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The Kontorovich-Lebedev Transform
and Its Convolution

Semen B. Yakubovich* (x5 a2 —vEIKY¥ - BEREE¥ER)
Megumi Saigo! [FE# &] (BRI KXEEER)

Abstract

The present paper deals with modern results for the known Kontorovich-Lebedev
transform by index of the Macdonald function and related convolution in Lebesgue
L, p-spaces of functions. We study the mapping and factorization properties of these
operators and demonstrate applications to corresponding class of integral equations
of first and second kind.
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1. Introduction

In this paper we consider the known Kontorovich-Lebedev (K-L) transform first in-
troduced in [6] by the formula

(L) | (REA(N) = [ Kirlw)f )y,

where K;,(y) is the Macdonald function [1] of the argument y > 0 and the pure imaginary
index i (7 € R). The Macdonald function in (1.1) is defined by the integral [16]

1 fid+o0

(1.2) K (z) = 3 Jises

e~=shBeirBdp (2 > 0),
where the parameter 6 is taken from the interval [0, 7/2), coordinating with the known
one from [1] according to analytic properties of the integrand (1.2). Recently many results
and wide list of references for K-L transform (1.1) have been collected by the first author
in the monograph [16].

Here we attract our attention to the Lebesgue weighted space L,(p) = L,(R4;p) (p 2 1)
with the weight function p(z) > 0 and the finite norm

(1) 1l = ([~ ol opar) ™
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In particular, when p(z) = 2*?~1 (z > 0,v € R) we will denote such a space as L, ,(Ry).
Let us mention here useful inequalities for our cons1deratlons in the paper which are the
weighted Holder inequality

(14) [ @0l S lzmlallzgon, 9= =E5

and the generalized Minkowski inequality -

oo P\ 1/p [} -3 1/p
(1.5) ([ s ) = [ ([ 1 rds) d.
0 0 0 :
Another purpose of our investigation is to study a so-called convolution operator re-
lated to K-L transform (1.1) defined by the double integral

/ooo f(z,y)dy

(16) (f*g)z)= 2//“’ ( [——+"’y+y])f(u)g(y)dudy (z > 0).

U

This operator was first introduced in [5] formally as an example of the integral nonstandard
convolution. Later this operator was considered in detail by the first author in [12] - [15]
in a slightly different form. Moreover this convolution was generalized for other index
transforms and applications to various types of integral equations were obtained. In [2] -
[4] the convolution like (1.6) and its analogue for the Mehler-Fock transform in the space
of generalized functions have been considered. In [16] great attention to the convolution
operator (1.6) and its applications is attracted and this class of convolutions essentlally
is completed the double integral type convolutions studied in [9].

This paper is intended to draw a parallel between known results for K-L transform
(1.1) and its convolution (1.6) in the spaces L; and L, (see [16]) and new ones in the
weighted space L,,. As conclusion we extend our understanding of these objects and
their applications to integral equations. Some separate examples of integral equations
with convolution (1.6) were considered previously in [7], [16], which involve the operator
(1.6) as follows:

(17) (BN = [~ K u)f ()

where we fixed some function g(y) and calculated the kernel K(z,u) by integral
o) = L [P e (=L [F8 7Y v |

(1.8) I&(m,u)—zm/o exp( 2{3/ +=+ z])g(y)dy (z > 0).

We will touch these questions below and will demonstrate interesting examples of integral
equations and their solutions.

2. Inversion of the Kontorovich-Lebedev Transform in L,,

Throughout of this section we take f(z) from the weighted space L, ,(R,) with » € R
and p = 1. First we observe from the integral representation (1.1) and the definition of
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the Macdonald function (1.2) that K-L transform is an even function of the real variable
7 and without loss of generality we can consider it only for the nonnegative variable 7.
From the asymptotic behavior of the Macdonald function [1] and the Hélder inequality
(1.4) we immediately obtain that the integral (1.1) is absolutely convergent for any func-
tion f(z) € L,p(R4) with » < 1. Namely we have:

Lemma 2.1. Let f(z) € L,,(R4) (v < 1). Then for K-L transform (1.1) there holds
the uniform estimate by 7 2 0 '

(2.1) I(RENT)] £ CllfllLyp(ry)
where
00 1/q
— a(, ), (1-v)a— __P
(2.2) | C= (/0 K(y)y" ldy) (q = 1)

and Ko(z) is the Macdonald function of order zero.

Proof. To establish this estimate we can appeal to the simple inequality | K (z)| <
Ko(z) (z > 0) that naturally arises from the formula (1.2) if we put there § = 0. Hence
invoking to the Holder inequality (1.4) we have

@HKEND S [ Kolw)lf(w)ldy
< ( /0 i Kg(y)y““")"“dy)llq ( /0 s (y)l"y""”‘dy)llp = C|lfllz, »r0)-

Indeed, according to the known asymptotic of the function

Ko(s) = O(logz) (s—+0),  K(z)=O0("®) (z - +0, s # 0)

(2.4) e’
Ku(z)=0 7 (z — 00),
the integral in (2.2) is obviously convergent when v < 1. |

Lemma 2.1 shows that K-L transform of L, ;-functions is at least continuous function
of 7 € Ry in view of the uniform convergence of the integral (1.1). Moreover we can
deduce its differential properties. Performing the differentiation by 7 of arbitrary order
k = 0,1,--- under the integral sign in the formula (1.2) with § = 0 we arrive at the
formula : :

. ak ‘ 1 foe —'xcoshu srug: \k
(2.5) E—,:K;,(z) = -2-/_006 e (1u)"du
by the Lebesgue theorem and evidently
o o hu, k
(2.6) a—T;K.',(m) < [) e Ty du.
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Lemma 2.2. Under assumptions of Lemma 2.1 K-L transform is infinitely differen-
tiable function on R, and we have the uniform estimate

dk '
(2.7) ﬁ(ﬁﬁf)(ﬂ < Billflle,ryy (B=0,1,--4),
where
— 7-1t/e -
(2.8) By = ¢ IIV(g(1 - »)) / coshl — du < +oo.

Proof. As in the previous Lemma 2.1 by making use of the Holder inequality (1.4),

we obtain
< ( I
0

Invoking to the generalized Minkowski inequality (1.5) and using the estimate (2.6), we

continue
(1 -v)g-1 —gqycoshu, (1—v)g—1 e
dy < / ( / e y dy) du

(2.10) (/0
= u—lr\l/q( 1-— l/))/ m— du = Bk < 4o00.

ak

& 1/q
09 |mReN ™ Ay ) I P

ak
a k :'r

From these properties for K-L transform it follows that we can discuss its belonging
to the space L,(R4) for some 1 £ r £ oo investigating only its behavior at infinity. The
answer can be obtained by applying more careful estimate of the Macdonald function
(1.2), that is

(211)  |K(o)| S

l\)]b—-t

/oo e_a:cos&coshudu — e—&-rKO(z Ccos 6) (5 € [O, _725)) .

Lemma 2.3. K-L transform (1.1) is a bounded mapping from L, ,(R4) (v < 1,p 2 1)
into L,(Ry) = Ly;,,(R4), where r 2 1 and parameters p and r have no dependence.
Proof. Using the estimate (2.11) and treating like Lemma 2.1, we have the inequality

1) |(RSH()] < e [ Kolycos )| f(v)ldy

0. 1/q 00 1/p
< et (/0 Kg(ycosé)y(“”)""dy) (/0 If(y)l”y”"‘ldy)

= Cse™%||fllz. o(R4)»

where the constant Cs > 0 depends on é € [0,7/2). It is obvious to see that the norm for
K-L transform (1.1) in the space L,(R4) (r 2 1) is finite for fixed é € (0, 7/2). Moreover
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we established the fact that K-L transform belongs to the weigted space L,(R; p), if the
weigt function p(7) satisfies the condition

(2.13) - / p(T)e~¥"dr < o0o0.
A _
So we received the desired result. |

These lemmas show that K-L transform (1.1) of L, ,-functions f(z) possesses both the
smoothness and L,-properties and besides, the range of K-L transform -

(2.14) KL(Lyp) ={g: g(r) = (REf)(7), f € Lp(R4)} (v<1p21)

does not coincide with the space L,(R4). In fact, we know that K-L transform also
belongs to the weighted space L,(R4;p) with condition (2.13). But choosing a different
weight we can easily verify that there exists some function belonging to L,(R.) which
does not belong to the space L,(R4;p), and vice versa. Thus it is necessary to describe
the range of K-L transform (1.1) more definitely. ;

For this purpose we will use the inverse operator that was introduced in a slightly
different form in [16]. Let us consider the operator

(2.15) (Ig) (=) = -7}23 z*7! /000 7sinh([r — E]T)K;.,(:I})g(T)dT (e € (0,7)).

Theorem 2.1. Let g(1) = (KLCf)(r) for the density f(y) € L,,(Ry) (v < 1,
1 £ p £ ), then the operator (2.15) has the form

K;i([z? + y* — 2zy cos ]'/?)
(z2 + y? — 2zy cose)1/?

(216)  (Lo)(e)= T2t [T v/ (W)dy (z > 0),

where K;(z) is the Macdonald function (1.2) of order 1.
Proof. Substituting the value of g(7) as K-L transform (1.1) into the formula (2.15)
and appealing to the inequality (2.11) we have the estimate

(2.17) |(Ig) (z)] = ;?2' z* ! Ko(x cos 6,) /Ooo Tsinh([w — €jr)e~(i+8)r gy

x [ Koy cos )| f(v)ldy,
0

as far as we choose 6; + 6, + ¢ > m. Obviously two integrals in (2.17) are convergent (the
second one is provided by Lemma 2.3). Hence we can apply the Fubini theorem. As a
result we use the formula [10, Vol.2, (2.16.51.8)] and we have

(2.18) /:o rsinh((m — €)7)K;,(z) K- (y)dt

_ wzysine Ki([z? + 4 — 2zy cose]'/?)
T2 (22 + y? — 2zycose)l/2




which gives the representation (2.16). |
The inversion formula of K-L transform (1.1) on the space L, ,(R4) is established by:

Theorem 2.2. Let g(7) = (REf)(7) and f(y) € L,,(R4+) (0<v <1,1<p £ o0).
Then

e f@)=Ug),
where (Ig) (z) is understood as |
(2.20) (I9) () =lim (Lg) (z) (z>0),

where the limit in (2.20) is meant in terms of the norm in L, ,(R4). Moreover, the limit
in (2.20) exists almost everywhere on R .

Proof. Replacing the variable y = z(cose + tsine¢) in the integral (2.16), we arrive
at the equality ‘

(2.21) (Lg) (z) = %/_Z R(z’tae)t(sffel+tsine)

f(z[cose + tsine])dt,

where : ‘ e )
z**1V/82 + 1sine K;(zv22 + 1sine);, t 2 —cote,

0, t < —cote.

(2.22) R(z,t,¢) =‘ {

From the asymptotic behavior of the Macdonald function K;(z) [16] we obtain R(z,t,¢) <
C uniformly as a function of three variablest € R,z € R, and ¢ € (0, 7), and we observe
the limit ' ' :

el_l'r_l"_lo R(z,t,e) = 1.
Further, if we use the approximation property of the Poisson kernel
11
T2+ 1
in order to estimate the L, ,-norm of the difference I,g — f by applying the generalized
Minkowski inequality (1.5), then

(2'23) ”Ieg - f”Lv,p(R+)

1 fo 1 .
< —/ T 1||f(:1:[cose + tsine])(cose + tsine) R(z,t,€) — f(z)||L, (ry)dt — O
m J—o0 !

(e — +0).

P(t) =

Indeed, from (2.21) we have the estimate

' C [» 1 : : '
@24) 1L lispimyy S = [ sllf(aloose + tsinel)(cose + tsine)ll it

1 e (]
T J—o00 t2+1

= Glfllz.,mey  (O<v <),

dt

A

ClIf1zy pRe)
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where C; is a positive absolute constant because the integral by ¢ is convergent under
condition on the parameter v. Thus from the Lebesgue theorem and the continuity of the
L, p-norm [16] we proved the equality (2.20). The existence of the limit almost everywhere
on R follows from the radial property of the Poisson kernel P(t) = P(|t|) € L1(R4). &

Theorem 2.2 yields also the inequality

(2.25) [Hegllzy pre) S CligllL, 405

where g € KL(L,,) (0 < v < 1,1 £ p £ o). It follows from Theorem 2.2 that (REf)(7) =
0for f(y) € L,,(R4) (0<v < 1,1 < p £ o00),iff f(y) =0. So, in the space KL(L, ) we
can introduce a norm by the equality

(2.26) | lgllxeiz, ) = Ifllz,, for g =(REF)(r).

As it is evident, the space KL(L,,) is a Banach one with the norm (2.26) and as an
isometric to L, ,.

The next theorem gives a characterization of the space KL(L, ;) in terms of the oper-
ator (2.15).

Theorem 2.3. The necessary and sufficient condition for g(7) belongs to KL(L, ,) (0 <
v<1,1<p g o0)isg(r) € L,(Ry) (1S 1 S 00) and

(2'27) IEL% (Isg) € LV,P(R+)'

Proof. The necessity is a simple fact as a corollary of Lemma 2.3, of Theorem 2.2
and of the inequality (2.25). The sufficiency part is more complicated.

Let g(7) € L,(R4) and assume that the condition (2.27) is valid. We have to show
that there exists a function f € L, , such that

(2.28) g = (RES)(7).

From the condition (2.27) we conclude that (I.g) € L, R4 for sufficiently small ¢ > 0
and we can calculate the composition

(2.29) (RE(LONT) = [ Kar(w) (Lg) W)dy.

Let a function g(7) be taken from C§°(R.;) being dense in L,, then we have by substituting
(2.15) into (2.29) the possibility to change the order of integration by the Fubini theorem.
Using the value of the integral [10, Vol.2, (2.16.33.2)]

(2.30) /0 % K (y) Kip(y)dy = i(;; r (5'+ i[; + ﬂ]) r (e + z'[;' - ﬂ]) |
we obtain :
@31 )= (KLU = e [ Bsinh(x - f)

2
9(B)dp.

xlr (e+i[;’+ﬂ])r(e+i[;—ﬁ])




In order to prove the validity of the equality (2.31) for all g € L,(R), we have to prove

the boundedness of the operator in the right-hand side of (2.31). From the asymptotic
formula for the gamma-function [1] the kernel of the integrand in (2.31) is equal to

(2.32) O(e(r2=9)8=rlr=All2=77I2) (B _, 00,7 — 00, € (0, 7)).

Hence we have the following estimate

(2.33) 0.1)] S Cem? [ etri=8=sis—islg(g)|dg

< elmivr [7 orme=D0)g(5)|dp,

where the parameter § is taken from the interval (7/2 — £,7/2). So from the estimate
(2.33) with the aid of the Hélder inequality, we get the boundedness of the operator in
the right-hand side of (2.31) in the space L,(R4) (1 < r < o).

Now let us calculate the limit of the right-hand side of (2.31), as ¢ — +0 in norm
of the space L,(R,). We begin by representing the function g.(7) by the substitution
B=T1+¢t

1 poo g(r+et)

(2:34) | 0()=— [ Soog hnt e,

where |

(235)  h(rt,e) = H(r +et) s+ +7r1p)(f;h“” — e]lr + t))
x |0 (i + S+ ) T (50 - ) 2

and H(z) is the Heaviside function. From the previous discussion, we conclude that
the function h(r,t,¢) is uniformly bounded for all parameters 7 > 0,t € R,e € (0, ).
Moreover, from the supplement formula for the gamma-function I'(z + 1) = 2T'(2) there
holds the relation

(2.36) | el_l}’il() h(r,t,e) = 1.

Hence we obtain the following estimate for the norm of the function g.(7) in the space

LT(R+)
(2.37)  lge(r) = 9(Ml LRy

1 e 1 |
é ;[-oo 241 ”g(T+ 5t)h’(71t)5) - g(T)HLr(R+)dt -0 (5 - +0)'

But, on the other side, appealing to estimate (2.12), we see that K-L transform (1.1) is
a bounded mapping in L,, with 0 < ¥ < 1,1 £ p < oo, because due to the inequality
(2.13) the weight p(r) = 77! satisfies this condition. Thus there exists a limit .in the
sense of the L, ,-norm "

(2.38) Lim. (RE (Lg)) (r) = (Rﬁ: [13.&% Ieg]) (r) = (REF)(7),

e—+0
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where f = Ig € L,,. Since the operator (RE (I.g))(7) converges in the norm L,, too,
then the limit functions must coincide almost everywhere on R . Thus, from the equality
(2.38) we obtain (2.28). [

3. The Convolution for the Kontorovich-Lebedev Transform

We already defined the convolution operator (1.6) and called it the convolution for
K-L transform (1.1). We will see below the direct connection of these objects. Now we
start to study mapping properties of the convolution (1.6). First we observe from the
definition that the convolution (1.6) is symmetrical (commutative)

(3.1) : f*g:g*f.

Second, if f(z) > 0,9(z) > 0 (or f(z) < 0,9(z) < 0) for z € Ry then (f * g)(z) > 0,
and for f(z) > 0,¢9(z) < 0, (or f(z) < 0,9(z) > 0) the inequality (f * g)(z) < 0 is
justified. Now we obtain some estimates for the convolution (1.6) in the Lebesgue space
L, applying in all cases the Fubini theorem.

Theorem 3.1. Let f(z),g(x) € Lij21(R4). Then the convolution (1.6) exists and
satisfies the estimate

e~ " :

3.2 * s v .
(3.2) I(f % 9)(=)| < 2@””'1/2,}”9”1/2,1

Proof. Using the elementary inequalities
3.3 = <L 0
(3.3 TS (>0,
(3.4) , a® + b = 2ab,
we have

o roo exp(—z[u? + t?]/2ut)

1
65 Nr=oEl = 5 [ S
e 1 |f(t)| |g(u)]
= 2\/5/0/0 Vi \/—dtd

e—'I
= 573z lhz2allglligas

|f(t)g(w)|dtdu

Theorem 3.2. Let f(z), g(z) € Lo 1(R+) Then the convolution (1.6) exists for
each z > 0, and satisfies the estimate

(3-6) (7 * 9)(@)| < e[| flloallgllo,s-
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Proof. Similar application of (3.2) with the proof of Theorem 3.1 yieids

2ut

(@)l s [ [ e (~e0) ol Cla(ulas
/w Ifg)l a [Ty,

IA

Theorem 3.3. Letp 2 1,92 1and 1/p+1/q = 1. Let f(z),g(z) € L(Ry;p1(z)),
where p1(z) = z7/2 exp (—z/[2 min(p, q)]) . Then the convolution (f*g)(z) exists for each
z > 0, and satisfies the estimate

| max(p, g) z 1
67 (7a)e) 5 2200 ey (-2 i L ])
X\l ecrsoncan N9l zResonia)

Proof. According to the definition of the convolution, we have

38)  (f*9)(= //ep(__[z_t+%ﬁ+%t.]).

1 [zt 2u

* exp (—-2—q [—u— +—+ D f(®)g(u)dtdu

L [t )
“2%h Jo P 'Zutma,x(p,q) 2z max(p, q)

X exp (—-Z_Im—nl(p_,;)_ [%t + zt_u + 1::}) f(t)g(u)dtdu.

Using inequalities (3.3) - (3.4) and the inequality

t
(3.9) Y s hus,
t U z

we obtain the estimate

* g)(z m_—ax(p, ) exp |~ ——— — o
I(f *g)(z)] 8z p( max(p, q) 2min(p,q))

« [ Ify?' exp (_m) @[ lgggl exp (‘m) du

and hence the inequality (3.7). |

Theorem 3.4. Let f(z),9(z) € L(R4;e™*/?). Then the convolution (1.6) exists for
each z > 0, and satisfies the estimate

e-—-z
(3.10) (7 * (@) £ Sl lleryse-emll9llqryseern)-
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Proof. The desired result follows from the inequality (3.9). As is evidently to seek
from above estimates the convolution (1.6) is continuous for each z € R, and exponen-
tially decreasing function near infinity. . A |

Theorem 3.5. Let the function z*g(z) be bounded for #a < 1 on R, and f(z) €
La1(RY). Then the convolution (f*g)(x) exists for each = > 0, and satisfies the estimate

(3.11) 7+ 9)(@)] S 371 = )=~ flLz0 e

where M > 0 is a constant.
Proof. Indeed,

zu ut

I(f*9)(z)| = —2-1;/00 /w exp (—l [— +—+ ff]) |F()u®g(u)|udtdu

o e " exp (=" 2“) exp (~ ) e
MPOZ2)om- [ 1500 (& )"

which leéds to the estimate (3.11). . |

IIA

IIA

Theorem 3.6. Let the function z*g(z) be bounded for Rax < 1 on R, and f(z) €
Ly(Ry). Then the convolution (f * g)(z) exists and satisfies the estimate

(312) '-I(f*g)(z)léMﬂ"'zeXP(—%)lIfIILa(m),

where p > 1 is an arbitrary number and M; > 0 is a constant.
Proof. Applying the Holder inequality (1.4) to the convolution (1.6), we obtain the
representation '
’ oo | foo 1/2
019 1730l s 5 ([7][7ew (5[5 + 2 +2]) st o)
oo 1/2
<(["1rora)

We first estimate the inner integral in (3.13) by denoting it by I;. Taking the parameters
p>1and ¢ > 1with 1/p+1/¢ =1 and we represent this integral in the form

I—/ooex —i[ﬂ+ﬂ+£ ex —-l-[ﬂ+£t-+x—t] (u)d
1=k P\l T T P\T2q T T3 T ) 9iwe

Further, using the inequality (3.4), we obtain the estimate

(3.14)  |L| £ exp (-%) exp (-2) [ ex (-% L% + %D lg(w)|du.




According to the assumption, we get

b t t ,
(3.15) /0 exp (—% [p_x + :_t]) lg(u)|du £ C’/ exp( = [p_ + q%D u %du
a—1
— _ l1-a __?__ _IL‘_
= CI'(1-a)2 (px + qt)
" 1-a

— _ l—a f _ ~
= CiI'(1 - o)z (qt2 +pz2)

IIA

Cgr(l - a)ﬂ?a—ltl_a,

where C, C; and C, are constants. Returning to the inequality (3.13) and using relations
(3.14), (3.15), we get the form (3.12). |

Most important result is contained in the following theorem, which gives an estimate
of L, ,-norm of the convolution (1.6).

Theorem 3.7. Let f(z),9(z) € L(R4) (1 £ p £ o). Then the convolution (1.6)
exists, and belongs to L, ,(R+), (¢ =p/(p—1),v > 1/p)and there holds the estimate

(3-16) I(f * 9)(2)llv.q = CllgllolI s,

where C > 0 is a constant.
Proof. Making use of the generalized Minkowski inequality (1.5), we have

BN |(f * 9)(@)l]s,q
zu zt

_1 (/0 2Iv=1-1 exp (—— {— + — %t]) f(u)g(t)dudt qdm) e

/ / u)g(t)l— (/ z®~D-1exp (—-% [%ﬁ + -S:Tt l;t]) d:l:)llq dudt.

The integral by z can be calculated by using formula [10, Vol.1 (2.3.16.1)] and we obtain

1/ e ( qfzu zt ut 1/q
(e (2
(3.18) s\, @ exp |~ |3 + ” + " T

v—1
14
- () e ).

Hence we have

(3.19) ”(f*g(m)”uq—/ / ( u2+t2) ;(/:_])(q\/u2+t2)|f(u )g(t)|dudt.

By invoking to the analogue of Hélder inequality (1.4) for double integrals with the weight
o(u,t) = 1, the inequality (3.19) can be written as

q(v-1) | 1/q
(3:20) |I(f * 9)(2)llug S {/ / ( u2+t2). Kq(u—l)(q\/mmtdt}
o([C )" ([ o)
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Let us consider the double integral in (3.20) with the Macdonald function. To show its
convergence we apply polar coordinates u = rcosp,t = rsing (r > 0,¢ € (0,7/2)) and
we find

q(v-1) :
(3.21) / / ( Vet t2) K- (¢V/a? +12) dudt
= 2417 /0 sin®* = 2pdp A ra DK ay(gr)dr.

If we account the asymptotic behavior of the Macdonald function K,(z) = O(z~**!) (z —
+0) and K,(z) = O(e™*/ \/_) (z — o0), then the integral by r is convergent for any v,
whereas the integral by ¢ is covergent only for » > 1/p. Hence denoting the integral
(3.21) by C we arrive at the inequality (3.16). n

It is natural to seek that the convolution (1.6) belongs to the conjugate space L,(Ry)
if we put in the inequality (3.16) v = 1/¢,q < p which means 1< ¢ < 2,p = 2 or
1=5¢=2,p>2

Corollary 3.1. The convolution operator (1.7) with kernel (1.8) is bounded from
the space L,(R4) (p 2 1) into the space L, ((R4) (¢ = p/(p—1),v > 1/p), if the charac-
teristic function g(z) of the kernel belongs to L,(Ry).

Using the Hoélder inequality let us estimate now the kernel K(z,u) in (1.8) of the
operator (1.7) provided that g(z) € L,(R4). We have

02)  IKEl S o [Tew (-3 2+ 24 2 ) oty

Yy u

L([7exp (-2 ]2 4 224 20) 4) g
2z \Jo “P\72 y u oz Y Illp»

and recalling the formula (3.18), we obtain the estimate

1/q
_ u
02 IKEw Sl () KV (@R,

where K;(z) is the Macdonald function of the order 1. As it can be found from (3.23)
that the. kernel K'(z,u) has an integrable singularity at the point z = U K(z,z) =
0z (z — +0).

As it was mentioned above the convolution (1.6) is closely related to K-L transform
(1.1). Now we establish this connection by means of the factorization property of the
convolution (1.6) and an analogue of the Parseval equality.

A

Theorem 3.8. Under conditions of Theorem 3.7 and 1/p < v < 1,p > 1 K-
L transform of the convolution (f * g)(z) for f(z) and g(z) exists and is equal to tbe
product of K-L transforms for these functions

(3.24) (RE[Sf * g])(7) = (RES)(r)(RLg)(7).



Furthermore the Parseval type equality
(625)  (fro)a) = [ remh(rn) X qep) ) seg)(ryar,

holds valid for any z > 0 and the integral (3.25) is absolutely convergent.

Proof. The existence of K-L transform of the convolution (1.6) follows from the
- previous theorem, because according to (2.14) K;,[(f * g)] € KL(L,,). Hence applying
K-L operator to the convolution (1.6), and we obtain the iterated integral
(3.26)

(Rl e a)r) = 3 [T E [ [ exp (< [ 4 254 2]} fu)g()

Changing the order of ihtegrations, the inner integral in y is calculated by means of the
known formula deduced from [10, Vol.2 (2.16.9.1)]

1 feo 1 ut yu yt dy
2 =5 ) L L z
0 KWK = [ e (-3 [L+ 2+ ) Kwd
Such a change may guaranteed by the similar arguments with that for (2.3). Thus,
motivating it for example by estimate (2.11) and Hélder inequality like (2.3), we use
the Macdonald formula (3.27) and obtain (3.24). Furthermore, taking into account the
integral representation [10, Vol.2 (2.16.56.1)]

Ty TU YU

(3.28)  exp (-% [ R D - ;45 /0 " Tsinh>(7r7')K.-,(z)K,—,(y)K;,(u)dr

and substituting it in the formula (1.6), we change the order of integrations by the Fubini
theorem by using the estimate

(3.29) /oo 7sinh(77)| K, (2) Kir (v) Kir (u)|dT
0
< Ko(z cos 6;) Ko(y cos 62) Ko(u cos 63) /w Tsinh(7r)e T E+8)dr < 400,
0

which follows from (2.11) and where §; € [0,7/2) (i = 1,2, 3) can be choosen to converge
the integral (3.29). Then applying the Hélder inequality like (2.12), we have

2 Ko(zcosé)

(330)|(f @)l S [ rsin(rr)e )y

ol ([ Kstvers ) " ([ Kitucossan) "

Hence we verify that it can be changed the order of integration and thus we establish the
Parseval equality (3.25). u

Now we estimate the convolution (1.6) in the special weighted space L® = L (R4; Ko(z))
a = 0) by putting p(t) = K.(t) (p = 1) in (1.3) and slightly modifying results from [12],
g
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[16], where K,(t) is the Macdonald function of index a. We show that this space of ab-
solutely integrable functions on R, with forms a normed ring or a Banach algebra with
the norm

(331) Ufllze = [ KalO)F Ol <+

We draw parallel results here with [16]. First from the asymptotic of the Macdonald
function we observe the embedding :

(3.32) L C L™, iff a; 2 as.

Theorem 3.9. Let f(z),g9(z) € L*. Then the convolution (1.6) exists and belongs
to the class L* and there holds

(3.33) |1 * gllze £ [I£1lzelgllze-

Proof. By definitions of the norm L* and of the convolution, and performing to
change the order of integrations by the Fubini theorem and using the Macdonald formula
- (3.27), we obtain «

E30NIf *oller = [ Kol x)@)ldz
s 577 e (< [24 2+ 2 ) isttduayes

= 3 I [ e [ Ko (-5 [+ 24 22 ) Lauay

= [ Kl f@ldu |~ Kal@lo(@)ldy = [fllzlgloe.

This property of integrability of the convolution (1.6) with positive weight K,(z)
shows that it takes finite values for almost all z > 0.

Theorem 3.10. Let f(z),g(z) € L*. Then K-L transform (1.1) of the convolution
(f * g)(z) exists and is equal to the product of K-L transforms of f(z) and g(z), that is,
there holds the formula (3.24).

Proof. The existence of K-L transform of the convolution follows from previous
theorem and we have the estimate

(3.35) |Kir[f *g]] £ /0 Ko@)|(f * 9)(w)ldy
B /Ow Ko(u)lf(w)ldu /ow Ko(y)l9(y)ldy < oo

due to the embedding (3.32). This allows us to change the order of integrations in the
respective iterated integral and to use the Macdonald formula (3.27). u



Let us now consider a subspace of L®, which is L§ = Li(R4; Ka(fz)) (¢ 2 0,0 <

B £ 1). The embedding :
gcre

follows from the asymptotic of the Macdonald function and L{ = L.

Theorem 3.11. Let f(z),g(z) € L2, 5 (/3 < 6§ < m/2). Then the Parseval equality
(3.25) holds true.
Proof. Indeed by using (3.28) and (2.11) we have the estimate

(336)  |(/=o)e)| 5 SXEd) [

x [~ Ko(ucos5)lf(U)ldu |7 Kolycos 8)lg(w)ld,

in which integrals by u and y are finite, because the same embedding with (3.32) for the
set of spaces Lj is true when § is a fixed number. According to the condition on 6, the
integral by 7 is convergent. Hence changing the order of integrations and invoking to
(1.1) we arrive at the Parseval equality (3.25). [

rsinh(77)e” 3”SdT

Let us note now that in the Macdonald formula (3.27) the range of the parameter p
is the complex number field. Thus K-L transform (1.1) for f € L* may be defined with
the index p = Ry + i7 from the strip |Ry| £ a:

(3.37) (RENW) = [ Knpsir(0)(3)dy

and the equation (3.24) can be extended for such transform due to the assumption, the
behavior of the Macdonald function and the absolutely convergency of corresponding
integrals.

Considering the question of the one-to-one correspondence of the function between the
space L and its K-L transform K ,[f] of complex index 4, we obtain the following theorem.

Theorem 3.12. If K-L transform (K€ f)(u) of the function f(z) € L* (|Ry| £ «)
is identically zero, then f(z) is equal to zero almost everywhere on R .

Proof. From the formula (1.2) we have the representation of the Macdonald function
is true

\ 1 fee —z coshu—pu
(3.38) | K,(z) = -2—[_me | hu—pu gy,
The assumption f(z) € L(R4; Ka(z)) leads to the estimate
» i —_ 1 * *° —tcoshu—pu
63) | [ moswd =3[ s [ e du
< [T IfOIKsu(t)dt < +oo

for |Ru| £ «, by noting the asymptotic behavior of the Macdonald function near the point
zero. Thus using the Fubini theorem, we have the composition representation

(3.40) (RLF)() = |38 {9 L (f(e)scoshu} s},
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where

(3.41) S Ui = o= [~ fweredu
). | 3 _ m o5 .

is the classical Fourier transform and 7

(3.42) £ {f(z);coshu} = /0 " f(z)e~= v dg.

is the Laplace transform calculated at cosh u. From (3.38) and the estimate

0 —(Rp)u i —tcoshu < 0
(3.43) /_ e /o f(t)e b o di| du < 2 /0 ()| K, (t)dt < oo,

for |Ru| £ a, we find that e=®#>* £ { f(z); cosh u} € L;(R). Thus K-L transform (KL f)(u)
is an analytic function on the strip |Ru| < a. Moreover, according to the well-known
property of the Fourier transform of absolutely integrable functions [11], it follows from
equality

(3.44) (REf)(W) =0 (p=Ru+ir)
that ‘
(3.45) /0 " emreoshu f(g)dp = 0

for almost all u € R. It is easy to note from properties of the space L(R; K,(z)), that
the integral in (3.45) converges absolutely and uniformly for u = uo > 0, then it defines a
continuous function. Hence, it follows that equality (3.45) is an identity for u > ug > 0.
Further, that there is an € > 0 such that v = coshu — 1 — & > 0 implies that the equality
(3.45) takes the form

(3.46) / =% f(z)e~(+)dg = 0,

A .
This relation and the assumption of the theorem yields the Laplace transforin of the
absolutely integrable function f(z)e~(**)* is identically zero on some closed interval 0 <

a £ v £ b and, moreover, on the right half-plane R(z) = a. Then from the uniqueness
theorem for analytic functions we have

(3.47) / T e f(2)e (P dr = 0 (R(2) 2 a).
0
~ Using the inverse theorem for the Laplace transform [11] we obtain
(3.48) / " f(z)e" g = 0.
0

Thus from the properties of primaries of summable functions, f(z) = 0 for almost every
T € R+. ‘ ‘ |

For our applications of the convolution operator (1.6) to integral equations we need
to consider the space L in view of the theory of commutative normed rings [8]. Here we



repeat some results from [16] for the modified convolution (1.6). Our purpose to prove
an analogue of the Wiener theorem on the existence of an inverse element of the given
normed ring. Obviously, the space L“ is isometric to Li(R.) and is a Banach one with
the norm (3.31). Due to Theorem 3.9, we can define an operation of multiplication for
elements f(z) and g(z) in the form of the convolution (1.6) in the space L*. According
to the definition of the convolution, this operation of multiplication is commutative in
the class L* (see (3.1)). Usmg the Fubini theorem, we can establish its associativity and
distributivity

(3.49) (P (gxh))(=) = ((f *x 9)  h)(=),

(3-50) (f * (g + h))(z) = (f * g)(z) + (f * h)(2)

for f,g,h € L*. Thus, the space L* forms a commutative Banach ring with the operation
of multiplication in the form of the convolution (1.6)." We note some properties of the
ring L*. :

Theorem 3.13. The ring L* does not contain the unit with respective to the
operation of convolution (1.6).

Proof. We first show that the convolution (f *g)(z) of a bounded function g(z) with
f(z) € L* is a continuous function for z 2 z4 > 0. Indeed, let |g(z)| £ C, where C > 0
is a constant and f(z) € L®. Then we have

; y wl\,
@351 I(f*g)(w)l o A G e
Calculating the integral by u in (3.51) by using (3.18), we obtain

 (VITF 7))
voET

where the integral converges absolutely and uniformly for each function f(z) € L* (a = 0)
and for z = zo > 0. In fact, since f(z) € L*, then due to the property of embedding (3.32)
f(z) is an element of the space L%, and by its definition we get

Ko (V7T fa (Ve + )

653 [ ldy [ —F " Kewliwldy < Gl

(3.52) (Fra@isc [T F@)ldy,

with a constant C; depending on z,. Hence, (f * g)(z) is a continuous function for
z 2 zo > 0. If the ring L* contains the unit for the convolution (1.6), then each bounded
function from L* must coincide almost everywhere with some function continuous in
z 2 29 > 0 as a function which is obtained as its convolution with the unit. But it is
evident that the Lebesgue space L® contains bounded discontinuous functions which differ
from the functions being continuous for z > zo > 0 on a set of positive measure. The
function which is equal to 1 on the interval (a,b) and equal to zero outside of (a,b) with
o < a is a such simple example. This contradiction shows that the class L* does not
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contain the unit. o n

Let us denote by V* = V(R4; Ka(z)) the commutative ring, obtained by means of
formal addition of a unit to L*. Thus, V* consists of elements £ = Xe + f(t), where
e is the unit, X is an arbitrary complex number, and f(t) is any element from L*. We
introduce the norm in V*

(3.54) Ellve = (Al + 11 flze

Now we need some preliminary information from the theory of ideals of the rings [8].

Definition 1. A subset [; of a ring R is called a left ideal, if

1. I¢¢R;
2. z+y€lforz,ye€l;
3. z-z€liforz€el,z€R.

The right ideal is defined analogously.

, Definition 2. A subset I of a ring R is called a bilateral ideal or ideal in R, if I is
the left and right ideal, simultaneously.

Definition 3. A bilateral ideal is called a mazimal ideal, if it is not contained in any
other bilateral ideal of the ring R.

Our problefn is now to find all maximal ideals of the ring V. Directly from Definitions
1-3 it follows that the ring L* is a certain maximal ideal in the ring V*. For each
€= e+ f(x) € V* let us set

(3.55) (F&) (1) = A+ (RES)(w),

where )\, u € C, (RLf)(u) is K-L transform (3.37). By using Theorem 3.10 we can show
that the mapping £ — (F€) (1) is a homomorphism of the ring V* onto C. As it is known
in [8] that the maximal ideal M, generated by this mapping contains the set of elements
£ = de + f(z) of the ring V* such that (F¢) (u) = 0.

The following theorem states on all maximal ideals of the ring V.

Theorem 3.14. There does not exist any maximal ideal in the ring V* except for
L* and M, with |Ru| £ a. Moreover, two ideals M,, and M,, coincide iff ji; = tu,.

Proof. Let M be a maximal ideal in V' which differs from L*. Then we correspond
by F(f) some linear functional on V. But we can regard it as a linear functional in the
space of summable functions with the weight K,(z) (o = 0). Therefore from the Hopf
lemma we have

(3.56) F(f) = [ f@)o(a)ds,

where w(z)/K,(z) is an essentially bounded function or it belongs to L, with w(z) # 0.
Since the mapping f — F(f) is a homomorphism and F(f;- f2) = F(f1)F(f2), where the



operation of multiplication in the ring is the convolution (1.6). That is, we can rewrite
this property as follows

(3.57) /0 " fu(@)w(z)dz / " (y)w(y)dy
2/‘°° w(u)/ /ooexp (__ [$y+_+_y )f1($)f2(y)dmdydu

= [T 5@aw [ ow (-5 |2+ 24 ) S iidon,

Thus we conclude that the function w(z) must satisfy the functional equation

(3.58) w(z)o(y) = %/Ow exp (—% [?—3 + m—ylf + %D #du

u

for almost all positive z and y. As it follows from the Macdonald formula (3.27), the
function w(z) = K,(z) satisfies the equation (3.58), where u is some complex number.
Here, we have the reverse of this fact, which is stated as a lemma.

Lemma 1. Let the function w(z)/Ks(z) be essentially bounded for z > 0 and let
w(z) # 0. Then the solution of the functional equation (3.58) is the Macdonald function
K,(z) with |Ru| £ a.

Proof. First we show that the integral

Y 1(zy zu  uy)) w(v
(3.59) I(a:,y).../0 exp( 2<u + ” + = )) > du (y>1)
converges uniformly in the region {z = 29 > 0,y = yo > 0} for any zo > 0,3y, > 0.
Indeed,
oo 1|zy  zu  uy|) K.(u) w(u)
< —_ =4 — 4 =
(3.60) | I(z,y)| = /0 exp( 5 [u + . + x]) > du K|,
;<- [/ moyo) Ka(u)du
= o
ZoYo ( ) gl 1]
+e"p( 2 )/1 exp(—u)— 5~ ] K.(u)||,
< G,

where C > 0 is a constant. Then I(z,y) can be differentiated with respect to parameters
T 2 20> 0and y 2 yo > 0. We have from (3.58)

(361)  W(z)wly) = i— 0°° (—2 L4 “—y) exp (—% [ﬂ + fj—‘ + ’—‘f]) i(u“—)du

u
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where we set

-’1(2?,3/_) = /00° exp (—% [_3{ + % + 1‘5’_]) w(u)du
I(z,y) = /ooo exp (—% [_y_ + -—yﬁ + Z—yD w(g)du.

u u
In a similar manner we have

(3.62)

’ 1 T
(3.9 o20) = (5 - 1) Blers) — $hle,)
From these equalities it follows that
w(m) 1y y
(3.64) w2 = (Lo L) 1) - Lhtenn)

w(y) 1
(5.65) /@0 = (- 55) i) - $0(e.0)
Differentiating left and right sides of (3.64) with respect to y and (3.65) with respect to
z and subtracting them, we obtain the differential equation for w(z)

Yy T

(3.6 22 - @y - (L-2)uae)

which leads to

y (yo' () _2_Z (zo(2)) — g% = 2

(3.67) O ) =

since the variables z and y are arbitrary. But both sides in the chain of equalities (3.67)
are Bessel equation [1]

2

w'(y) + iw'(y) - (1 + Z_"’) w(y) =0 |

with the solution being the Macdonald function K,(y) for which |[Ru| £ a due to the
assumptions. | -

Proof of Theorem 3.14 (continued) Now we prove the last result in Theorem 3.14.
~ Since w(z) = K,(z), the maximal ideal M generated by homomorphism (3.55) coincides
- with M, due to the formula (3.56), where the parameter 4 is taken in the strip |Ru| < a.
By the evenness of the Macdonald function K ,(z) with respect to the index two maximal
ideals corresponding to the numbers y; and u; coincide if and only if p; = +u,. Thus
Theorem 3.14 is completely proved. [ |

The mentioned properties of the ring L* allow us to obtain the following analogue of
the Wiener theorem.



Theorem 3.15. If the function F(u) defined by the relation (3.55) does not vanish
nowhere in the closed strip |Ru| < o including infinity, then there is a unique element
q(z) in the ring L* such that

o1
Flu)

Proof. Since F(u) does not vanish nowhere in the strip |[Ru| < «, then f(z) does
not belong to any maximal ideal and such a set is completely exhausted by Theorem
3.14. As it is known from [8], such an element f(z) has a unique inverse g(z) in the ring
Ve, because the mapping F(u) is a homomorphism. Thus we obtain the equality (3.68).1

(3.68) = A+ K,[q].

Finally we establish the analogue of the Titchmarsh theorem [11] on the absence of
the divisors of zero for the convolution (1.6).

Theorem 3.16. Let the functions f(z), g(z) be from the ring L* and (f * g)(z) =
0,z > 0. Then at least one of the functions f(z) and g(z) is equal to zero almost every-
where on R,.

Proof. As already noted, the equality (3.24) can be extended for K-L transform
(3.37) of the index p in the strip |Ru| £ o

(3.69) (RE(f * 9))(K) = (RE)(W)(KL9) (1.

So, we find that the right side of equality (3.69) is equal to zero. Smce the func-
tions (Rﬁ (1), (RLg)(u) are analytic as functions of the complex variable p in the strip
|Ru| < o, at least one of them is identically zero and Theorem 3.12 leads to that f(z) or
g(z) is equal to zero almost everywhere on R. ]

4. Convolution Hilbert spaces

Now we return to study mapping properties of the convolution operator (1.6) and
weighted space L§ being define as so-called convolution Hilbert space by means of com-
pletion of pre-Hilbert space with the inner product as the convolution (1.6). The most
important results for this purpose are respective Theorems 3.9 and 3.10 for subspace Lg.
Let us consider at first the mapping properties of the convolution (1.6) at the subspace
Lg with0< B < 1. |

Theorem 4.1. Let f(z),g9(z) € L§, (0 < S £ 1,a = 0). Then the convolution (1.6)
exists and belongs to the space Lg and satisfies the estimation

(4.1) | IS *glleg £ CallFllzgllgllzg,

where Cj is a pos1t1ve constant depending only on f3.
Proof. By the definition of the norm in the space L we have

() *gllzg = [ Ka(B2)I(f *9)(2)lds
L [ e (2 2 2] ot

A

105



106

By interchanging the oreder of integrations, the 1ntegral by =z corresponds to formula [10,
Vol.2, (2.16.9.1)] which gives

@ (222

= K, (% [\/uz + 2 + 2uvﬁ4— \/u2 + v2 — 2uvﬁ])

1 : .
x K, (-2- [\/u2 + 0?2 + 2uvf — \/u2 +v2— 2uvﬁJ)..
Thus we have the norm estimate of the convolution (1.6)
00 0O 1 ‘ - 1
(4.9) ||f *g”Lg < /0 /0 K, (5 [\/u2 +v? + 2uvf + \/u2 + 2 — 2uvﬁj)
x K, (% [\/u2 + 0% + 2uvf — \/u2 +v2 — 2uvﬂ]) | (u)g(v)|dudv.

Let us now establish the uniform boundedness of the function of two variables

K, ([\/u2 + v2 + 2uvf + Ju? + v? — 2uv,3: /2)
Ka(Pu) »
K, ([\/u2 + v? 4+ 2uvf — Vut + v? — 2uvﬁ] /2) ‘
- Kq(pv)
(0<B<L1uv>0)

(4.5) F(u,v) =

X

From the asymptotic behavior of the Macdonald function (2.4) it is easy to see that
F(u,v) < Cg for 0 < u,v < co. Further

(4.6) F(u,v) = O (exp (,B(u +v) — \/u2 +v2+ 2uvﬂ))
Coexp (8- /B)u+v)) =0(1) (u+v—o0).

IIA

Under these circumstances we can change the order of integrations in (4.2) and get

@7 Wf*olly S [ Ka(Bulildu [ Ka(Bo)lg@ldo = [1fllz5lollzg

For such subspaces L§ the embedding of type

(4.8) 5 CLg, (AEB)

is true, and for the convolution (1.6) the previous theorem gives the validity of the equal-
ity (3.24).



‘In order to introduce the convolution Hilbert space it is more suitable to consider the
space L. Let w(z) (z € R4) be an arbitrary positive function satisfying the conditions

(4.9) w(z) € Ly ((0 1);

Then K-L transform (1.1) of the function w(z)/z exists as it is seen from the asymptotic
behavior of the Macdonald function and the inequality (2.11):

R B
s o ([ Rtpoon 28t [ Kofyos Ly

<e (6‘1/ logy—— Ay )dy+0/ "’°°"5w(y)dy) < 0o,

where 6 € [0,7/2) and we can put cosé = 8. In our further considerations we need to
impose some additional conditions on the function w(z) for the positiveness of K-L trans-
form (REL[w(z)/z])(7) for 7 = 0. Of course, from the representation of the Macdonald
function K;,(z) through the integral (1.2) (letting there for instance § = 0) it follows that
this function is real. Further we have the composition representation like (3.40) under

conditions (4.9):
LL)(:E);cosh u} ;T} ,

(o e

where we mean §.{f(u); 7} the cosine-Fourier transform

(4.12) FAf(w);r} = \/;2?- /0 " f(u) cos(ru)du.

Let us recall now to a useful result from [11, Theorem 124] to get a sufficient condition
for the positiveness of the composition (4.11). By the assumptions (4.9) the Laplace
transform (3.42) of the function w(z)/z is bounded function on R, depending on the
variable coshu (u 2 0) and steadily decreases to zero as u diverges to infinity. Indeed,
for u; > uy we obtain

(413) £ {wix);COSh Ul} = /(;00 ﬂ;ﬁ)_e*ycoshuldy

/oo U.)(y) e—ycosﬁugdy
0 Y

log =

) , w(z) € L, ((l,oo);e”ﬁ’) (0<pB =)

(4.10)

A

<G / logy ()dy+C/ e YPuw(y)dy < oo,

and this Laplace transform tends to 0 as u — 400 by virtue of the Lebesgue theorem.
Moreover we can differentiate this integral with respect to u under the integral and we
have

a w(m) — o ~ycoshu
(4.14) dus{ " coshu} = smhu/o w(y)e dy.
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Theorem 4.2. Let assume the condition (4.9) for the function w(z), and let the
integral in right side of the equality (4.14) be positive and non-increasing and tend to a
limit at infinity. Then K-L transform (4.11) is positive function for all T 2 0.

Proof. The proof follows from [11, Theorem 124], because under above assumptions
the Laplace transform £ {w(z)/z;coshu} is bounded function, which decreases steadily
to zero at infinity. Thus we conclude that the Laplace transform £ {w(z)/z;cosh u} is a
convex downwards function of the variable u and therefore the composition (4.11) with
the cosine-Fourier transform is positive for 7 2 0. ||

Let us give several concrete examples of function w(z) and corresponding K-L trans-
forms (1.1). Evidently the function w(z) = z satisfies conditions (4.9). Invoking to the
formula [10, Vol.2, (2.16.2.1)], we obtain the expression for K-L transform

Letting w(z) = 27 (y > 0), we have
(4.16? (ﬁﬂm"l) (r) = /ow v K, (y)dy = 22720 (7 —; z’r)

by virtue of the integral [10, Vol.2, (2.16.2.2)]. Next we consider the function w(z) =
e~"zY (v > 0). Appealing to the integral [10, Vol.2, (2.16.6.4)], and we obtain

-z ,7—1 R R o — 97 lF(7+iT)I2
(4.17) (RL(e™)) (r) = /0 Y leVK; (y)dy = 2 ‘/;F(Tlﬂ)'

As the last example, we demonstrate for the function w(z) = ze™* (0 £ v < 1). Making
use of the formula [10, Vol.2, (2.16.6.1)] we have

(4.18) (ﬁﬂe") (r)= /000 e " K, (y)dy

So we consider below the function ’ .
(419) Ca=(22 D))o 2o,

as a weight function for respective Lebesgue spaces.

Let us take in general two complex-valued functions f(z) and g(z) from the space
Le.s C L* (7/3 < § < 7/2,a 2 0). Then according to Theorem 4.1 the convolution
(f * 9)(z) exists and belongs to the space L2 ,. Moreover the factorization equality
(3.24) is true and due to Theorem 3.11 the Parseval relation (3.25) holds. Multiplying
~ left and right parts of (3.25) by w(z) and integrating on R, we obtain the equality
(4.20)

/ (f *7)(2)w(z)ds = — / / rsinh(n7) K, (z) (REf) (r) (K€7) ().

Hence, using the estimate (3.36) and the condition (4.9) for w(z), we have
(4~21)/0°° I(f *9)(2)|w(z)dz < % /oo Ko(z cos 5)@(& /oo rsinh(w7)e™3"dr
0 0

x [ Ko(ucos 8)|f(wldu |~ Ko(yeosé)lg(v)ldy,

wsinh (7 cos™1 )

- sinh(77)y/1 — 42

x)dw




where all integrals are convergent under the assumptions. Thus finally we apply the Fubini
theorem that enables us to change the order integrations at the right part of (4.20), and
we come to the equality

4.22) /Ooo(f*ﬁ)(a:)w(m)dzﬁ% [ wsinh(rr)a(r) (RES) (7) (RE7) (1)dr

where the weight function ¢(7) is defined by the formula (4.19). Let us denote the left
part of (4.22) as

(4.23) [T D@l = (f,9).

It is not difficult to see from the equality (4.22) and Theorem 3.12 that (f, g) possesses
all properties of the inner product. With this inner product the set of functions L2,
becomes the pre-Hilbert space. Its completion we call as the convolution Hilbert space

and is denoted by S,. From this inner product (f, g) the norm ||f||s = \/(/, f) is defined.
If f,g € L% ,, then we have

cos §)

(429) (f,0) = / °°(f + 7)(2)w(z)ds | |
L e ([ 2 s

- /:o /0°° Su(u, v) f(u)g(v)dudy,

where

(4.25) Su(u,v) == [ w(m) ( [m“ +24 ]) dz.

U

Of course we can perform to change the order of integrations by the above estimate and
the Fubini theorem. Thus if f(z) satisfies the condition

(4.26) / / (, 9)| f(u) f (v)|dudv < oo,

then ||f ||s < o0 and f € S, D L2, s. Furthermore if f(z) and g(z) satisfy the condition
(4.26), then from the Cauchy inequality

(4.27) | | K, = 11£lIsllglls,
it follows that the integral

[ [ el (e lduco

is convergent and the equality (4.24) is valid.
Let us now introduce the weighted Hilbert space H, = LQ(R+, 27 smh(vrr)q(r) /%)
with the norm

(4.28) 1hll, = —‘? ([ rsinh(rr)g(r)Ia(r)dr ) .
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where ¢(7) is the weight function (4.19). As it follows from (4.22) the operator of K-L
transform (1.1) maps the space L2, into H, and moreover

(4:29) 1K€}, = = [ rsinh(rr)a(DI(RES)()Pdr
= [[¢*D@ul@)dz = IIf1]3.

According to the known Banach theorem we can extend K-L operator on all f € S,. So
K-L transform is defined for all f € S,, its range KL(S,) belongs to H, and there holds
the property for any f € S,

(4.30) Iflls = [|1RCS|lm,, (RES) (1) =0iff f=0.

Consequently we conclude that there exists the inverse bounded operator (Rﬁ—lh) (z).
Due to the definition of the norm (4.28) and the equality (4.24), the inner product of two
elements ¢,y € H, can be written by the formula

(@.31) (0 9) = = [~ rsinh(xr)a(r)e(r)P(r)dr

Returning to considered examples of function w(z) we get the respective examples of
Hilbert spaces S, and H, with the relation (4.22) and the condition (4.26) for each case.
For instance, putting w(z) = z using the formula (4.15) and the equality (4.22), we have

(4.32) / (f *9)(z)zdz = ——/ 7sinh ( ) (Rﬁf) (1) (Rﬁg) (r)dr.

To obtain the corresponding condition (4.26) we ca.léulate the integral (4.25) by means of
the formula (3.23) and it gives the boundedness

(433) L ek + 91w (0) dudy < oo

Similarly we can treat other examples (4.16) - (4.18).
As we noted above if f(z),g(z) € L2, then (f*g)(z) € L2, and the equality (3.24)
is valid. Hence there holds the representation

(4.34) (f *9)(z) = (K€ [(RLS) (1) (RL9) (7)]) (=).

If for two elements f, g of the convolution Hilbert space S the function (RS f) (1) (ﬁﬁg) (1)

¢(7)9(r) belongs to KL(S,), then the element KL~ [<p(7')¢)('r)] may be called the gen-
era.hzed convolution of the elements f, g and denoted by f * g. Let us prove that for any

f € S, and g € L2, the convolution (1.6) exists and there holds the inequality

cos

(4.35) | If *glls < il;}gl%b(f)l I f1ls,
where

(436) W) = (R29) (1) = [~ Ku®e(y)dy.
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Indeed since the function g(z) belongs to L% 4, then due to the estimate

cos §?

(4.37) W(r)| < e [ Ka(ycos O)lg(y)ldy

we have that sup,5q|¥(7)] = M < oo and consequently, o(7)y(r) € H, for ¢(7) =
(ﬁﬁf) (7). Let us now prove ¢(7)¢(7) € KL(S,). There exists some sequence f,(z) €
2 s such that ||f — fu||s — 0 as n — oco. Hence we obtain according to Theorem 4.1 -
that h,(z) = fu(z) * g(z) € L2,,; and denoting by ¢,(r) = (Rﬁfn) (1), we have (see
(4.29))

(4.38)  ||ha = Bl = |[(fn — fm) * glls = [|(RE[fa = fm]) (KLY 1,
= |[(on — m)¥llH, £ M||0n — Omllr, = M||fa — fulls.

Thus the sequence {h,} is convergent at the Hilbert space S,. Let the corresponding limit
be h. Then we obtain

(4.39) (RER) () = (REF) () (RE) (7) = p(r)p(r),

and the product ¢(7)y(7) belongs to KL(S,).
We now turn to establish the inversion formula for K-L transform at the convolution
Hilbert space.

Theorem 4.3. Let the weight function w(z) satisfy the condition (4.9) with g =
cos§ (m/3 < § < m/2). Then for a function f(z) from the convolution Hilbert space S,
there holds the inversion formula of K-L transform

(4.40) (f* ())() 2 d/ 7sinh(77)g(7)

72z dz
=TT (i) 1—ar . 3—ir z
xR [—1-:-;7__ F2 (—é———,l —'ZT,——2——— 4 )J (Rgf) (T)dT

where 1F5(a;b,c;z) means the hypergeometric function [1] and notation R[F(it)] =
(F(ir) + F(—zT))/2 gives the real part of arbitrary function F(ZT) Besides, if f(z) €
L%, 5 C S,, then the formula (4.40) takes the classical form

(4.41) (f*-“f%l) (m)=-:—2 /0 rsinh(rr)g(r) z( )(Rﬁf) (r)dr.

Proof. In order to prove the formula (4.40) we start from formula (4.22). Letting
there g(y) = 1 (0 < y £ z);9(y) = 0 (y > z), we transform the right-hand side of the
equality (4.22) by calculating the respective integral (Rﬂg) (7) in view of the formula
[10, Vol.2, (1.12.1.2)] as

T 1—iroir( ' s 3—4 2
(4.42) / Ko(y)dy =% | 2oL p (1=ir 3 —im 27))
0 1—1r 2
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The left-hand side of the equality (4.22) is an absolute convergent integral under conditions
of the theorem from the inequality (4.27). So, by denoting the right-hand side as R(7, z),
temporary, the formula (4.22) becomes

(4.43) / / (u, y) f(u)dudy = —-—/ rsinh(77)q(7)R(r, z) (Rﬁf) (7)dr,

by the notation (4.25). Moreover this enables us to perform differentiation of the left-
and right-hand sides of (4.43) to obtain

(4.44) /0 Su(u,z) f(u)du = %% A rsinh(77)q(7)R(r, 2) (ﬁﬁf) (r)dr.
But the left-hand side of (4.44) is equal to z(f * [w(z)/z])(z), which leads to (4.40). The
formula (4.41) can be easily deduced by performing the differentiation under the integral
with respect to 7 in the right-hand side of (4.44), provided that f(z) € L2, invoking to
the representation (4.42) and the inequality (3.36) meaning there instead of g the function
w(z)/z € LS, ; under condition of the present theorem. |

cos

Putting w(z) = z at the formula (4.40), we attract our attention to corresponding
inversion formula for the space (4.33), namely

(4.45) (f*1)(z) = 2 d / 7 sinh ( ) R(1, z) (Rf.‘,f) (r)dr

rz dz

Let us note that if the range of K-L transform KL(S,) coincides with the space H,, then
for the existence of the convolution (f * g)(z) of f,g € S, it is necessary and sufficient

that the product (ﬁﬁ f) () (Rﬁg) (7) belongs to the space H,. However it is true that
KL(S,) = H

Theorem 4.4. The range of K-L transform KL(S,) coincides with the weighted
Hilbert space H,.

Proof. We note that there exists in H no element except zero that is orthogonal
to KL(S,). In fact, let us assume (¢, (Rﬂg)) = 0 for arbitrary g € S,, where the inner

product means the formula (4.31). In particular, we take the function g as in the Theorem
4.3 that g(y) =1 (0 <y £ z);9(y) =0 (y > z). The equality

x 2 00 . T
| (4.46) (<p0,/0 K,-,(y)dy) = F/o 'rsmh(7r7')q(7')<p0(7')/(; K (y)dydr =0
after differentiation with respect to z yields
(4.47) / ” rsinh(r7)q(r)o(r) Kir (z)dr = 0
0

for all z > 0. The last operation is possible due to its absolute and uniform convergence
of the integral (4.47) in view of the estimate

(4.48) /0 ” rsinh(77)q(7)|po(7) Kiy (2)|d7

- 1/2
< —'—WKO(:}ZEOS 6)||<P0HHq (/0 Tsinh(vrT)Q('r)e'”’dr)



So this estimate shows that the left hand-side of (4.47) is a function in L;(R,) and
according to Fourier integrals theory [11] we can take the cosine-Fourier transform (4.12)
of both sides of the equality (4.47). Changing the order of integrations by the Fubini
theorem and calculating the inner integral by formula [10, Vol.2, (2.16.14.1)] we obtain a
new equality ‘

(4.49) /Ooo 7 sinh (%7:) q(7)o(T) cos (T log(z + \/m)) dr = 0.

In view of the above estimates, observing the integrand in (4.49) from the space L;(R4)
by 7, applying the Holder inequality and using known theorem [11] about uniqueness of
cosine Fourier transform of summable functions of L1(R.), we obtain ¢o(7) = 0 almost
everywhere. o n

5. Kontorovich-Lebedev convolution integral equations

In this last section we consider some class of integral equations with the kernel (1.8)
which contains the inner integral of the Kontorovich-Lebedev convolution (1.6). Such
equations were first mentioned in [7] and were exhibited in details recently in [16]. Com-
paring with usual convolution equations of Fourier, Mellin or Laplace type [11] it is not so
easy to recognize the convolution property of the operator (1.7). Nevertheless this class
of integral equations is also worth mentioning in connection with some applications to
problems of mathematical physics [7]. First it was described in [12] using the algebra of
the introduced convolution (1.6). Here we give some examples of Kontorovich-Lebedev
type convolution integral equations and their solutions in slightly different form than in
[16] in view of the considered convolution operator (1.6) and its new properties. The
operational method of solutions of such equations was demonstrated in [15] and [16].

The most familiar form of the integral equation is

(1) f(z) = h(@)+ [ K(z,w)f(w)dy (= > 0),

where ) is some complex parameter, h(z) and K(z,u) are given functions, and f(z) is to
be determined. We will call such equation as usually the integral equation of the second
kind. It can be solved by means of the K-L integrals in certain special cases meaning such
ones in which the integral operator (5.1) is the convolution operator (1.7) with the kernel
(1.8). |

Let us consider some examples of concrete kernels (1.8) choosing different functions
g(z) and calculating the respective integrals. Let g(z) = exp(—zcosp)z”™! (0 < p <
7,y > 0). Then due to the formula [10, Vol.1, (2.3.16.1)], the function K(z,u) is

7y
(5.2) K2 = ot Tmmeon i 5 (\/ﬁ + u? + 2zucos p,)

and the equation (5.1) takes the form

LK, (\/:1:2 + u? + 2zu cos ,u)

du.
(22 + u? + 2zu cos p)/? f(w)du

(5.3) f(z)=h(e) + ) [* i
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If we set ¥ = 1/2, then by invoking to the fact that the Macdonald function K7/,(z) is
equal to e~%\/7/2z [1], we have the equation (5.3) of the form

(4  f@)=he)+ N/~ [ oxp (—V/ETF FF Trucas) w2 f () du.

(22 + u? + 2zucos pu)1/?

The simplest case was first considered in [7] when =0 as

(5.5) f@) = h(z)+)\\/- a ?"pifu 4 12 f ()

Let g(z) = (z+a)~! with a parameter a > 0. Then the integral (1.8) can be evaluated
by the formula [10, Vol.1, (2.3.16.4)]

./ | 24,2 VI ¥ 02
(5.6) K(z,u) = /e exp (am t+u +§—1—{) erfc (\/%:—+a—m—ﬂ—),

2z 2zu 2a 2zu

where

- : SPIRNE 2 hadger
(5.7) erfc(z) = ﬂ_/ e " dt

T

is the error function [1].

Let us return to the general convolution operator (1.7). We already noted in Corollary
3.1 its mapping properties and behavior of the kernel K'(z,u) at the neighborhood of the
point (0,0). The considered examples of the kernel K(z,u) confirm that it contains
removable singularity at the origin (0,0). We begin from the homogeneous equation

(5.8) f@) =) [ K@ uf@wdu (= >0),

where A(7) is a continuous function on R of variable 7.

Theorem 5.1. Let g(z) € L° = L(R4+Ko(z)). If1/X(7) = (Rﬁg) (), then the
function K;,(z)/z satisfies the equation (5.8).

Proof. Substituting K;,(z)/z in the right-hand side of the equality (5.8) and taking
into account the inequality | K, (z)| £ Ko(z), we obtain the estimate

< D [ 1 e, Eo

Due to the Macdonald formula (3.27), we have

(5.9) A [ Kz, u)Kir () 2

610)  [TIKGEwKw < B 1 gty = K g

Hence we perform to change the order of integra,tions by the Fubini theorem and obtain
the identity (5.8) with f(z) = K;,(z)/z. ]



-The partial solution of the equation (5.1) is given by the following:

Theorem 5.2. Let h(z),g(z) € L,(R4) (p 2 1) and sup| (Rﬁg) (7)| < 1/|A|- Then
720

the function

/00 7sinh((7 — €)7) (ﬁﬁh) (1) KiT(z)dT
0 - (REg) (1) z
is a partial Ly-solution of the equation (51) and the limit is meant in the norm of L,(R).

Proof. First let us show that the space L,(R4) (p 2 1) is a subspace of the space
L2, s (6 € (0,7/2)). Indeed, if g € L,(R), then by the usual Holder inequality we have

(5.11) f(z) = —11

612) [ Kolycosdlowldy < ([ Kstucoss)dy) " llalls, < oo

which gives the desired result. On the other hand, according to Theorem 2.2 for the
function h € L,(R+) we have the limit relation

(5.13) h(z) = illm Owrsinh((vr—e) )K"(””) (Rﬁh) (r)dr

72 e—=0+

and the estimate due to the fact h(z) € L2, as

(5.14) | (RChH) (1) S 7

(<)

Hence denoting the right-hand side of (5.11) as (I, f)(z), we obtain under the assumption
for (.ﬁﬂg) (7) that for each e > 0

(5.15) (.f)(=)| £ cﬁ(‘”—;ﬂHMh,gm [ rsinb((x - yr)erar,

where C is an absolute positive constant and § is chosen from the interval ((7—¢)/2, 7/2).
Therefore there exists the convolution (g * (I, f))(z) provided by the estimate
(5.16) g+ (LN)(=)| = —IlhllLo

0 /oo l9(y)ldy

x/ exP(—l[ﬂ+ﬁ+&])MC{u
0 2 Y u T u

Ko(z cosd oo
Koy, [ Koy cos)laldy

cos é

=C

< Cs

Ko(z cosé
Kol 058 Mgl

cos

where Cj is a positive constant. To get this estimate we used the inequality (4.5) as well
as the usual Holder inequality. Hence from the assumption we have

(5.17) (8h) () € KL(L,),
- (ﬁﬁg) (1)
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in view of the result of Theorem 2.3 such that the condition (2.27) holds. Invoking to
the Macdonald formula (3.27), Theorem 2.2 and the Lebesgue theorem, we have the limit
equality

(5.18) lim Mg * (L)) = (f *0)(z)

oo 7sinh((w — e)7) (RER) (7
i 2 [T (RN O (o) (g, (e
=0+ m2g - (Reg) ()
. 2 [ '
==~ lim —— | rsinh((r — ¢)7) Kir(2) (REh) (r)dr
92 oo Tsinh((m — €)7) (Rﬁh) () .
li K (z)dr = —
it A /o - (.ﬁﬁg) (1) (e)dr = =h(z) + /(o)
almost everywhere, where the last equality is easy seen from Theorem 2.2. ||
Now we consider an equation similar to (5.1) with the kernel (1.8) and A = —1
(5.19) h(z) = f(z) + / (z, u)f(u

with respect to the function f(z) in the class L(R4; K,(z)), where the given functions
h(z) and g(z) in (1.8) belong to normed ring L(R4; K,(z)). Applying K-L transform
(1.1) with the index n = Ry + i7 in the strip [Rn| £ a to the both sides of the equality
(5.19), we obtain from the factorization equality (3.69) for the convolution (f * g)(z) the
following algebraic equation

(5.20) (RER) (n) = (RES) (N1 + (REg) (7)) (Rn] £ a).
If the condition |
(5.21) 1+ (REg) () #0, (|®n] £ a),

holds, then by the analogue of the Wiener Theorem 3.15, there is a unique function
q(z) € L* such that

1

(5.22) W =1+ (REq) ().
Then from (5.20), we obtain the equality
REA
(52)  (REf)(n) = 15 [ ﬁgg()"()n) = (1+(R€q) () (REA) (n)  (1Rn] < o),

which is equivalent to

(5.24) f(z) = h(z) + /0 " K, (z, Wh(u)du (z > 0),



where K (z,u) is a new kernel similar to (1.8) with the function g(z). It is easily seen
that, conversely, the function f(z) in the formula (5.24) gives the solution of the equation
(5.19) for any function h(z) from the ring L* only under condition (5.21). Thus we have
proved:

Theorem 5.3. Let functions g(z),h(z) € L(R4; Kq(z)). Then the equation (5.19) is
- solvable in the class L* if and only if condition (5.21) holds. Moreover, its unique solution
is represented by the formula (5.24).

Corollary 5.1. The equation (5.3) with A = —1 is solvable in the ring L(R.; Ko(z))
if and only if

(5.25) 1+ \/'%'I‘('y —ir)D(y + i) sin/2 uPlﬁzlw(cos p)#0 (r€R),

where Pi/f/;:ir(cos ) is the Legendre function [1].

Proof. Actually the inequality (5.25) means the condition (5.21) for K-L transform
(1.1) of the function g(z) = e~*<**#27~1. To evaluate this we use the integral [10, Vol.2,
(2.16.6.3)] and we have

(5.26) / 2T lemT N (1) dz

= \/'%'l"( — i7)T(y + i) sin!/2™ ,uPlllz};l"(cos p)#0 (r€R),
which leads to (5.25). u

Corollary 5.2. The Lebedev’s equation (5.5) is solvable for A = —2 /=% in the class
L(R4; K4(2)) (0 £ o < 1/2), and moreover, its unique solution has the form

(5.27) f(z) = h(z) + %/000 uK(u)Ko(z) — zK;(z) Ko(u)

z? — u?
Conversely, the equation (5.27) is solvable in the ring L(R4; K,(z)) (0 £ a < 1/2) and
its unique solution has the form (5.5) in the case A = —2/7>.
Proof. The proof of can be obtained by using the same integral (5.26), when y =
0,7 = 1/2. In this case the result is reduced to (ﬁﬁg) (n) = 7%2/(\/2 cos(nn)), where

o(z) = a2

(529) (821) () = 720 (eh) (1) = (14+(R20) (1) (REH) () (o] < 0,

where the value of the function ¢(z) can be obtained by using the formula [10, Vol.2,
(2.16.33.2)] and ¢q(z) = —(2/7?)Ko(z). The respective kernel K (z,u) is evaluated from
the formula (1.8) and the integral [10, Vol.2, (2.16.9.1)], which leads to the kernel in the
solution (5.27) '

(5.29) K;(z, w) = ——— 0°° exp (—% [ Yy g D Ko(y)dy

uh(u)du.

. Hence we get the equation (5.23) in the form

y
2 u(uKy(u)Ko(z) — mKl(:z:)Ko(u))

R z? — u?
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The condition 0 £ « < 1/2 arises from the convergence of the integral (3.31) for ||g||z« <
+00, where g(z) = e~*z~1/2, ]

Concerning the convolution equation of the first kind like (1.7)
(5.30) /ooo K(z,u)f(u)du = h(z)

its solution can be written based on the factorization equality (3.24) for K-L transform
and its range for corresponding space of functions. Thus, for example, if we look for a
solution in the convolutional Hilbert space S,;, we have to take the given function h(z)
from S, as well as the kernel function g(z) (see (1.8)). According to Theorem 4.4 the
range KL(S,) coincides with the Hilbert space H,. So from (5.30) we have the algebraic
equation in terms of K-L transform

(5.31) (REF) (ir) (RLy) (ir) = (REA) (ir).

Hence

(5.32) (REF) (ir) = @’)(—ZT)
(REg) (i)

and the solution of the equation (5.30) on the space S, can be written by the formula
(4.40) if and only if the right-hand side of (5.31) belongs to the space H,.
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