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BOUNDS FOR THE PRODUCT OF MODIFIED BESSEL FUNCTIONS

ARPAD BARICZ, DRAGANA JANKOV MASIREVIC, SAMINATHAN PONNUSAMY, AND SANJEEV SINGH

ABSTRACT. In this note our aim is to present some monotonicity properties of the product of modified
Bessel functions of first and second kind. Certain bounds for the product of modified Bessel functions
of first and second kind are also obtained. These bounds improve and extend known bounds for the
product of modified Bessel functions of first and second kind of order zero. A new Turédn type inequality
is also given for the product of modified Bessel functions, and some open problems are stated, which
may be of interest for further research.

1. Properties of the product of modified Bessel functions

The product of modified Bessel functions of the first and second kind, denoted by I, and K,, has
found many applications in mathematical physics and engineering sciences. For more details and for a
large list of references the interested reader is referred to [II, B [4] and to the references therein. Recently,
the product IyKy appears in [5] to estimate the number of eigenvalues of a Schrédinger operator, see
also [I3] for more details. Motivated by the fact that the product I, K, appears in different problems
of mathematical physics, in this paper starting from the papers [5l [6] [13] our aim is to present some
monotonicity properties for the product of modified Bessel functions of first and second kind. Some
bounds for the product of modified Bessel functions of first and second kind are also obtained. These
bounds improve and extend the known bounds for the product of modified Bessel functions of first and
second kind of order zero. It is important to mention here that our approach is completely different than
in the papers [5] [6], [13] and some of our main results are proved by using some Turdn type inequalities for
modified Bessel functions of the first and second kind, obtained in [I [3, 4]. Finally, we note that a new
Turan type inequality for the product of modified Bessel functions and some open problems are stated
at the end of this section, which may be of interest for further research.

1.1. Bounds for the product of modified Bessel functions. In this subsection we find upper bounds
for the product of modified Bessel functions of first and second kind. The key tool in our proof utilizes
some known bounds for Bessel function of the first kind by Landau [I1] and the integral representation
for product of modified Bessel functions of first and second kind [I2] p. 253]. In the sequel, we will use
the so-called Landau constants
by = V2 sup Ai(t) and ¢p = sup VtJo(t),
teRy teRy
where Ai stands for the Airy function, while Jy stands for the Bessel function of the first kind of zero
order. The next results was motivated by the Parl’s upper bound
L1 () K (2) <" (04 a)(m o+ 142) 7
n,m € N, m+1 < n, z > 0, which was used by Cantrell to obtain suitable truncation and transient errors
in the computation of the generalized Marcum @-function, frequently used in radar signal processing.

Theorem 1. Let u,v € R and x > 0. Then the following inequalities hold true:
a. For up>v >0,
br

(1.1) Ko@)lu(@) < i
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b. For u>v >0,

3
2m2¢p,

c. Foru—u>—%,,u—|—1/>—1,

r(2\r 1+3(p—v) L
(1.3) K, (2)I,(z) < 53) ( ‘ ) .
251‘(§iﬁ§:ﬂl) o

It is important to mention here that the above bounds are not sharp for small values of x, however,
by using the limiting forms I,,(z) ~ \/% and K, (x) ~ /3=e”" for large values of = and v, i fixed, it
follows that K, (x)I,(x) ~ 5= as  — oo, and this means that the inequalities (LZ) and (I3)) are sharp
for large values of x.

The next theorem gives lower bounds for the product of modified Bessel functions of first and second
kind. Again, the proof uses the existing bounds for modified Bessel functions of second kind [7] and the
integral representation of product of modified Bessel function of first and second kind [8, p. 680]. In the
next theorem L, stands for the modified Struve function of the first kind.

Theorem 2. Ifx > 0 and v > 0, then the following inequalities hold true:
I'()

2xv

(1.4) I, (2)K,(x) > [I,(2z) — L,(2z)],

(15) L) > 5, = Szt

(1.6) I (2)Ky(z) > o— —
provided that in the last inequality v > 1.

We mention that by using the limiting forms K, (z) ~ iI'(v) (%)ﬂ/ and I, (z) ~ ﬁ (%
v > 0 is fixed and 2 — 0, then we clearly get that I, (z)K,(z) ~ 5 as x — 0, which shows that the
bounds in (L4)), (L5) and (L6]) are all sharp as @ — 0. However, it can be shown that they are not sharp
for large values of x.

)V , Where

1.2. Bounds used in the estimation of the eigenvalues of a Schrédinger operator. Our second
set of results are some monotonicity properties of the product of modified Bessel functions of the first
kind and second kind. The following result is motivated by the inequality

Iy(z)Ko(z) + Inz < 1,

where z € (0,1], which was used recently by F. Truc to bound the number of eigenvalues of a certain
Schrodinger operator. The above inequality was recently improved by Bordelles and J.P. Truc [5] by
changing the number 1 to 0.55. Our next result improves this bound and also extends for the general
case. Here «y stands for the Euler-Mascheroni constant.

Theorem 3. If v > 0, then the function x — I, (z)K,(z) + Inz is increasing on (0,00). Consequently,
if v >0 and x € (0,1], then the next inequality is valid

(1.7) IL(x)K,(x) +Inz < I,(1)K,(1).

Moreover, in particular, for x € (0, 1], we have

(1.8) In2 -~ < Iy(z)Ko(z) + Inz < IH(1)Ko(1),

where the constants In2 — v and Ip(1)Ko(1) ~ 0.533045. .. are the best possible.
In the case of v = 0, the next inequality (L)) was proved recently in [5].

Theorem 4. If x >0 and v > %, then

(1.9) IL(2)K,(2) — — < ——
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Now, for v > —1, let us consider the function g, : (0,00) — (0, 00), defined by

I (2)K,(x)

Recently, F. Truc [I3] proved that

Jmax qo(z) = Jim, qo(x) = 1.
This result was essential in bounding the Green function of a Sturm-Liouville operator, and motivated
by the result of F. Truc our aim is to show that the maximum of ¢, (x) for v > 0 becomes actually
I, (1)K, (1) starting from a certain value of v. Note that since v — I,,(2)K,(x) is decreasing on [0, c0)
(see [M]) clearly the function v +— g, (x) is also decreasing on [0, c0), and thus we have that ¢, (z) <1 for
all v > 0 and z € (0, 1]. The next result is a significant improvement of this.

%, and is decreasing on [1,00) for v > —1.
Consequently, if x € (0,1] and v > %, then the next inequality is valid
(1.10) 0 (z) < (1) = L (1)K, (1)

Moreover, for x > 1 the inequality (LIQ) is valid for all v > —1.

Theorem 5. The function q, is increasing on (0,1] for v >

It is important to mention here that the constant % is not the best possible. The next figure shows
that actually there exists an v* € (0.15,0.25) such that g, (z) < ¢, (1) if and only if v > v*. To find this
value v* is an open problem, which may be of interest for further research. We would like to mention
that to prove the above claim a possible way it would be to study the monotonicity of ¢, on (0, 1]. Figure
[[ suggest that starting from some v° € (0.15,0.25) the function ¢, is increasing on (0, 1]. Another open
problem is to find the value of v°. Furthermore, we can ask whether v* and v° coincide or not.

0 0.5 1 15 2 2.5

FIGURE 1. The graph of the function ¢, for v € {0,0.15,0.2,0.25,0.33,0.5,1,2} on [0, 2.5].
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1.3. Turan type inequalities for the product of modified Bessel functions. Our last main result
complements [3 Corollary 2] and it is related to the open problem posed in [4].

Theorem 6. The function v — P,(x) = %P,j(z), where P,(z) = I,(x)K,(x), is strictly log-
convex on (—%, o0) for each fized x > 0.

As a consequence of Theorem [0l the following Turdn type inequality is valid for v > % and x >0

1
1P3(m).
l/+§

(1.11) P%(z) — P,_1(2)Pyy1 () <

Py_1(z) Py (2)
B(z)

not sharp for large values of z. However, for small values of z such that z* + (1/2 — i) z? — (1/ + %)2 <0,

where v > %, the inequality (LIT)) improves the existing Turdn type inequality [3] Corollary 2]

ST

zyfa? + 02— 1
which holds for v > % and x > 0.

Now, let us recall the following Turdn type inequalities (for more details see [3])

We mention that since 1 — tends to zero as © — oo, the Turdn type inequality (LI1)) is

P}(z) = Pyor(z) P (@) <

1
(1.12) 0<I2(z) = I,_1(z) 41 (z) < V—Hlf(x), v>-1,2>0

and

1
1=y
where the left-hand side inequality is valid for all |v| > 1 whereas the right-hand side inequality holds
true for all v € R. By using the above inequalities (ILI2]) and (I.I3]) one can prove that

(1.13) K2(z) < KX (2) — K,_1(2)K,41(z) <0, x>0,

1 1
EPE(ZE) < P2(z) = Pyo1(2)Poya(z) < V—_HPVQ(ZE), x>0

where the left-hand side inequality is valid for all ¥ > 1 while the right-hand side inequality is true for all
v > 0. Observe that the right-hand side inequality in the above inequalities is stronger than the Turan

type inequality ((LITI).
2. Proofs of the main results

Proof of Theorem [Il Let us consider the integral representation of the product of modified Bessel
function [12, p. 253]

o 1
(2.1) K, (z),(z) = / Juro(2zsinht)e PGy — v > —5 ptv>-—1, >0
0

In view of the following bound for Bessel function of first kind given by Landau [I1]
|1, ()] <brr~3, v>0, z€R, by =0.674885.. .,
it follows from (2] that
0o bL
K, ()1, (z </ (TR ) A Ll A S —
( ) #( ) o ( ) (/L - V)W

where > v and « > 0. This proves the inequality (L]).
Now, using another bound of Landau [11], namely,
|J,(x)| < cplz|™5 for v>0, z €R, ¢ =0.7857468704. . ,
we obtain from ([2.1)) that

P T (H) e
%

9221 (5+3(,u71/)) o ’

(2.2) K, (2),(z) < / cr(22)7 5 (sinh t) s e(H Vg =
0
6

where p — v > —%, @+ v >—1and z > 0. This proves the inequality (L3).
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If in the inequality [2) we assume that p > v > 0, then we get e(=#t")t < 1 for all + > 0 and
consequently (22 gives

Ky (2)1,(2) S/O cr(22) 73 (sinh?) " 3dt = V3T (%)F(%) or

where > v > 0 and « > 0. This proves the inequality (2). O

Proof of Theorem [2l To prove the inequality (I4]), consider the integral representation [8, p. 680]

22" ! . 1
2.3 I(2)K,(2) = ————— [ tV(1 —t*)""2K,(2xt)dt, v>—=,x>0.
(23) @) = s [y e '
Using the lower bound for the modified Bessel function of second kind [7, p. 383]

21/—11'\ -
Ku($)>¢, v>0, x>0,
x

the integral in (23] gives

F(V) /1 "Nv—L1 9ot F(V)
24 L(z)K, () > —————~ 1—t5)""2e ***dt = —=(1,(2z) — L, (22)),
(24) @) > oy [yt o (1, (22) — L (20))

where v > 0 and > 0. This proves the inequality (L4)).
From the inequality ([24), we obtain

e /1(1 —£2)" 73 (1 — 22t)dt =
VAT (v +3) Jo
which is equivalent to (LH).

Now, to prove the inequality (L6]), consider the inequality [7, p. 381]
1 2v2K,(x) 1

= < , >0, v> 1,
22 2 10(y) —aw-1) 707

L(v)
D

Vil (v+3) 2
M(v+1) 1+2v

I,(z)K,(x) >

or equivalently,
K,(z)>2""'r Yl —
(x) (v)z { e

It follows from the last inequality and (2.3)) that

\/ﬂ}(;r )/1t”(1 £2) =22V I (v) (2at) Y PM} dt

I(v) [fr(u+1/2)<2y —9-g? )}

L(2)K,(x) >

NJI»—I

X
o=

Val (v + 1) 4(v -1 +2)
1 x?
2 v(v? —1)’
where v > 1 and > 0. This proves the inequality (L6). O

Proof of Theorem [Bl Let us consider the function f, : (0,00) — R, defined by
folx)=1,(z)K,(x) + Inz.

Since
folz)  _xl(z) 2K () 1
( K@) L(z) K@) L(2)K,(2)

in view of the Wronskian relation [I2] p. 251]

1

Ky ()L (z) = K ()1, (x) = —,

x

we get that

wfi@) L ell)
I,(2)K,(x) I(x) "
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I/
Now, since the function z — zI ”((z)> is increasing on (0,00) for all v > —1 (see for example [3]) and
v(z
I/
i vl (x) = v, we obtain for v > 0
z—0 L,(:C)
! I/
:Cflj(x) . x I/(‘T) Z 21/ Z 0.

L(x)K,(z) ~ L(x)
It follows that the function f, is increasing on (0,00) for all ¥ > 0. In particular, the function fy is
increasing on (0, 1] and consequently on using the limits

1im0 fo(x) =In2 — v and 1im1 fo(z) = IH(1)Ko(1) ~ 0.533045. . ..
T z—

the inequality (L8] follows. O
Proof of Theorem [l Let us consider the function g, : (0,00) — R, defined by
1
v(z) =220, (2) K, (x) — 1 — —.
gu(w) = 201, (2)K, () — 1 — =

Since for v > 1, the function z — 21, ()K, (z) is a cumulative distribution function [9, p. 606], we get
that g, is increasing on (0, 0c0) for all v > % Consequently we have that

gv(z) < Ilingo gu(z) =0.
Thus the inequality () is indeed true for all v > % and =z > 0. O
Proof of Theorem [Bl First we prove that the function g, is increasing on (0, 1]. Note that ¢/, (x) > 0
is equivalent to
<$IL(‘T> + xKL(x)) (1-Inz)+1>0.

IL(z)  Ky(z)
In order to prove the last inequality recall that

Il (x)
— = >, v>-—-1, x>0
I, ()
and take into account the next inequality (see [I0, p. 265])
x K (x) S S 1 50
L > -v-z v> -, x
KV (SC) ) 2 ) )
together with the fact that
zK' (2) 1
Ki(x) 2 =

It follows that

<in;((36:6)) N x}f((f))) (1-Ina)+1>@w-—v—a)1—-Inz)+1=—z(1—Inz)+1>0,

for all z € (0,1] and v > £, where we used the elementary inequality for the logarithm
-1
lnx>x—, x>0, x#1
x

which is equivalent to
—z(1 —Inz) > —1, x>0, z#1.

Now, we are going to prove that g, is decreasing on [1,00) for all ¥ > —1. To prove this it is enough

to show that
(xll',(ac) N z K/ ()

I, () K, (z)
where x > 1 and v > —1. By using the Turdn type inequalities [4, p. 524]

I/
Jj]”((x)) <Vz?+12, v>-—1, x>0,
(z

K/
%((x))<—\/$2+u2, veER, >0,
(z

)(1+1n:c)—1<0,
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the above inequality is certainly true and consequently the inequality (II0) is indeed true for 2 > 1 and
v>—1. O

Proof of Theorem [Bl In view of the integral representation (Z3]) and the fact that v — K, (z) is
strictly log-convex on R for each fixed 2 > 0 (see [2]), we obtain that

1
—Q)va avy -« 1/2—l
Pt ioama (@) = /O ponit(i-a)va(] _ 2javit-aha=dpe 0 00t

1
< [ e e i, (200)]” (K, (200))' de
0

-«

1 a .
- / [t"l(l 2y *%Kyl(zxt)} [t”?(l 2y, 2at)|
0

which on using the Holder-Rogers inequality

b q
[ latpar)

where p > 1, 1/p+ 1/g = 1, f and g are real functions defined on [a,b] and |f[?, |g|? are integrable
functions on [a, b], gives

B =

b b
/If(t)g(t)ldts /|f(t)|pdt

1 «@ 1 11—«
Powr+(1—aywn (T) < [/ (1 - tQ)“%Km(M)dt} [/ 2 (1 — t2)2 "3 K, (2at)dt
0 0
= [P (@) [Pu(2)] 7,
where o € (0,1), v1,v2 € (—1,00) and & > 0. Hence v +— P, () is strictly log-convex on (—3,00) for

each fixed > 0. Now, choosing vy =v—1, s =v+1and a = %, the above inequality gives the Turdn
type inequality

P2(z) — Py_1(z)Pyy1(z) <0,

which is equivalent to the inequality (LITJ). O
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