p;(t) is continuous at t;: p;(t; — 0) = p;(t; + 0).
Therefore,

1

w'(G —0)w'(G+0)|”
WG —0) (G +0)

G(G —0) _ po(w(¢ —0)) po(w(( +0))

G(G+0)  po(w(¢ —0)) po(w(¢; +0))

1 )
» T

(G —0—¢)™ (G +0—¢) | (¢ —0) (¢ +0)
(G —0—C)% (G+0—=¢)% |w'(¢ —0)w' (¢ +0)

= exp {27Taji +2 <]1) + aj> larg w'(¢; — 0) — arg w'(¢; + 0)]1} .

We proceed with the help of (1.66) (see also (5.6) and (5.8))

ggé - g; ~exp {zmﬂ L (; n aj> farg B(¢; — 0) — arg B(G; + 0)12'}

1
= exp {27704]'2' — 27 (p + aj> (1- 'yj)z}

27 1 .
= exp [—z + 27 ( + ozj) 'yjz] .
p p

The function Cc_j Y7 with
! + (1 + > =1 (5.19)
V= —= — 4oy, j=1,...,n, .
j ? ? i |
has discontinuity on the unit circumference if v; # 0,£1,... and this dis-

continuity we fix at the point (; € I'y; then

(G =0),”

2 1
S = exp(_gﬂyﬂ‘) = exp {Wz‘ — 27 < + aj> ’yji]
(G +0);" P

p

and consider the function

Go(Q) =G I ¢, ¢eln. (5.20)
j=1
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Let us prove that
Go e C(T1), |Go(Q)]=1 forall |(|=1 and ind Go=0. (5.21)

Continuity on I'; follows from (5.18) Go((; —0) = Go((; +0), j=1,...,n
while from (1.51), (5.20) we find immediately that the function is unimod-
ular |Go(¢)] = 1.

To prove the last claim ind Gg = 0 we rewrite (5.20) as follows

. 7 T (-G
H( S Cj)> = [[-%) (c—g)

@) [¢@] (cmg) P e Tl
" po((Q)) L'(o] <<—<j)’ el E( )

Thus, Go(¢) has a continuous extension inside the unit disk
Go€C(21), Go(z)|#0 forallze€ 2
and the homotopy
Gor(C) :==Go(r¢), [Cl=1, 0<r<1

is continuous, non-vanishing and connects the function Gy = Gy,; with the
constant Gy ¢ = Go(0), confirming ind Gy = 0.
Let us rewrite (5.20) in the form

Off¢c. ¢ern. (5.22)
j=1

From (5.22), (5.21) and Corollary 4.2 we find that conditions (1.36) (1.32)
are necessary and sufficient the singular integral equation (1.50) to have a
solution, because under these conditions A is FREDHOLM in L,(I'y) and has

the following index
Ind A=) 1,

vj>1

since ind CC = 0 when v; <1 and ind Q © =1 when v; > 1.
In conclusion it is worth mentioning that the problem has alwayes non-
negative index Ind  (r;)A > 0, i.e., is surjective if it is FREDHOLM. [

5.3 Proof of Theorem 1.26

As in the proof of Lemma 1.11 in § 5.2 we treat, for definiteness, the domain
Q. In the case of outer domain we have just to replace all v; by 2 — ;.
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First we suppose Z,, = 0. Then

G() =GO [ ¢ c¢ery, (5.23)
j=1
N for % <vj, ~ B . B
S { vj—1 for % > v, Go(¢) = Gol(C)C7, o= Z 1

Cj €501u
vi>1

(see (5.22) and (1.93)—(1.95)). Due to Corollary 4.2 equation (1.50) is FRED-
HOLM in L,(T'1) if and only if conditions (1.94) hold and then

ImdA=indGo=0= Y 1

gj eaow
vi>1

(see (5.23)). Proposition (1.95) follows because the equivalent RIEMANN—
HILBERT BVP (1.55) has non-negative index o > 0 and has the trivial
kernel dim Ker A = 0 (if the index is positive, BVP (1.55) would have the
trivial cokernel dim Coker A = 0; cf. [GK1, Khl, Mul]).

Now let Z,, # 0 and consider equation (1.50) for go € L,(T'1,ZEow),
¢ € Ly(I'y) or, what is equivalent, consider operator (1.93). We should
start by proving boundedness of (1.93). First note that due to Lemma 1.25
the operator

G-1 =
TK i Ly(I) — PCT') C Lp(T, Eow)

is bounded and since is one-dimensional influences neither the FREDHOLM
property nor the index of the operator

GO -1,

A=Pl + GO, +—5

Therefore, in what follows, we ignore this summand in the operator A and
put
A=Pt +G()Py, .
Let I‘fj ={¢ el : £Im({/¢) > 0} be the semi-circles having +(; as
endpoints and thj (¢) be the corresponding characteristic functions (¢ € T'y).

Boundedness of the operator in (1.93) follows from the boundedness of
the restrictions

Ay = (L= xe) T+ gixe; Axe 91 T+ Lp(Tag) — Lyp(Trgy, {G1) + (5.24)

_lc+glp
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for all ; € Zo. Easy to ascertain that if

G, (€)= G(¢ — O)xg () + GG+ ONE ()
then
G(C) =G, (Q) =0(C = ¢l) as ¢ — ¢ €Eop- (5.25)
Due to Lemma 1.22 the operator
Ag, = AL = gilG(Q) = G ]Pror T+ Lyp(Tig,) — Lp(T1 G,
A = [Pt +Ge, P lgr ' (5.26)

is bounded. Moreover, if ¢ > 0 and x¢, ¢ is the characteristic function of
the neighbourhood I'y¢; . C I'y¢;, contracting to {(;} as ¢ — 0, then

Ix¢5,e(Ae; = A2 L (Lp(T1), Lp(Tr, {¢G 1)l
< MOHXC_'/7E(G - GCJ)‘LOO(Fl)Hl_é )
which yields

i [[xc, (¢, ~ AL Z(Lp(T0), Lp(Tr, GH) =0 as 0

since 0 > 0 is arbitrary. Thus, boundedness of operator (1.93) follows from
the boundedness of the operator

A Lyp(T) — Lp(T1, {G)) -
The boundedness of A, in its turn, follows from the estimates
17, A% 0| Lo (T < Myllp|Ly(T)|, M <00 forall ¢ €,

(see (1.90), (1.91)).
We can suppose, that

e’ for ¢eT7f,
Ge,(¢) = g (5.27)
1 for (eI}
In fact, the operator

Bj :=Pf + G~ (¢ —0)Pp, (5.28)

has constant coefficients G((; — 0) =const# 0 and due to the following
well-known properties of the singular projections

(Pril)zzPFil, PEPL =P Pl =0, P +Pt=1I (5.29)
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is invertible By ' = P +G(¢; —0)Py,, B;'B; = B;B;'' = I. Therefore it
suffices to prove boundedness of the operator

AB; = Pf + G — 0GPy, ¢ Ly(T1) — Ly(T1,Bow) (5.30)

instead of (1.93). The coefficient G°(¢) := G~1(¢; — 0)G(C) of the operator
(5.30) has limits G°(¢; — 0) = 1 and G°(¢; +0) = e and corresponding
local representative ng (¢) has the form (5.27).

Let us apply the isomorphisms 25, = 2, 2¢, defined in (3.31)-(3.36).
Since

_ 1 1 g
AO7Cj = pCjAng;’le = §(I+ %)nglsﬂgl 1ffp ]1>
1 e%ri 0 _ _
sl Vu-geasatz) Ga
it suffices to find Z,¢; 9151, oI 1,@’;}21_1. Applying (3.43) we proceed as fol-
lows
1
. 1 A ()7 52 (y) 2, (9)e(y)dy
2:,918r, 97 " 2 (@) = = . . >
S 20 =5 || e (a) e, ) — 4, @)

1 T oly)d
_1 / ey)dy _ Sag(x)
T y—x

— 00
and further

%strl Qi;al = %(Q{strlgfgzl)gil = ,

p

where

_ 1 [ e oly)dy 10
Spp(a) = por / T oton = Ve

—0o0

sp(A) :=cothm <; + )\) , Az €eER,

oo T—y
_ L e medy o
Npp(x) := = / Tre@w Wy,

ny(\) 1= ——— (5.32)
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Easy to ascertain that
Ao, i= e, A% 20t = | 20 TSI S%”%U e %(ﬁil_ A
=Wan(¢;,) (5.33)
(see (5.31)-(5.32)), where 4% ((j,-) is the symbol. Since
cosh z sinh w — sinh zcosh w = sinh(w — 2), z,w € C,
we find the symbol

sinh w(%Jr)\)

1 — sinh %i coth (% + A)} e%i%
0 1

Pl hZ
(G5 N) = [ e cosh 3

@
3

Sinh‘n’(%-&-)\) er sinh‘rr(%+)\)
0

(5.34)

l i  sinhmA x;_ sinh 54 ]

Applying (3.30), (3.32) we get

e PV —Vu

Qpﬁ(j%jgil =9;Vcl=g; [ 0 0

¢ :| +Rj :ng% + Rj (535)

To = [ e 5l [1—09:1(A)] 9;1(3) —1 ] _ { 67? - }

>l
>l

(see (3.8)). From (5.33) and (5.35) we have
L, Ve, AL 0 = g Voo Ao e, (01, 02) T + RjAo g, (1,2) T = (Yo W2, 11
VoW, b2, 0) 1 = (W by + Wiy 102,0) T + Ry Ao, (v1,42) ", (5.36)

where (1,12) " 1= 2, and

sinh w\ —¢sinh A

Asinh 7 (; T )\)

sinh (% ¥ A) 7 (5.37)

sinh T i [sinh Zi — sinh (£ +2)]

W ba; () =

Y

()= Asinh 7 (1% + )\)

because 75, = W;)_l -1 = W§_171 (see (3.23)) and g—*(\) — 1 = —i/\.
The functions by;(\) satisfy conditions (3.4) and, therefore, by; € PC,(R).
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This yields the estimate

176, A% | Lo (0T )1 < 1251 1 Zoc, Y, A 0| L (B (5.38)

= 12 llgs oo Ave, (1, %2) T | LR R + [[R; Aog, (81, 402) T [ L (R)]|

<2 > Mg W, k| Lp(R) | + | R Ao, (1, %2) T | L2(R)]|
k=1,2

< M3 (%, 92) "Ly (R) | = M7 | 2o, 0| Ly (R)| < M o] Lp (D, )| -

Estimates (5.30) follow and imply the boundedness in (1.93).

To prove the FREDHOLM criteria (1.94) we apply the localization method,
due to I.GOHBERG and N.KRUPNIK (see [GK1, RS1]) modified for operators
between two different spaces (see [Du9, §3]). We skip over exposing details
of the method because they are well-known and even modified version is
operating with similar objects—localization classes, local equivalence, local
representatives, local invertibility etc.

We choose a standard covering system of localizing classes {M}cer,,
where M consists of all multiplication operators vI by smooth functions
v € C®(Ty), |v(t)] <1 (¢t € T'1) which are equal 1 in some neighbourhood
of ¢. Boundedness of operators vI € M, in the space L,(I'1) is trivial,
while in L, (I'1.E,y,) follows from Lemma 1.22. Another essential property—
compactness of commutators

[vI,A] =vA— Avl : L,(T'1) — L,(T1.Eow) ,

which is a bounded operator already, follows from the well-known criteria
of compactness in L,(I'1) space modified with the help of Lemma 1.22

7

/ /|1og(<— RGP |dr|| |d¢| < oo,

I 1

since the kernel k(¢,7) of the commutator [vl, A] is a uniformly bounded
function.

As a local representative of A at a regular point (y # (3, . .. (, we choose
the following operator

Me, _
AR Ay =Pt +G(Q)Pr,, Ag ¢ Lp(T1) — Ly(T1) (5.39)

with the constant (“frozen” at () coefficient. This operator is invertible
ALl =Pl + G (Co) Py, (see (5.28), (5.29)).

Before localizing at the point (;, where the coeflicient has discontinuity
G((j+0) # G;(¢;—0) # 0 let us simplify the operator by taking composition
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with the invertible operator B; in (5.28). The composition AB; has the
same image Im A; = Im A and due to invertibility of B; we can consider
the composition

Aj =P +G N — 0GP ¢ Ly(T1) — Ly(T1,Bow) (5.40)
instead of (1.93). The local representative of the operator (5.40) at the

point ¢; € I'y is chosen as follows

Me. .
Ay ~ A =P GG Pl T, G (1) = e+ xg L (5.41)

()
el (Tia)o
J P P J J

since G1(¢; —0)G((;j+0) = e*™i* (see (5.18) and note that in (5.24)(5.27)
we have taken the outward peak which means v; = 0); X]j-[ in (5.41) are the
characteristic functions of the semi-circumference & Im (¢/¢;) > 0.

The localized operator Agj,gj should be considered in the appropriate
local spaces:

Agj,Cj : Lp(Fl) — Lp(I‘l) if 0< Y4 <2,
(5.42)
Ag,Cj : LP(F1> - LP(Flﬁ{CJ}> if Vi = O? (i'e'7 Cj S E'ow) .
The lifted operators (cf. (5.33))
Asiis = 2o A%, %’Zjl = Lj(R) — Li(R) if 0<y; <2,
(5.43)
A07Cj = Z’QAS,Q %z]l = Lg(R) — Lg(R, {OO}) lf ’yj = O
are convolutions
Ay, = W;?ﬂ,]. (C550) (5.44)

(cf. (5.33)) with the symbols

1 S e2mvitl(r _ g L(p2mvii _ 1),
ot G = | BN+ =0y 0) ()

o™it () [ Sinhﬂ(%—l/ji-‘rk) sinh v 4
= |: 0 1 :| sinh‘rr(%—i—k) sinhw(%-&-)\)

e””ji 0 i sinh ﬂ'()\f(%+04]‘)’y]‘i) sinhﬂ'[%f( . j
= [ 0 1 ] sinh (1 +)) sinh (1 +)) . (5.45)
1

i
P

0
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The operator A, ¢, = WE{W_(Q’_) for ; # 0 is invertible in L%(R) iff

AN :emjﬂ_sinhw </\— (11) + aj) 7ﬂ>
sinh 7 (% + /\)

#0= <]19+aj) v #1, (5.46)

as it follows from (5.45) and (2.5). Condition (1.94) is justified.
Now let 7; = 0; then v; = © and (see (5.45))

e%i sinh Tr)‘ e%i sinh %i
%(Cja A) = sinh7r(%+)\) sinhﬂ'(%—i—)\) (547)
0 1

(cf. (5.36), (5.37)). The operator

7o { I+0”I/oo ? ] [ efil —II ]_{ e P I+ Ya) —(I+ %) }

— WD, I2(R, {o0}) — L2(R), Uo()\>f=[e_ x x] (5.48)

arranges an isomorphism (see (1.91) and (5.35)). Therefore, the operator
Aoy, in (5.43), (5.44) (the case v; = 0) is equivalent to the operator

v 0 _ 1470 1470 _ /0 .72 2
/VOC‘A/AO(ij) = WUO W%(Q,_) = WM&(Q,J : LP(R) — Lp(]R)7 (5.49)
where

(A—1i) Sinhﬂ)\ (A—i)[sinh %i—si‘nhﬂ(%+)\)]
g (G, N) == v (N ((j, A) = | Asinha(5+2) Asinh7(F+2)
0 1

Obviously, 2 ((j,-) € PCZ**(R) (see (3.4)) and

(A — @) sinh A

JAATYUSIATA L forall A e R.
Asinhw(%—k)\)

det '%1(<]7)‘) =

W1 (¢, 1s invertible in L2(R) and yields invertibility of the local represen-
tatives A¢; in (5.42) for all {j € Epy.

Thus, under conditions (1.94), all local representatives of the operator
(1.93) are invertible, which implies that (1.93) is FREDHOLM.

To prove the index formula (1.95) we recall the representation (5.23)
and arrange a homotopy sending the function G(¢) to

9(Q) =g0(¢) [[ 9(Q), ¢ern, (5.50)

(i €Eow
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where the functions go(¢) and g;(¢) have the same images (accept the same
1

values) as (N;O(C ) and ¢ ¢ 4‘;7 , respectively, when ( ranges over I'; (we remind

that v; = v; = 1 a5 soon as ~v; = 0). More of this, supports of go —1 and of

gj — 1 are “squeezed” and belong to I'1p and T'¢;, respectively. Therefore,
supp (gr — 1) N (Q)supp (g; — 1) :=0 forall k#j
go € CY(Ty), ind go = ind Go=0.

g eC'T\{GY), Eeciry), md% =o.
& ¢

(5.51)

To arrange such homotopy we just define

9
Go(Q) = Go(© | L] T |29 ¢ T ¢ e
Go(C) (i €=ow Cgp] Ci#Eow

~ 1
for 0 < ¥ < 1. Since the functions [go(¢)/Go(¢)]Y and [gj(C)/CC’;]ﬁ are
continuous for all 0 < ¢ < 1 (see (5.51)) and the exponents (1 — 9)7;
continue to satisfy conditions (1.94) when (; & Z,.,, we get the operators

Ay = Pﬁl + GyPr, : Ly(Ty) — Lyp(T1,Eow)

which are FREDHOLM for all 0 < 9 < 1. Then these operators maintain the

index
Ind A= Ind Ay = Ind Ay = Ind (P}, + G1Py)). (5.53)

Due to the disjoint supports of g; — 1 (see (5.51)) we get

Ay :P;l +G\Pr, =Dy I Dy,
cjeEow

D() = PI:Ll + gOPITl : Lp(Fl) — Lp(I‘l) 5 (554)
Dj; = Pf’; +g; P, : Ly(T1) — Lp(T1,{¢})
and the operators commute D; Dy, = Dy D;. Therefore

Ind Ay =Ind Do+ » IndD;=indGo+ Y IndD; (5.55)
Ci€Eow (i €EEow
and to justify the index formula (1.95) we just have to show that
Ind D; =0 forall ¢ €Zoy. (5.56)

1
By the condition the image of g;(¢) coincides with the image of ;- lcgj
which means that

9, (Ol =1, g;(¢;—0)=eF", g;(¢+0)=+1. (5.57)
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Let us consider the operator

He, =1+ 2,0 Wh 2, = 2,0 W e Zy¢, & Lp(T1) — Lp(T1,{G)

eFi A o5
L= T (5.58)

The lifted operator (see (3.37)—(3.40))
Gy Ho 2,0 = W0yt IAR) — LR {o0})  (559)

is invertible. In fact,

1+ W) = e el Y

(cf. (5.48)) and therefore ¥4, in (5.48) is the inverse operator to (5.58)
VoW = W ey =1 (5.60)

(see (3.23)).
For the parameter-dependent operator

Ry = (1—=9)D; —9e"H, : L,(T'1) — Ly(I'1,{¢;}), 0<9<1,
(5.61)

where 2% < 1 < 27 will be chosen later, the local representatives for ¢y ¢
S ow read

M0 _ "
Ry ~° Ry = g7 (1 = 9)PE + (1 —0)g;(Co) P )gi ] — VeI

=gy (1 =0 = 9e") P+ [(1 = 0)g;(Co)llgr — Det| P,
. Lp(T1) — Ly(Ty),  (5.62)

while for (; € Z,,, we get

MCJ‘ —1 +
Ry ~ Ry, =gy [(1=9)PF + (1 =9)G¢,(Co)Pr llgr I
— et "@27211 W1+L%0 Q{ZDC]'
= D%’;DE}W%L"(CJa)%<7 : LP(Fl) — LP(F17 {Cj}) (563)

(cf. (5.39), (5.41), (5.42)—(5.47)), where G¢,(¢) = +1 for Im ((Cj_l) >0
and G¢,(¢) = e7 " for Im (CC{I) <0 (cf. (5.27), (5.41)) and

Z5(Gs A) = (1= 0) (¢, A) = De'[L+ A/ (V)] (5.64)
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The operators Ry ¢, in (5.62) are invertible having constant non-vani-
shing coefficients

L—9(L+e") £0, (1-19)g;(¢o) — Ve #0 forall 0<9 <1, (o#¢

provided p > 7 (we remind that g;(¢p) = e with 2?” < p < 27 is impossible
since (o # ¢;). The inverse operator is written as in (5.28)—(5.30).

The operators Ry ¢, in (5.63) are also invertible because the lifted oper-
ators

0 1
W%o(éjf) = 2o, Ro; 2,

129

: L2(R) — L2(R, {oo}) (5.65)

are invertible. To verify this we should apply the isomorphism “/700 from
(5.48) N
VWi c) = Wt (¢, © Lo(R) — L3(R) (5.66)
(see (3.23)), where
vo (N (G A) = (1= 9). (5, A) — D ug(A)[1 + A/ (V)]
= (1= 9)f (G, N) — DT
sinh %ifsinh TI'(%Jr)\)

/\sinh.ﬂ'(%+)\)
1 —9(1 + em)

_la _v)% — et (1 —9)(A—1i)

(see (5.49), (5.60)). The image of the function

(A —i)sinh 7 sinh7w\ | Asinh A cos % — cosh 7 sin %

)= B sinh 7 (é + /\> ‘2

Asinhw (% + )\) A

sinh7\ cos T + Acoshn) sin =
—i = 2 S hp(A) = hp(=A)
sinh 7 (% + A)‘

on the complex plane C when A ranges through R is a continuous curve

connecting points h,(+oo) = et%? on the unit circumference and passing
through h,(0) = — ;7= < 0 on the negative semi-axes. Easy to ascertain,
P

that % <arg hp(A) < 2m — % and the constraints
2
max{ﬂ',27r— ﬂ-,ﬂ} <p<2r
p D

on the parameter p ensure the ellipticity
det vo(N)Z9((j, A) = [(1 — 9)hy(N) — 9et][1 — F(1 + )] # 0

forall 0<9<1, MeR,
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which yields invertibility of the operator in (5.66) (see (2.5)).

Thus, the operator Ry in (5.61) depends on the parameter ¢ € [0, 1]
continuously and connects the operator B; with the invertible one —e*?H, ¢
in the group of FREDHOLM operators, which yields equality of indices

Ind Dj = Ind RO = Ind Rl = Ind ch =0.

5.4 Proof of Theorem 1.23

First suppose I' has no peaks Z,, = 0.

Let us write the symbols of equations (1.39) and (1.40) in the spaces
X™T, p) = W(T,p),H] (T, p),C(T, p), PC™(T, p) according to (4.6),
(4.10) and (4.28)

+1 0
0 =1

if tA b, b,

"=

(ﬂi)xm(p)p) (t,)\) =
1[ +1 %,.(A)} S opet
P .

J
Hon, i (N) +1
where m = 0,1, 8; is defined in (1.79) and

sinh (1 —;)(iB; — mi+ )
sinh7(i3; + \)

According to Theorems 4.1, 4.3 and 4.6 equations (1.39) and (1.40) are
FreEDHOLM in X™(T, p) if and only if

Hn i (N) = (5.67)

. 1. 2
irel% | det (4 )xem(r,p) (£, A)| = i ,{Ielnfa |1 — 227 (V)| #0. (5.68)

Invoking the formulae
sinh? a — sinh? b = sinh(a — b) sinh(a + b) ,
sinh(a + 27k) =sinh a, a,beC, k=0,%1,....
we find easily

1

Ya— ez () = sinh? 7(iB; + \) — sinh® (1 — ;) (i3; — mi + )
1 g

4sinh® 7(iB; + \)

~sinh7[(2 — ;) (iB; + A) — mi + 2v;i] sinh 7, (i85 + A — mi)
sinh® (i3; + \)

_sinh (2 — ;) (@B; + A — mi) sinh my; (iB; + A — mi)
sinh? 7(i; + \) .

(5.69)
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Due to (5.69) condition (5.68) holds if and only if
2—79)EB8; + A —mi) #0,%4,..., (6 +A—mi)#0,£4,....

Since 0 < 3; < 1, m = 0,1 the latter conditions can be written as follows

0 .
v; if m=0,
B; 5.70

i 7 1-99 i m=1. (5.70)

and the condition of the theorem is justified.

On the other hand due to (5.70) the group of non-degenerate symbols
(5.68) is divided in four homotopy groups (two for each m = 0,1); the
symbols inside each group have equal indices and it suffices to find the
value for one representative of the group. Since

det (A )xm(r,p) (8, A) = 3[1 — A i (V] = 71— A (V[ + A (V)]

e

it is sufficient to investigate simpler functions 1 + 47, ;(\). Images on the
complex plane of representatives

m=20,1

are plotted on Fig. 7-Fig.10 in Appendix. The result can be summarized
as follows:

0 for B;<1—79 andm=0,

d det () (t,°) -1 for  Bj>1-9} andm=0,
ind det tj,-) =
+)xm(T,p) (L 1 for B <0 and m = —1,

0 for B > and m = —1.

From Theorems 4.1, 4.3 and 4.6 we get the index formula (we remind that

Tp = 0)

Z 1 for m=0,

Ind Ay =— Y ind det (& )xm(rp)(t;, ") e

J=1 - Z 1 for m=1

t, €T
B <1

(see (1.81)).
Now we need information about the kernels dim Ker A4 to derive the

remainder equalities in (1.81).
Solvability results follow from from (1.81) provided (1.82) or (1.83) hold.
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First of all note, that due to Lemma 1.21 it suffices to establish values
of dim KerxA4+ and dim Coker x A4+ only for one space among those where
operators A4 have equal indices.

Equalities dim Ker AL = &4, dim Coker A_ = ¢4 under condition
(1.82) and, in general, equalities in (1.81) can be derived from the equiva-
lence of BVPs and our BIEs stated in Theorem 1.12 by invoking Remark
1.10, Lemma 1.15 and equivalence of BVPs with the RIEMANN-HILBERT
problem, stated in Theorem 1.16, because either the kernel or the cokernel
of the RIEMANN—HILBERT problem (and of characteristic singular integral
equation) are trivial (see [Dul, GK1, Kh1]).

If one of conditions of the theorem is missing we can apply above men-
tioned equivalence with the RIEMANN—HILBERT problem to find that our
BIEs are not FREDHOLM. Moreover, since in all cases the kernels and coker-
nels are finite dimensional dim Ker Ay <n+1 and dim Coker A} <n+1,
the images Im A4 can not be closed.

Now suppose I' has peaks T, # 0.

Localization method applied in §,5.3, can be applied in the present sit-
uation as well. Due to Corollary 1.7 local representatives of operators AL
in (1.39) at to & Ty are

My 1
A:t NO :l:i.[

and are invertible in L,(T").

At the inward peak t; € 9, we should localize the operator A4 to the
same one, but replace the curve I' by a new one .#; which coincides with I"
in the vicinity of ¢; and has t; as a single outward peak. Therefore we can
suppose, without restricting generality, that I has a single knot .7 = {¢;},
which is either an angular point or an outward peak.

WARNING! While changing from the inward peak to outward, we change
the orientation of the curve. Then operators A4 and B4 are replaced by
FTA+ and FB+, respectively. We should also interchange one-side neigh-
bourhoods I‘;j and Ftt_ which leads, due to non-equal rights of these neigh-
bourhoods in the definition of the space L, (T, p, Zi,,) (see (1.76)) to differ-
ences, which should be taken into consideration.

Due to Lemma 1.13 the Riemann—Hilbert problem is surjective and we
can enjoy equivalent reduction of (1.39) and of (1.44) to the corresponding
BVPs (1.6)-(1.8) for the domain Q7 justified in Theorems 1.12 and 1.14.
Due to equivalence established in Theorems 1.16 and 1.17 we find that
equation (1.39) is equivalent to (1.50) while (1.44)-to (1.60). By applying
Theorem 1.26 and 1.29 we accomplish the proof of Fredholm properties.

The same equivalence can be used to prove the index formulae for the
case of one knot. In case of multiple knots we can use exactly the same
approac as in (5.51)—(5.54) and reduce the proof to the case of one knot.

For equations (1.40) and (1.45) we make conclusions as for dual equations
to (1.39) and to (1.44), respectively.
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As for dim Ker Ay and dim Ker By in (1.39)—(1.40) and in (1.44)-
(1.45), the formulae can be derived from the index formulae and above
mentioned results on kernels in L,(T") spaces (see Remark 1.10). n

Remark 5.11 Due to Lemma 1.21 any integrable solutions ¢4 € L, (T, p)
of integral equations (1.39) and (1.40) are continuous (are HOLDER contin-
wous with the exponent 0 < pu < 1 or even belong to the ZYGMUND space
Z¥(T") for 0 < v < 00) provided the right-hand sides are continuous (belong
to H*(T') or to Z"(T"), respectively and, in the latter cases, I sufficiently
smooth,).

Moreover, invoking Theorem 5.8 we find that the solution u(x) to the
DIRICHLET BVP (1.6), (1.7) is continuous on QF (is HOLDER continuous
with the exponent 0 < p < 1 or even belongs to the ZYGMUND space ZY (T)
for 0 < v < o0) provided the same condition holds for the date g(t) on T.

Similar assertions for Ly-spaces and continuous solutions can be found
in [Mi2, § 14] and in [Mal, Ch. I, Theorems 3 and 5].

Remark 5.12 Non-equal rights of curves Fti]_ in the definition of the space
L,(T', p, Zpi) in (1.76) originates in the behavior of the convolution opera-
tor with 2 X 2 matriz symbol which is a local representative of the bound-
ary integral operator and can easily be traced in the proof of Theorem 1.26
in §5.3 (see (5.42)—(5.47)). Difference of conditions on the function ¢ €
L,(T, p, Zpi) at outward and inward peaks in the definition (1.76) reflected
in €; = %1, is due to the above-mentioned non-equal rights of curves I‘tij
and can be ezplained by the change of domain QT to some outer domain by
localization to make an inward peak outward (see the proof of Theorem 1.23
above).
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Appendix
*(0,0) *(0,0)
o Ve
ind%; =1 ind%; = -1
Fig. 5
® (07 0) ° (17 O)
/ /
R sin § A —i sin?—})r
%?(A) A |:1 o sinw(éi)\):| %-?(A) A |:1 o sin 7 1901')\):|
ind 29 =1 ind 29 = 0
Fig. 6
«(0.44,0) e (1,0)
e
AN
- sinh Z (£4)) o sinh Z (£4))

ind (1 - 74%) =0
Fig. 7
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Fig. 9
- (0.46,0) . (1,0
o ~
- sinhi(lf)\) smhﬂ(lf/\)
1= =1~ sinh£(%+>\) 1+ 51+ mhg(%w\)
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