Journal of Applied Analysis and Computation Website:http://www.jaac-online.com
Volume 15, Number 1, February 2025, 587-604 DOI:10.11948/20240203

NOETHERIAN SOLVABILITY FOR
CONVOLUTION SINGULAR INTEGRAL
EQUATIONS WITH FINITE TRANSLATIONS
IN THE CASE OF NORMAL TYPE

Yanxin Lei!, Wenwen Zhang!, Hongquan Wang! and Pingrun Li%:f

Abstract In this paper, we mainly study the solvability for some classes
of convolution singular integral equations with finite translations in the case
of normal type. Via using Fourier transforms, we transform these equations
into Riemann boundary value problems with nodes. By means of the classical
theory of Riemann-Hilbert problems and the principle of analytic continuation,
we discuss the general solutions and conditions of solvability in the normal
type. Due to the coefficients of Riemann boundary value problems contain
discontinuous points, thus we discuss the solvable conditions and the properties
for the equation near the nodes. Unlike the general convolution equations, the
unknown function in the questions has finite translations on the real axis, so it
is a further generalization of the classical theory of singular integral equations.
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1. Introduction

Singular integral equations is a class of important equations involving the intersec-
tion and fusion of many branches of mathematics. Its development can be traced
back to the work of some mathematicians in the late nineteenth and early twenti-
eth centuries, and it has broad application value in many fields. For example, in
electromagnetism, singular integral equations can be used to solve the distribution
and boundary problems of electromagnetic fields. In fluid mechanics, it can be used
to describe and calculate the velocity field and pressure of a fluid. Singular inte-
gral equations are also used to solve perturbation theory problems and to calculate
scattering processes in quantum mechanics. This has been extensively studied by
many scholars, see [6,13,22-24,26,27, 30,32, 33] for more details. Singular integral
equation with shifts generalize further the theory of the classical equations, and it is
widely used in the theory of boundary value problems with the differential operators
(see [4] and references). At present, many mathematicians have systematically in-
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vestigated the singular integral equations with shift and achieved a series of results.
Chuan and Nguyen [8] discussed the solvability and explicit solutions for a class of
singular integral equations on the unit circle with Carleman shift and degenerate
kernels using the Riemann-Hilbert method. Amer and Dardery [1] studied a nonlin-
ear singular integral equation with Carleman shift on a closed Lyapunov curve and
obtained solution in the generalized Holder space. Recently, Bliev and Tulenov [5]
gave the conditions of Noether solvability and index formulas for singular integral
equations with Cauchy kernel and Carleman shift in Besov space. Therefore, in
addition to Carleman shift, singular integral equation with translations is also the
focus of research.

In this paper, we mainly study the following four classes of singular integral
equations with translations on the real axis.

(1) Singular integral equations with one convolution kernel and finite translations

“+o0
af(t+/\)+%/ f(:jt)‘

)dT—|—V%/;mk(t—T)‘J'f(T—F)\)dT:g(t), tER.

— 00

(2) Singular integral equations with two convolution kernels and finite transla-
tions

R (220

™

1 Foo
dT+\/%/0 k(t —7)Tf(r+ Ndr

1/ -
+E/_mh(t—T)‘If(T—l—)\)dT:g(t), tER.

(3) Singular integral equations of Wiener-Hopf type with convolution and finite
translations

b [T f(r4+N) 1t B
af(t—&-)\)—i—%/o — dT—i—m/O k(t—7)Tf(r+N)dr =g(t), teRT.

(4) Singular integral equations of dual type with convolution and finite transla-
tions

+o0 +oo
alf(t+A)+%[m IC N 7 4 jﬂ/m ku(t — )T F(7 + N)dr
=g(t), t eRT,
by [T A 1 [+
a2f(t+A)+;z[m f(:j—t )dT+\/ﬂ/oo ko(t — )T f(7 + N)dr
=g(t), teR™.

For the above equations (1)-(4), their notations can be found in Section 2.

In this paper, the classical theory of Fredholm integral equations is no longer
applicable to solving singular integral equations (1)-(4). Thus, we use the Fourier
transform to transform singular integral equations into Riemann boundary value
problems with discontinuous coefficients, and we study the existence and asymptotic
property of solutions. In the course of solution, since the coefficients of equations
possess the nodes, to overcame the difficulties appearing at nodes, we separate the
discontinuous point of equations. Our method is innovative and effective, and we
further generalize the results presented in [2,9,29].
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Our paper is constructed as follows. In Section 2, we introduce the necessary
definitions and lemmas, especially the function classes H; and Hs. Furthermore, we
prove the connection between the Fourier transform and a specific class of Cauchy
type integrals. In Sections 3-6, we apply Fourier analysis theory, complex analysis
theory, and harmonic analysis theory to solving equations (1)-(4) in the case of
normal type, and we discuss in detail the behavior of solutions near the nodes.

2. Definitions and lemmas
In this section, we give some definitions and lemmas. We mainly introduce two
important function classes Hi, Ho, and prove their properties.

Definition 2.1. Let F(z) be a continuous function on R, if there exists L, B € RT,
such that

|F({L‘1)—F($2)| SLl!El —!L‘glw7 Va1, 2o € [—.B,.B}7 (21)
and
1)
\F(z1) — F(2)| < L|— — —| , V1,22 € R\ [-B, B], (2.2)
I X2

are fulfilled, we say that F(z) € H, where 0 < w < 1. If the following inequality

+oo
/ IF(2)de < 400, «€R, (2.3)

— 00

is true, then we say that F(z) € L?(R). Obviously, the set of functions
— 1
0] <|x\ “) = {F(a:) |t F(z)| < M with g > 3 and M € R"’} (2.4)

is a subspace of L2(R). we say that H, = H N L*(R) and Hy = H N O(|z|").
It is obvious that Hy C H;.
Definition 2.2. The Fourier transform and inverse transform are defined as follows
I A
F(zx)=Ff(t) = — t) exp(ixt)dt,
(@ =710 = <= [ Fexplist
oo (2.5)
“1F(x) ! / F(z)exp(izt)dx
t)y=9% = — .
ft) )

When F(z) € Hj, we say that f(t) € H} (j = 1,2). As we know above H3 C H.

Definition 2.3. The convolution of two functions k(t), f(t) can be defined as
follows

+oo
k() * F(t) = \/%[ K(r—0)f(0)dt, TeR. (2.6)

Obviously, k(t) * f(t) = f(t)xk(t) and F(k(t)* f(t)) = K(x)F(z), where K (z) =
Fk(t), F(z) = Ff(t).

Definition 2.4. Define the Hilbert transform as follows

™ T—1

TH(t) = }).\/.1/+Oo /(7) dr, teR, (2.7)

—00

where P.V. stands for Cauchy principal value integral.
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According to the Poincaré-Bertrand formula [15,23,26], we get T2 = J.

Definition 2.5. The reflection and symbolic operators are defined as follows

Lf(t) = f(=t), 8f(t) = f(t)sgn(t). (2.8)

It is easy to prove that

L£?2=73 82=1.
Definition 2.6. The positive and negative parts of a function f(t) are defined as
follows SF(H) £ IF()
fatty = 2RO, (29)

Obviously, we have
f(t) = f+@) — f-(1).

The relationship between Fourier transform and boundary values of analytic
functions, as elucidated by Lemma 2.1, plays a pivotal role in this paper.

Lemma 2.1. Assume that f(t) € L*>(R), then we have
FLa(t) = (TF(2)), (2.10)

Proof. By Sokhotski-Plemelj formula and Poincaré-Bertrand formula [22, 23, 26],
we have

(TF(z))* = j:%F(J:) + ﬁ / m f ET;dT,

— 00

then we get

+1 +oo

NI
1 [T 1 1 +oo
— _— ¢ irt)dt ) d
rom | (e [ festira) ar

+oo too
22\:&% - f(t)exp(ixzt)dt + 2\/1% /_OO f(t)sgn(t) exp(ixzt)dt

+oo
= \/12? [ /() ;t 210 exp(ixt)dt,

(TF(x))* f(t) exp(izt)dt

(2.11)

thus the positive (or negative) Fourier transform of f(t) is equal to the positive (or
negative) boundary value of the Hilbert transform of F(x), and therefore (2.10) is
valid. 0

Lemma 2.2. Assume that F, T, L, 8 are as described above, we have
(1) TF=38; (2)F*=L; (3)F'=4LT=7CL. (2.12)
Proof. Without loss of generality, we only prove the case (1). By Sokhotski-

Plemelj formula, we obtain

+oo
TFF(t) = i,/ FO 4~ (aF@)* + (7F@)-. (2.13)

T oo T—X
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On the other hand, we have
1 +oo
FSf(t) = — t)sgn(t) exp(ixt)dt
1) = <= [ f)sen(t) explia)

+o0 +oo
- \/% /_ £ (t) exp(ixt)dt—&—\/% /_ £ (8) explizt)dt.

According to Lemma 2.1, we know that (2.13) and (2.14) are equal, thus (1) is valid.
The similar methodology can be applied to prove (2) and (3). O

(2.14)

Lemma 2.3. Assume that f(t) € Hf, A € R and |\| < 400, we have

(1) Ff(t+ A) = F(x) exp(—idz),

(2) FTf(t+ A) = —F(x)sgn(z) exp(—iAx). (2.15)

Proof. (1) This can be proved by simply substituting s = ¢t + A and performing a
transformation of variables.
(2) According to Lemma 2.2, we have

FTf(t+ ) =TFFSTLf(t+ N
= L8LTf(t+ N

= LSF(—x) exp(—iAz) (2.16)
= —F(xz)sgn(z) exp(—iAx).
O
Lemma 2.4. If f(t) € H} and F(0) =0, then Tf(t) € H; (j =1,2).
Proof. Since f(t) € Hj and F'(0) = 0, we have F(z) € H; and
F(oo) = F(0) =0,
thus F(x)sgn(z) € H;. In Lemma 2.3, if we take A = 0, we have
FTf(t) = —F(x)sgn(z) € H;, j=1,2, (2.17)
thus Tf(t) € H; (j =1,2). O

3. Singular integral equations with one convolution
kernel and finite translations

First, we solve a basic class of convolution equations with finite translations by
rewriting equation (1) in the following form

af(t+X) +bTF(E+N) + k() « TF(t+ ) = g(t), teR, (3.1)

where a, b, A € R with ab # 0 and |\| < +oo, k(t), g(t) € Hy. We require that the
unknown function f(t) € Hy. Taking Fourier transforms on the both sides of (3.1),
we get the following equation

[a — bsgn(x) + K (z)sgn(z)] exp(—idz)F(z) = G(z), z€R, (3.2)
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where
K(z) =Tk(t), G(z)=5g(t), F(z)=9f(1). (3.3)

Here, we only consider the case of normal type, that is

b—a, x¢€RT,
K(z) # { (3.4)
b+a, xzeR™.
From (3.2), we have
F(z) = Glz) exp(iAz). (3.5)

a — bsgn(z) + K (x)sgn(x)
On the other hand, since G(x) € Hy, it follows from (3.2) that
G(0) = Fg(0) =0, (3.6)

which implies that F(0) = 0. Denote

Go(x) = a—(l;)igr)l(x) exp(idzr), Fo(x)= o bsgrﬁg)—s&—g?((g)sgn(x) exp(ilx),
(3.7
then, (3.5) can be rewritten as
F(z) = Go(z) — Go(z)Po(x), (3.8)
therefore, (3.1) has a unique solution
ft)=9""F(z)
:3:71G0(1‘) _3'“71 [GQ(QS‘)P()(ZC)] (3 9)
1 [t '
= go(t) — NeTS [m go(t — 7)po(T)dr,
where .
_ LT G@ i — )
wit) = o= [ i explin(r — ). (3.10)
and
1 Foo K (z)sgn(x) exo(iz(\ — .
nit) = o= [ e - D). (31D

Based on the above discussion, we obtain

Theorem 3.1. Ifk, g € Hf, and (3.4) is valid, then (3.1) is solvable in Hy if and
only if (3.6) holds. In this case, (3.1) has a unique solution

f(t) =971 F(x), (3.12)

where F(x) is given by (3.5) or (3.8).
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4. Singular integral equations with two convolution
kernels and finite translations

In this section, we consider the equation with two convolution kernels and finite
translations, and equation (2) can be rewritten as

af(t+ N) +TF(E+7) + k)« TFL(E+X) +h(E) «Tf_(t+A) = g(t), tER, (4.1)

where a, b, A € R with ab # 0, |\| < +o0, k(t), h(t), g(¢t) € Hf, and the unknown
function f(t) € Hy. Similar to Section 3, taking the Fourier transforms on the both
sides of (4.1), we get

[a — bsgn(z)] F(z) — K (z)sgn(x)FT (x) + H(x)sgn(x)F~ (z)

—G(z) expl(ira), = €R, (4.2)
where
K@) = Fh(t), G(a)=TFglt), H(x)=Fh(t), Fla)=Ff@),  (43)
and . oo
FE(@) = 5 /_  (sEn(t) £ ) (0 expliz)i. (4.4)

By further simplifying (4.2), we obtain the following Riemann boundary value
problem with discontinuous coefficients

Ff(z) =Qx)F () + A(x), z€R, (4.5)
where
_a—bsgn(z) — H(x)sgn(z)
Uz) = a — bsgn(z) — K(z)sgn(z)’ (4.6)
and () '
Az) = exp(iAz). (4.7)

a — bsgn(z) + K (x)sgn(x)
Here, we still consider the normal types with restrictions on K(z) and H(z),
that is

a—b, x€RT, a—b, x€RT,
K(x) # H(z) # (4.8)
a+b xeR™, a+b xeR™.

We can easily see that the coefficients Q(z) (or A(z)) of Riemann boundary
value problem (4.5) may exist the discontinuities points.
Next, we consider the continuity of Q(x) at x = 0. Since

. a—b— H(0) ) a+b+ H(0)
lim Q) = 220720 ) Q) = 4020
A 0@ = STy L) = T R 0)

and ab # 0, thus

(4.9)

lim Q(z) # lim Q(x),

x—+0 x——0

then we know that x = 0 is the node of (4.5). Furthermore, at = oo, one has

lim Q(z)= lim Qz)=1, (4.10)

r— 400 T——00
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thus © = oo is not the node of problem (4.5). It can be observed that (4.5) only
contains one node z = 0.
Denote

. 1
Yo = g + iy = %{log Q(—0) — log Q(+0)}, (4.11)

we choose the integer k = [ap] such as
0<ay—r<1, (4.12)

then we say that  is the index of (4.5).
To solve (4.5), we need to consider the following function

exp(I'(z)), z €L,
Y()=9 24+i (4.13)
) (expT(2), ze 2,
where .
['(z) = %/_ %dm, (4.14)
and L
Qo(z) = (%)“Q(w), (4.15)

here Qp(x) is a holomorphic function, but we have taken the definite branch of

log Qo(z) = klog v Z + log Q(x), (4.16)
T —1i
and chosen ) ]
lim log 20 =0,  lim log 20! — +ir. (4.17)
T—00 Tr—1 z—=+0 xr—1

The Sokhotski-Plemelj formula for (4.14) yields the following result
1
I (z) = i§ log Qo(x) + TQo (), (4.18)
so we obtian

(I;W) exp(TQo(x)).
(4.19)

According to the principle of analytic continuation and Liouville theorem [16,
18,23], we have the following conclusion.
When k > 0, the general solution of (4.5) is

Y (@) = V(@) exp(TQ(2)), V() = (

_Y() [T A Y(2)
F(z) = S /_Oo Y+($)(x_z)da:+ (ZH,)KPK,I(Z), (4.20)

where
Pio1(2) =Co+ Crz+ ...+ Crq 2", (4.21)

is a polynomial of the order k — 1 and P_1(z) = 0.
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When x < —1, (4.5) has a unique solution

z) [To° T
F(z) = };Erz) /_Oo Y+(;})((x)— 3 dzx. (4.22)

Observing (4.13), it can be prove that Y (z) has a pole of the order —k at z = —i.
For which the following solvability conditions needs to be satisfied

+oo
/ L) R TP S (4.23)

thus, (4.5) has a unique solution (4.22) if and only if (4.23) holds. We also know
that, when x > 0, (4.5) has k linearly independent solutions; when x < —1, (4.5)
has —k solvability conditions. In summary, we say that (4.5) has |k| degrees of
freedom. Applying the Sokhotski-Plemelj formula to (4.20), we can obtain

CA@)  YH(@) [T A@) YV (x)
Fr(@) = ?*W/_m Voot G, @2

F~(z)=— Ale) + LC) /+°° AlD) dx L C) P._1(x), (4.25)

20@) T 2w ) VT ot—2" T @t
thus

F(z) =F*(2) — F~ ()

A=) 1 _ L[ A@)
== (1+Q($)> + (¥ (@) -Y (x))<2m. /m mdw (4.26)
i (x+i)“)'

It is easy to verify that F*(z), F(z) € H, in any closed interval except = = 0.
Next we discuss the solvability conditions for (4.5) near the node z = 0, and we
denote
a=o00—K

and
v =a+ibo.

Now, we will discuss two cases, respectively.
(1) Suppose that 2 = 0 is an ordinary node, that is, 0 < a < 1, we have

YT (z) = 27/Qo(z) expTo(x), (4.27)
where
To(z) = Tlog Qo(x) — vlogx.
Denote

+oo
B(z) = / A=) exp(—To(z))dz, (4.28)

Tomi ) 2V (x — 2)\/Qo(x)
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by [2,14,26,31], when x > 0, we have

A(40) exp(—Tg(x) + iym)

P(x) =
(=) 4iz7 sinymy/Qo(40)
A(40) /S (—0) — 2A(—0)1/2(+0 , .
4 AEOVIR0) AU IVIED) o) — i) + @),
4iz7 sinym+/Qo(+0)Q0(—0)
(4.29)
where
@** N
O*(z) = | |£jj), 0<d <a<l, &*(z)eH. (4.30)
x
In addition, we have
. P){—l(x)
8 * —
a;linjox Qo(z) expTo(x) (@ (x) + @t 2)"”"> =0, (4.31)
thus, we get
A(+0) , A(-0) )
Ft = — - -2 . 4.32
(+0) 24 sin ym xpT 24 sin ym exp(=2iym) (4.32)
Similarly, when z < 0, we have
2A(+0)4/Q0(—=0) — A(—=0)+/Q(+0 )
a(z) =2AOEDVRCD) AV oy py () 4 i)
4iz7 sinymy/Qo(+0)Q0(—0) (4.33)
A0 ep(To(e) —iym) 4 gy '
4iz7 sinymy/Qo(—0) ,
" A+0) A-0)
+0 -0
H(0) = ) ivm) — —— 2 exp(—2iy). 4.34
F7(-0) SisimAm exp (2ivym) Sisimam exp(—2ivy) (4.34)
Since F™(x) is continuous at x = 0, we must have
A(+0) exp 3iym = A(—0). (4.35)

It can be shown that FT(40) = 0 if and only if (4.35) holds. Moreover, in order
to F~(+0) =0, (3.6) is once again holds, so we have

F(0) = F¥(0) = F~(0) = 0.

From the above discussion, we can obtian F(z) € H;.

(2) Suppose that z = 0 is a special node, that is, a = 0.

(2a) If By # 0, (4.31) is not necessarily holds. In this case, it is necessary to
assume that (3.6) and (4.35) are also valid. Since

we have
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Then F(z) is continuous at z = 0 if and only if

3(0) = - (4.36)

that is, when & > 0, the constant term of P,_1(z) satisfies the following equality

i A(e)
= d 4.
Co 27 [m Y+(z)z “ (4.37)
when x < —1, we have
+o00 A(.’l?)

(4.37) and (4.38) ensure that F'(x) is continuous at = 0, that is, F(0) = F*(0) = 0.
(2b) If Bp = 0, v = 0, then Q(x) is continuous at = 0. In this case, the
coefficients of (4.5) does not contain node.
Based on the above discussion, we have

Theorem 4.1. Under supposition, in the case that (4.8) is satisfied, (4.1) is solvable
in Hy provided that (3.6) holds. Consequently, we have

(1) Let x = 0 be an ordinary node, (4.35) is valid. When k > 0, (4.1) always
has the solution; when k < —1, if (4.23) is true, (4.1) has a unique solution.

(2) Let x = 0 be a special node, and (4.35) is still valid. When k >0, (4.1) has
a general solution if and only if (4.37) holds; when k < —1, both (4.23) and (4.38)
are holds, (4.1) has a unique solution.

In short, if the above conditions are satisfied, the solution of (4.1) is

ft)=F1F(x), (4.39)

where F(x) is given by (4.26).

5. Singular integral equations of Wiener-Hopf type
with convolution and finite translations

In this section, we investigate the Wiener-Hopf type equations on the positive real
axis. Equation (3) can be reformulated as follows

af(t+N)+bTfr(t+7)+k(t)«Tfr(t+ ) =g(t), teRT, (5.1)
where a, b, A € R with ab # 0 and |A\| < +oo, k(t), g(t) € Hy, f(t) is required to
be in H. Add an unknown function f_(t) in the right side of (5.1) to extend the
equation to the whole real axis, we have

af (t+N)+bTfr(t+7)+ k@) *Tfr(t+X)=gk)+ f_(t), teR. (5.2)

Taking Fourier transforms on the both sides of (5.2), we obtian

[a — bsgn(z) — K (x)sgn(x)] FT(z)exp(—idz) = G(z) + F~(z), xz€R. (5.3)
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Further simplifying (5.3), we obtain the following Riemann boundary value prob-

lem
Ff(z)=A(x)F (z) +O(z), z€R, (5.4)

where
exp(iAx)

a — bsgn(z) — K(z)sgn(z)’

and we also require that K (z) satisfy the following conditions

Az) = O(z) = G(x)A(x), (5.5)

a—0b, zcRT,
K(z)# 4 -b, =0, (5.6)
—a—b,xeR™.

It is clear that A(x) is discontinuous at both = 0 and « = oo, so (5.4) has two
nodes. Denote

1
Ooo = Voo + lloo = ﬂ(log A(—00) —log A(+00)), (5.7)
T
form [17,20,21], we must have 0 < vo, < 1 and 0 # 0. Again take

o0 = v + ity = (log A(—0) — log A(40)), (5.8)

1
2mi
and x = [vp] as the index of (5.4). Note that 0 < v =1y —x < 1, we take 0 = v+
and o # 0. Once more, using the principle of analytical continuation and Liouville
theorem, we can obtain

When x > —1, (5.4) always has a general solution

_V(2) oo L4 O(x) V(2)
F@ =55 /_00 i V@ =" G ) (5.9)
where
exp 2(z), z € 7T,
V(z)=14 24+i (5.10)
(o ¥expE(e), 2 2,
and
T 2 4ilo T T+1
26 = o [ TR )= (A, G

P, (z) is a polynomial of order x similar to the form (4.23); when x < —2, (5.4) has
a unique solution

V() [T 2+ O(x)
Flz) = 270 /_Oo z+iVt(z)(z—2) 4, (5:12)

if and only if the conditions

0 O(2)
/OO mdl’—o, 1—2,3,...,—X, (513)
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are satisfied. Thus, via using Sokhotski-Plemelj formula, we get

%+V+(x) /+°°a;+z’ (1) it VF(x)

FHw) == 2mi Jooo tHEVHO)(E—x)  (z4i)x

P(z).  (5.14)

Similarly to (4.24), we know that F'*(x) € Hs in any closed interval excluding x = 0
and x = oo.
Next, we consider the behavior of (5.14) near z = 0 and x = co. Again denote

i [T o(t)
\Ij(x)zﬁ/_oo V+(t)(t—x)(t+i)dt' (5.15)

(1) Suppose that = oo is an ordinary node. Note that V(z) = 27 7=V*(x) in
the neighborhood of z = co, where V*(z) € Hs.
(la) When 1 < vo < pu < 1, since G(z) € Ha, we have

O(z) = O(lz[ "), (5.16)
and (5.15) is bounded, we get
VT (z)¥(z) = O(|z| 7). (5.17)
If x > —1, we know that
V+($) _ Voo
TP = Ol ) (518)

If x < —2, then P, (x) = 0. From (5.16)—(5.18), we get
Ft(z) =0(z|™"). (5.19)

1b) When 2 < 1 < v < 1, (5.16) and (5.18) still hold, but for (5.17) we can
3 <M

prove that there exists a sufficiently small positive real number € > 0 such that

Voo > 1522, then (5.17) is expressed in the following form

V*H(2)¥(z) = O(Jz| "), (5.20)

we have
Fr(z) = O(|z|7"=*%). (5.21)

Denote £ = min{, oo — €}, when v > %, we have
Ft(z) =0(z| ). (5.22)

(1c) When v < & < pu < 1, (5.15) still holds, from [18,23,26], (5.17) and (5.20)
can transformed into the following form

V() U(z) = O] ™). (5.23)

But in this case, (5.18) may not be valid.
If x > 0, the highest power term coefficient C, of P, (z) should be satisfied

1 [t o)

=i 7‘”@)@“)@. (5.24)
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If x < —1, then P, (z) = 0, and we need to add the following solvability condition

() _
[m V*(m)(m—&—i)dx_o' (5.25)

Thus, (5.13) can be rewritten as

e O(x) _ _ _
/m defo, 1=1,2,...,—x. (5.26)

It can be seen that when (5.24) and (5.26) holds, (5.22) still holds.

(2) Suppose that = oo is a special node, then vo, = 0, 0op = itoo # 0. In this
case, we have F*(z) € Hs, and the discussion is similar to case (1c) above.

Next we consider the case in the neighborhood of x = 0. The discussion is similar
to Section 4, and we only state the differences from the previous text. According to

FT(+0) = F~(+0),
we get the following equality
G(0) [A(—0) exp 3iom — A(+0)] = 0. (5.27)
Note that (5.8), we have
A(—0) = A(+0) exp 2iogT,
thus (5.27) can be rewritten as
G(0)A(+0)(1 — exp(—ior)) = 0. (5.28)

Thus, we can obtain that (3.6) holds, if and only if (5.27) is valid.
On the other hand, we also note that when vy, > % and y > 0, the following
equality is also fulfilled

T O(x
P (0) = o [m de. (5.29)

And when x < —1, then (4.38) should be rewritten as the following form

e O() _
/_ R e (5.30)

In all of the above cases, we know that F*(z) € Hy undoubtedly.
Based on the above discussion, we can formulate the main results about solutions
of the equation (5.1) in the following form

Theorem 5.1. Under supposition, (5.6) holds, then (5.1) is solvable in Hs if and
only if (3.6) holds.

(1) Let x = oo be an ordinary node. When vy, > %, if x > =1, (5.1) always
has the solution; if x < —2, (5.1) is solvable only if (5.13) is valid. When vy < %,
if x > 0, the necessary condition for (5.1) is (5.24); if x < —1, (5.1) is solvable if
and only if (5.25) holds.
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(2) Let x = 0o be a special node. When x > 0, the solvability condition for (5.1)
is (5.24); when x < —1, the solvability condition for (5.1) is (5.25).

(3) Let x = 0 be an ordinary node, (5.27) holds. When vy, > %, if x > —1,
(5.1) always has the solution; if x < —2, (5.1) is solvable when (5.13) holds. When
Voo < 5, if x =0, (5.24) is a solvable condition for (5.1); if x < —1, (5.1) is solvable
in Hy if and only if (5.26) holds.

(4) Let x = 0 be a special node, (5.27) still holds. When ve > %, if x >0, ((5.1)
has a general solution if and only if (5.26) holds; if x < —1, (5.1) has a unique
solution if and only if both (5.26) and (5.30) holds. When voo < %, if x >0, (5.1)
has a general solution when both (5.24) and (5.29) hold; if x < —1, both (5.24) and
(5.27) hold, and (5.1) has a unique solution.

If cases (1)-(4) are satisfied, (5.1) is solvable in Hy, and the solution is

) =F1F(z), (5.31)

where FT(x) is given by (5.14).

6. Singular integral equations of dual type with con-
volution and finite translations

Finally, we address the dual equation through convolution and finite translations
by reformulating equation (4) as

ar fE+ N+ TfE+N)+ k@) «TfE+A) =g(t), t € R,
aof(t+N) + boTf(t+A) + kao(t) s TF(t+ N) = g(t), t € R,

(6.1)

where a;, bj, A € R with a;b; # 0 and || < +o0, g(t), k;(t) € H3 (j =1,2). We
requires that the unknown function f(¢) € H;. In order to extend the equation to
the whole real axis, we add the unknown function v*(t) € Hj to the right hand
side of (6.1), respectively, and we get

arflE+A)+ 01 TfE+N) + k(&) «TfE+A) = g(t) + v (1), feR. (62)
anf(t+N) + baTF(t+X) + k() % TF(E+ N) = g(t) + 0+ (1), '
Taking the Fourier transforms on the both sides of (6.2), we get
[a1 — bisgn(x) — K7 (x)sgn(z)] F(x) exp(—iz) = G(z) + T~ (z), s R, (63)

[az — basgn(z) — Ka(z)sgn(x)] F(x) exp(—idz) = G(z) + T (z),
We still consider the normal type, that is

aj—bj, (EGRJr,
K@) #4 b,  w—0, (=12 (6.4)

—a; — bj, reR™,
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By further simplifying (6.3), we obtain

G(z)+ T (z) G(z)+ T (z)
o1 brsan(e) — Ky ()sen(@) a3 — bysan(e) — Ko(@lsgn(@)’ )
thus we get the following Riemann boundary value problem
Yt(z) = M(z)Y (z) + N(z), =€R, (6.6)
where
M(z) = Zj - ziizgg — ﬁiﬁiiiiﬂﬁg N(z) = G&)(M(z) —1).  (6.7)
Note that (6.4) is continuous at « = 0, we have
G(0) + T=(0) = 0, (6.8)

we get (3.6) holds again. Similar to Section 5, x = 0 and & = oo are still nodes
of (6.6). Therefore, all the results in Theorem 5.1 still holds and we get f(t) =
F~1F(z) where F(z) is given by (6.1).

In addition, we can generalize equations (1)-(4) to singular integral equations on
closed curves with Carleman shifts [7,11,28], as well as singular integral equations
and boundary value problems in the function of several complex variables [3,10,12,
19,25, 34].
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