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Abstract

We establish asymptotic and summation properties of the Lebedev integrals with
respect to an index of the modified Bessel function, which are related to the known
Kontorovich-Lebedev transformation. Analogs of the Watson lemma and Poisson
summation formulas are proved. As applications certain type series involving Euler’s
gamma-functions and hyperbolic functions are evaluated.
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1 Introduction

Let z € C be a complex number and let f be a complex -valued measurable function on
R, = (0,00). We deal with the following Lebedev integral

F(z) = K.[f] = / " K (@) f(@)d, (1.1)

*Work supported by Fundagdo para a Ciéncia e a Tecnologia (FCT, the project "POCI 2010”)
through the Centro de Matemdtica da Universidade do Porto (CMUP). Available as a PDF file from
http://www.fc.up.pt/cmup.



2 Semyon B. YAKUBOVICH

which is a modification of the Kontorovich-Lebedev transformation (cf. [3], [4], [6], [7]) on
general complex index of the modified Bessel function K,(z) [2], Vol. 2. As it is known,
the function K, (z) satisfies the differential equation

2’ —— +r— — (2 + 2)u =0, (1.2)

for which it is the solution that remains bounded as x tends to infinity on the real line.
The modified Bessel function has the asymptotic behavior [2], Vol. 2

T\Y2 _
K.(z) = (%> e [1+0(1/x)],  x— oo, (1.3)
and near the origin
K.(z)=0 (:L'"Rez‘) , x—0, 2z#0, (1.4)
Ko(xz) = —logz +O(1), x — 0. (1.5)

It can be defined by the following integral representation [6], [7]
K.(z) = / e "N cosh zu du, x> 0. (1.6)
0

Hence we easily find that K,(z) is even with respect to z and a real-valued positive
function when z € R. Moreover, it satisfies the following inequality

1K, (2)] < Kres(2), 2> 0. (1.7)

When z is pure imaginary then (1.1) coincides with the Kontorovich-Lebedev transfor-
mation introduced by Lebedev in [4], which is different from its original form (cf. [3]).

As it is known, the product of the modified Bessel functions of different arguments
can be represented by the Macdonald formula [5], relation (2.16.9.1)

[ B du
KoKl =5 [ e Ko() ™" (18)
0 u
This formula generates the following convolution operator
L[ [ -1 vt
(f*g)(@) = 5 € f(u)g(y)dudy, x>0, (1.9)
o Jo

satisfying under some conditions (see [7], Ch. 4) the factorization property in terms of
the Lebedev integrals (1.1). Precisely, we get

K.[f * 9] = K.[f]K.[g]. (1.10)
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We will deal in the sequel with a particular case of the Lebedev integral (1.1) when f is
an entire function of the exponential type. We will study its analytic properties and prove
the Watson lemma, which will give an asymptotic behavior of the Lebedev integral when
z — 00. Then we will establish analogs of the Poisson formulas for the Lebedev integral
and its powers, which are known for Fourier integrals (cf. [1]). As applications we will
exhibit a few series involving Euler’s gamma-functions, which can be evaluated by using
these formulas.

2 Watson’s lemma

In this section we will study analytic properties of the Lebedev integral F'(z) (1.1) when
f(z) admits the series representation f(z) = >~ %" as an entire function of the
exponential type with limsup,, .. |a,|'/" = o, where o is a type of this function. Then
we will prove the Watson lemma for these integrals, which gives the asymptotic behavior
of F(z) when z — oo. Similar questions for pure imaginary z have been studied in [7],
Section 2.5.

We start with the following

Lemma 1. Let f be an entire function of the exponential type with o < 1. Then F(z)
is analytic in the strip |Re z| < 1 and for any € € (0,1 — o) admits there the uniform with

respect to Im z estimate

F(2)] < C sin (Rez arccos(o + €))
“sin (7Rez) /1 — (0 4 ¢)2’

where C. > 0 is a constant depending on €.
Proof. Indeed, since for any € > 0

(2.1)

la,| < Co(o+e)", n=0,1,...,

we easily have that |f(z)| < C.el®*9% 1z > 0. Consequently, choosing ¢ € (0,1 — o)
we appeal to integral representation (1.6), the estimate (1.7) and evaluating elementary
integrals we derive

FOI< [ Kl < . [~ Kualo)el s

= (. / elotez / e~ %eoshu oosh Rezu dudx = C. / COSR Y
0 0 o coshu—o—¢

O sin (Rez arccos(o + ¢€))

“sin (7Rez) /1 — (0 + )2
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where the change of the order of integration is due to Fubini’s theorem. Thus we arrive at
the estimate (2.1). Moreover, it shows via asymptotic formulas (1.3), (1.4), (1.5) for the
modified Bessel function that integral (1.1) converges absolutely in the strip |[Re z| < 1
and uniformly with respect to Im z in each interior substrip of |Re z| < 1. Therefore F'(z)
is analytic in the vertical strip |Re z| < 1. Lemma 1 is proved.

This lemma allows us to get another representation of F(z) in the strip |Re z| < 1 in
terms of the series. Indeed, substituting the series for f into (1.1) we change the order of
summation and integration owing to the convergence of the series (see Lemma 1)

o 00
Qn

— K, (x)|z"dx.
> T | o)

Hence we calculate the inner integral appealing, for instance, to relation (2.140) in [7].
Thus we derive the following equalities

F(z) :/ Kz(x)za—r:m”dxzza—ﬁ/ K, (z)z"dx
0 ~— nl —nl Jy
:i%Q”_lF <n+1+z>r<n+1—z)
“—~ nl 2 2

—iQ”_laB n+l+zn+l-=2
= " 2 72

N
n+l4+zn+1-—=2
:22"—1%3( R )+RN<z>=SN<z>+RN<z>, (2:2)
n=0
where
> e n+l+zn+1-—=z
Ry = Y 2 (R )
n=N-+1

and ['(w), B(a,b) are the Euler gamma- and beta -functions, respectively (cf. [2], Vol. I).
With the elementary inequality for beta-functions |B(a,b)| < B(Re a,Re b), the duplica-
tion formula for the gamma-function and via Lemma 1 we have the estimate

n—1
By < Y 2 B (P

n=N-+1

e (n+1+Rez n—i—l—Rez)

<C. ) 27'o+eo)"B

n=N-+1

n+1+Rez n+1—Rez
2 ’ 2
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_ \/7_TOs i (0 N g)nr (n+1;Rez) r (n+1;Rez)

, 0+e <.
r)rE+1

n=N+1

Hence applying the asymptotic formula for the ratio of gamma- functions (see [2], Vol. I,
relation (1.18.4))

P(z4a) _ ap[,, (a=Bla+s-1)
T(z+0) P+ 2

+ 0z, 2 — oo, (2.3)

we get that

r (n+1;rRez) r (n+1;Rez)

)T (3 )

Therefore the remainder Ry(z) can be estimated uniformly with respect to z in each
interior substrip of |Re z| < 1 as

=0(n Y%, n - .

WMMSDziigégﬁ:O&%a,Nem.

Appealing again to (2.3) we have for any n =0,..., N and z — oo the following asymp-
totic expansions

—FF(Z%:;) = (%)n/z {1 + 4—2 +O(z~ )} z — 00, (2.4)
r %I_Z Z\ /2 n?
-%F7%=C3>/P—@+O<>}Z*“l 2

Hence taking into account the elementary identity I' (”Tz) r (lgz) = ms(:—z/z) we return

0 (2.2) to estimate Sy(z). Invoking (2.4), (2.5) we obtain for each N € N and z —
o0, |Re z| < 1 the representation

Mz

SN(Z>

(2

T m/z 2 In { + g + 0(22)] {1 s +O0(z~ )]

- 2 cos(mz/2) Lz:% n!

N
QCOS 7rz/2 [Z nl )

@
_
E?
Mz
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Taking now N — oo we derive the following asymptotic expansion of the Lebedev integral
(1.1) in the strip |Re 2| < 1

™

Fz) = 2 cos(mz/2)

f(i2)(1+0 (277)), z — oo. (2.6)

Thus we have proved an analog of the Watson lemma for Lebedev’s integrals.
Lemma 2. Let [ be an entire function of the exponential type with o < 1. Then F(z)
admits asymptotic expansion (2.6) in the strip |Re z| < 1 when z — oo, i.e.

f(iz).

™

F(z) ~ 2 cos(mz/2)

3 Summation formulas

We begin to take the known Poisson formula for the cosine Fourier transform [1]

+ZF ng3) [ —i—ana], (3.1)

— \/% /0 h F(t) cos mtdt. (3.2)

Hence putting in (1.6) z = i7, 7 € R we apply (3.1) to the Lebedev integral and we arrive
at the identity

x)+2 Z Kinp(x) =

This is a key identity we will use to prove an analog of the Poisson summation for the
Lebedev integrals (1.1). Indeed, we have

Theorem 1. Let f € L1(Ry; K, (x)dx), where p, £ € R, |p| > 1/2, 0 < € < 1.
Then the Poisson type formula is true

Kolf —1—22[@% —04[ / K. [f dT+ZLf (coshna)

n=1 n=1

where aff = 27, > 0 and

—:ccoshnoc] , x> 07 Ckﬁ = 27() a > 0. (33)

,af =21, a> 0. (3.4)

where (Lf)(x) is the Laplace integral

Lhie) = [~ e (3.5)
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Proof. The condition f € Li(R;; K,({x)dr) means that the following integral is
finite,

11 s sk corie) = / K, (€0 (1)]dt < oo.

Hence we multiply (3.3) on f and integrate with respect to = changing the order of
integration and summation in the series. Then invoking (3.5) and the value of the integral
(see (1.6), (3.2))

2 o0
et = —/ K (x)dr, x>0,
T Jo

we get (3.4). The change of the order of integration and summation can be motivated
by the absolute convergence of the iterated integral in (3.4) and the convergence of the

following two series
> [ Kuslo) 170l
n=1

Z /0 6—tcoshna’f(t)‘dt
n=1

under conditions of the theorem. To do this we appeal to the inequality (cf. [7, relation
(1.100)))

| K ()] < e Ko (2 cos §), 6 € (0,7/2) (3.6)

and we choose d, such that cosd > &. Hence for the first series we obtain

Z/ [King ()] |f(1)]dt < Cﬂ,g,(;/ K, (€t) |f(8)]dt Y e < oo,
n=1 70 0 n=1

where C,¢5 > 0 is a constant since via asymptotic formulas (1.3), (1.4), (1.5) the ratio

Ko(tcosd) - . Ko(tcosd) .
(I)(H(ét) is bounded, i.e. 2(#(&) < CLes- The second series can be treated by the
estimate

00 00 © o0
Z/ e—tcoshna|f(t)|dt _ Z/ 6—t—2tsinh2(noc/2) |f(t)|dt
—1 0 n=1 0

©© o0 et 1 0 1
= ;/0 1 + 2t sinh?(na/2) F(B)ldt < 2v/2 ;::1 sinh(na/2)

o0

ee} e—t 1 o)
X/O mﬁ(t)mu(ft)dt <Cuey m/o (K (Et)dt < oo,

n=1
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where C,, ¢ > 0 is a constant. Finally we observe that the integral in (3.4) is absolutely
convergent. Indeed, calling again (3.6) we have

/ | Ko [f \dr</ / (t)|| K (t ydth</ e Tdr
0 0

></ i ()\Ko(tcosé)dt§05,5/0m| (DK, (et)dt < oo,

0
where C5¢ > 0 is a constant. Theorem 1 is proved.

Let us exhibit some interesting particular cases of the formula (3.4). Indeed, let-
ting f(x) =1, g = %’r we calculate the corresponding Lebedev integral by the relation
(2.16.2.1) in [5] and we derive the identity

> T (0% o — T
Z Losh (”QLQ) B coshna] — T 0~ 0. (3.7)

n=1

If f(x) = 2771, v > 0 then we appeal to the relation (2.16.2.2) in [5] to obtain the formula

o0

1 1
22 (D) 423 | (2+ 22| | =ar(y) |- — G
[ <2>+ ;‘ (2+ a al'(y) 2+nz::1cosh7noz ya>0 (38)

The value v = 1 leads again to (3.7). Let f(z) = e 27", v > 0. Then by using relation
(2.16.6.4) in [5] the identity (3.4) becomes (o > 0)

rE [F2 ( an)ﬂ = al(3) [2 +§: <1+colshm>”] |

(7 +1/2)
(3.9)

Letting v = 1 in (3.9) we invoke the reduction and supplement formulas for gamma-
functions and we get the identity

1 = 1
- _ . 3.10
4+;1+Coshna] ( )

22 & n
1+ 22 =
* o Z sinh ( ) cosh ( )

In particular, when o = m we have

o0

ot sinhmncoshmn 1+ coshmn| 47

As a consequence of (3.3) and differential equation (1.2) one can get another identity
involving series of the modified Bessel functions with respect to an index. In fact, we take
into account (see(1.2)) that

P King(z)  dKipp()
2 ng ing
dx? T dx

— 2 Kipp(r) = =262 Kinp(). (3.11)
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Hence we differentiate through (3.3) accordingly with respect to x under the series sign
by virtue of the uniform convergence at least for « € [zg,00), xy > 0. The latter fact can
be established by using the expressions for the derivatives of the modified Bessel functions
(cf. [2, Vol. 2])

d—g() = —5 [Kl—inﬂ(l‘) + Kl-l—inﬁ(x)] )

) 2 K i) + 2Kins() + Ko pins(r)]
and the inequality (cf. [9]), which generalizes (3.6)
| K vir ()| < e K (v cos 6),n € R, § € (0,7/2).

Thus combining with (3.11) we finally obtain the equality

23 Z n*Kins(z) + ax Z —weoshna (g cosh? na — coshna — )
n=1
- %e—x, z>0, af =2m,a > 0. (3.12)

Let us integrate through (3.12) over R, and change the order of integration and summa-
tion due to the convergence of the following series (see (3.6))

an/ | King(t)|dt < Cs ane"snﬁ < 00,
n=1 0 n=1

h2 —tcoshnatht —9 <
> o na / Z <

o0 oo 1

oo
Z cosh na/ e teoshnayqy — Z < 00,
0 “— coshna

n=1

oo o 00 1
—tcoshna 2
e t“dt = 2 —_— < 0.
Z/ Z cosh® na

Calculating elementary integrals and letting 5 = <& we come out with the identity

2

473 & n i tamh2 na

Ene _ % >0
042 * cosh (””2) ta « cosh na 57 @

In particular, a = 7 gives the value of the series

i 4n? + tanh® mn 1
cosh n 2

n=
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The Poisson type formula (3.4) can be extended involving convolution operator (1.9).
However, first we need to prove the following lemma.

Lemma 3. Let f,g € L1(Ry; K, ( x)dx), where p, £ € R, 0 < & < 1. Then the
convolution (1.9) (f * g)(x) exists almost for all x > 0, belongs to L1(Ry; K,({x)dx) and
satisfies the inequality

1f * 9l ek, cayaz) < Iy @®eskncoran) 9] Ly @K (g da) - (3.13)

Moreover, factorization property (1.10) holds in the closed strip |Rez| < |p|.
Proof. Indeed, by the definition of the norm, the Macdonald formula (1.8) via Fubini’s
theorem and a simple substitution we derive the estimates

1F * gl R+Kﬂ@xd@—/ K (62)|(f * 9)(2)dz

K, (&x 1 gl
<! / Ruler) / / | (u)g(y) dyduda
1 _1 y+u Euy d
_ - e ol | K 2 T T —xdydu
2
0 0
1 [ [ -1 zyjy“ +E
<3 [ [ 1w / Ku(o)e % gy
0 0 0

- / @)K (u/E) / o) Ky /E)dy
< / @) K(Eu)d / o) Ky

= |21 Ry s e2)dn) |91 | 21 (R 56 62) i) -

Thus we arrive at the inequality (3.13) and Fubini’s theorem gives us that the double
integral (1.9) exists almost for all x > 0. Now again by Fubini’s theorem we take the
Lebedev integral (1.1) and apply to convolution (1.9). After the change of the order of
integration we use the Macdonald formula (1.8) to calculate the inner integral. As a result

we obtain
K 1 2y +u uzy
/ / / F(w)g(y)dyduds

K. [f1K.[g].

Further, since (see (1.6), (1.7))

[T @i < [ K@il
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< / K, (@)|f(2)|de < o0, |Rez| < |,
0

and the same integral is finite for g(x), we verify that (1.10) holds in the closed strip
|Rez| < |pu|. Lemma 3 is proved.
This lemma drives us to the following extension of the Poisson formula (3.4).
Theorem 2. Let f,g € Li(Ry; K, (§x)dx), where p, £ € R, |p| > 1, 0 < & < 1.
Then the Poisson type formula is true

Kol Kalg] +2 Y Kol uslal = | [ K 166 llar

n=1

+/ / flw)g(y) Z K, <\/u2 + y? + 2uy cosh na> dudy] , af =27, a>0. (3.14)
0 0 n=1
In particular, we have the identity

Kol £ +2) [ Kinglf]) = [1 /OOO \Kir [f]1? dr

™

+/OOO /Ooo f(u)mgl(o <\/u2 + y? + 2uy coshna) dudy] , af =2m, a>0. (3.15)

Proof. The proof is based on Theorem 1, Lemma 3, formula (3.4), factorization prop-
erty (1.10), Fubini’s theorem and the change of the order of summation and integration
in the latter term of (3.14). This change is guaranteed by the convergence of the following
series

Z /000 /000 |f(w)g(y)| Ko (\/u2 + 92+ 2uycoshna) dudy,
n=1

which we will justify by using the integral representation of the modified Bessel function

(cf. (1.6))

Ky (\/u2 + y2 + 2uy cosh nOé> - / o™Vt 2uy coshnacosh gy
0

We find the estimate (n =1,2,...)

00
/ e \/u2 +y2+2uy cosh na cosh tdt — e~ \/u2 +y2+2uy cosh na
0

0o 00 9
_ 2442 inh2? _ 2 S22
% / e 2\/u +y2+2uy cosh na sinh (t/2)dt <e (uty) / e 2 \/u +y +2uycoshnadt
0 0
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Ve ) e (wty)
< .
V2((u + y)? + 4uy sinh®(na/2))/4 = 2(uy)Y/4 sinh'/? (no/2)

Consequently,

Z/ / y) Ko (\/u2 + y2 4 2uy cosh na) dudy

\/_ o e~ U 00
P hmmﬂ)/ 0 e [l Sz

1 sin

Jr

_ 2 o0
et 1
< [supag—i——r _—
2 [ >DKM(§:E)$1/4} ;sinhlﬂ(naﬂ)
X[l 21y K ex)da) |9 L1 (R4 K () d) < 00,

when g, £ €R, [ > 1, 0 <& <1 (see (1.3), (1.4)). Letting g(z) = f(z) we get (3.15).
Theorem 2 is proved.

An interesting example of the formula (3.15) can be done taking f(x) = 1. Appealing
to the corresponding values of the Lebedev integrals (see above) we come out with the
identity

7'('2 >
? ; COSh2 Wnﬁ/Z o QZ/ / Ko \/UQ + y + 2uy cosh na> dudy

200 — 2
= a4ﬂ,a5227r,a>0.

/ / K, <\/u2 + y2 + 2uy cosh na) dudy
o Jo

= / / rKy (\/1 + 2cos<psing0coshnoz> drdy
0 0
/2

_/ dy _/OO du
~Jo 1+4+2cospsingcoshna  J, u®+ 2ucoshna + 1

1 cosh na + sinh no no

9 sinh no o8 coshna —sinhna  sinhna’
Therefore we finally get

- w2 na? 200 — 72
2:1 {1 + cosh 3 sinhnoz} 4 af = 2m, o
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In particular, letting a = m we have

f: 1 _ n B 2—m
1+cosh2rn  sinhmn| 47

n=1
References
[1] Bochner, S., 1959, Lectures on Fourier Integrals, (Princeton: Princeton University
Press).
2] Erdélyi, A., Magnus, W., Oberhettinger, F. and Tricomi, F.G., 1953, Higher Tran-
scendental Functions. Vols. 1 and 2,(New York, London and Toronto: McGraw-Hill
).
[3] Kontorovich, M.I. and Lebedev, N.N., 1938, On the one method of solution for some

problems in diffraction theory and related problems. Journ. of Exper. and Theor.
Phys., 8 (10-11), 1192-1206.

Lebedev, N.N., 1946, Sur une formule d“inversion. C.R. (Dokl.) Acad. Sci. URSS,
52, 655-658.

Prudnikov, A.P., Brychkov, Yu.A. and Marichev, O.1.; 1986, Integrals and Series:
Special Functions. (New York: Gordon and Breach).

Sneddon, I.N., 1972, The use of integral transforms. (New York: McGray Hill).

Yakubovich, S.B., 1996, Index Transforms. (Singapore: World Scientific Publishing
Company).

Yakubovich, S.B., 2003, Convolution Hilbert spaces associated with the Kontorovich-
Lebedev transformation. Thai Journ. of Math., 1(2), 9-16.

Yakubovich, S.B., 2006, On a testing-function space for distributions associated
with the Kontorovich-Lebedev transform. Collect. Math. , 57 (3), 279- 293.



