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Abstract. In this paper, we obtain inequalities for some integrals involv-
ing the modified Lommel function of the first kind ¢,,, (z). In most cases,
these inequalities are tight in certain limits. We also deduce a tight double
inequality, involving the modified Lommel function t,,.(z), for a gener-
alized hypergeometric function. The inequalities obtained in this paper
generalise recent bounds for integrals involving the modified Struve func-
tion of the first kind.
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1. Introduction

In a series of recent papers [9-11,13,14], simple lower and upper bounds, in-
volving the modified Bessel function of the first kind I, (z) and the modified
Struve function of the first kind L, (z), respectively, were obtained for the
integrals

/ e AUy, (u) du, / e PUutVL, (u) du, (1.1)
0 0

where z > 0, 0 < 8 < 1. The conditions imposed on v were different for several
of the inequalities. Inequalities for some other closely related integrals were also
obtained. For 3 # 0 there does not exist simple closed-form expressions for
the integrals in (1.1). The inequalities of [9,10] were essential in the develop-
ment of Stein’s method [6,20,23] for variance-gamma approximation [7,8,15].
Moreover, as the inequalities are simple and surprisingly accurate they may
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also prove useful in other problems involving modified Bessel functions; see for
example, [4,5] in which inequalities for modified Bessel functions are used to
obtain tight bounds for the generalized Marcum Q-function, which frequently
arises in radar signal processing.

In this paper, we address the natural problem of obtaining simple in-
equalities, involving the modified Lommel function t,, , (), for the integrals

/ e Pyt ,(u) du, (1.2)
0

where x > 0,0 < 3 < 1 and the conditions on p and v will vary from inequality
to inequality. We will also establish bounds for some closely related integrals.
Up to a multiplicative constant, the modified Lommel function t, ,(x) gen-
eralises the modified Struve function L, (z) [see (1.5)], and a number of the
properties of L, (x) that were exploited in derivations of the inequalities for
the integrals in (1.1) by [11,13] generalise in a natural manner. As such, the
bounds obtained in this paper generalise those of [11,13].

Modified Lommel functions are widely used special functions, arising in
areas of the applied sciences as diverse as the theory of steady-state tempera-
ture distribution [16], scattering amplitudes in quantum optics [25] and stress
distributions in cylindrical objects [22]; see [12] for a list of further applica-
tions. The modified Lommel function of the first kind ¢,, , («) is defined by the
hypergeometric series

it pw—v+3 p+v+3 2?
tu,v(z) - 142 5 5 ST
(w—v+1(p+rv+1) 2 2 4
L ( +1) ( N “)i (%z)#+2k+1
— on-lp(U=rEl)p(uty . (13)
2 2 —v4+3 U+3)\
S Tk + 2T (k + B522)

and arises as a particular solution of the modified Lommel differential equation
[21,24]

22 f"(x) +af(x) — (2® 4+ ) f(z) = 2T

In the literature different notation is used for the modified Lommel functions;
we adopt that of [27]. The terminology modified Lommel function of the first
kind is also not standard in the literature, but has recently been adopted by
[12]. Also, [2] have used the terminology Lommel function of the first kind
for the function s, , (x), which is related to the modified Lommel function of
the first kind by ¢, ,(z) = —i*"#s, ,(iz) (see [21,27]). From this relationship
many properties of modified Lommel functions can be inferred from those of
Lommel functions that are given in standard references, such as [1,17,19,26].

For the purposes of this paper, we follow [12] and use the following nor-
malization which will remove a number of multiplicative constants from our
calculations:
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)u+2k+1

i 1 3 G

Cw = .

o) = g ) = 2 T e )
(1.4)

For ease of exposition, we shall also refer to #,,,(z) as the modified Lommel
function of the first kind. From this point on, we shall work with the function
tuv(z). Results for t,,(x) can be easily inferred. As an example, which is
relevant to the inequalities obtained in this paper, using the formula uI'(u) =
[(u+ 1) gives

éﬂv”(x) _ ( +u— 1) ~u—1,y—1($)
tu,u(x) u—l,l/—l(x)
We record the important special case
ty(x) =L, (). (1.5)

When § = 0 the integrals in (1.2) can be evaluated exactly in terms of the
generalized hypergeometric function. A straightforward calculation involving
simple manipulations of the formula (1.3) [followed by the normalization in
(1.4)], yields

/w B xu+a+2
u®t, ,(u)du =
o e G T (T ()
p+a+2 p—v+3 p+v+3 p+at+4d 2?
X2F3 1; 5 ) ) sy |
2 2 2 2 4
(1.6)

where we require p + « > —2 for the integral to exist. When 5 # 0 a more
complicated formula is available:

T
/ e Pyt (u) du
0

i 2—;5—2k—16—2k—;¢¥y—2
STk + BT (k + 552

v(p £ v+ 2k + 2, Bx),

where v(a, ) f u®*e”"du is the lower incomplete gamma function, and
we require pu + v > —2 for the integral to exist. These complicated formulas
provide the motivation for establishing simple bounds, involving the modified
Lommel function ¢, , (z) itself, for the integrals in (1.2).

The approach taken in this paper to bound the integrals in (1.2) is similar
to that used by [11,13] to bound the corresponding integrals involving the
modfied Struve function L, (z), and the inequalities obtained in this paper
generalise those of [11,13] in a natural manner. In spite of their simple form,
in most cases, the bounds obtained in this paper will be tight in certain limits.

As already noted, the properties of the modified Struve function L, (x)
that were exploited in the proofs of [11,13] are shared by the modified Lommel
function ¢, , (z), which we now list. With the exception of the differentiation
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formula (1.9) (see [21]), the following basic properties can all be found in [12].
For « > 0, the function ¢, , () is positive if 4 — v > —3 and p+ v > —3. The
function ¢, , () satisfies the recurrence relations and differentiation formula

2v -

tu—1w-1(2) = L1 (2) = ?tu,u(x) +ay.(x), (1.7)
tu1w—1(x) + L1 () = 28, (2) — app(2), (1.8)
d vy vy
a(:c tuw (@) = 21,01 (2), (1.9)
(z/2)"

where a,,,(z) = We shall also need another differentation

R (e
formula that is not given in [12] or [21]. With the aid of (1.7) and (1.8) we
obtain

d<tw(ff)

| ZB 1
) = - )+ ()

dz
1 . -
= —?(tuf1’yf1($) - t,u+1,1/+1(‘r) - CLM’V(Z'))
1 - -
T (Fu—1,0-1(2) + tpt1,011 (2) + a0 ()
tusis LU
_ turr () 4 (I). (1.10)
TV g

The function ¢, (z) has the following asymptotic properties [12]:
(2

P(E=2)r (52

2
tu,(x) ~ <1+ T _,ﬂ)’ x]0, p>=3,|v|<p+3,

(n+3)2
(1.11)

T 2 2 _ 2 _
T (@) ~ e 1 w -1 4 -1)4v*-9)
7 V2rx 8z 12822

Let >0, 4> —% and $ <v < p+1. Then

), T — oo, p,v €R. (1.12)

EMW(I) < Ep—l,u—l(x) (113)

This inequality was obtained by [12], and generalises an inequality of [3] for the
modified Struve function L, (z). For other functional inequalities and mono-
tonicity results involving modified Lommel functions of the first kind see [18].

2. Inequalities for Integrals of Modified Lommel Functions

The inequalities in the following two theorems for integrals of the type
Jo e Pty (u) du and [7 e P*u="t, ,(u) du generalise the inequalities of
Theorem 2.1 of [11] and Theorem 2.1 of [13] for analogous integrals involving
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the modified Struve function of the first kind. Before stating the theorems, we
introduce the notation

n+1
pwn = 2041 (2u -+ 1) (4 v+ n + 2)T (L )T (tetznts)?
b _ 2v+n+1
PO gutnt2 (1 — p 4 4 2) (v + m o+ 1)D(AEH) D (etedinds)?
. _ 2u+n+1)2v+n+3)
PR gutntd (n 4 ) (—v +n+4) (v +n+ 3)D (A=) (ettents)’
Ay = 2v+n+1

(£ 1) (p— v+ n+ 2)F(H—l2/+l)r(u+l/-22n+5) .
Theorem 2.1. Letn > —1 and 0 < 3 < 1. Then, for all x > 0,

/OI e P U Ly pn (u) du > e PP 0 Gy g1 ping (2),
p>—tm+5), n—p-2<v<p+3, (2.1)

/ uly o (u)du < 2Vl (z), p>—%, 2 <v<p+l, (2.2)
0

xT
/ by pn, v (u) du < (2(1/ +n+ Dtpgnitvtnri(z)
0

T
2v+n—+1
- (n + 1)£u+n+3,u+n+3(33)> - au,v,nmu+y+n+27

p>—3n+3), —5(n+1) <v<p+l, (2.3)

/ze—auuugu,y(u) du < i% / Wh)du, p> -1 l<u<ptl, (24)
. efﬁia}“

2v+1)1-75)
—au a2 s -1, i <v<p+l, (2.5)

[ ety du < (20 + Dyt o1 (@) = i so(o))
0

/ e Puy i, L(u)du > e PPty i (x), > =3, v < p+3, (2.6)
0

1 N
e P i (2), p> -3 —i<v<p+l

(2.7)
We have equality in (2.4), (2.6) and (2.7) if and only if B = 0. Inequalities
(2.2)—(2.7) are tight as v — oo, and inequalities (2.3) and (2.6) are also tight

as x | 0. Inequality (2.1) is tight as x — oo if B = 0. Inequalities (2.1) and
(2.6) hold for all 3 > 0.

x
—Bu, v+17
e u ty,v(u)du <
/o 8 1-3

Proof. We prove inequalities (2.1)—(2.7), before verifying that they are tight
in certain limits.

(i) Let us first prove inequality (2.1). The conditions on g, v and n imply
that p + v +n > —2, and so the integral exists. The conditions also imply
that 4 — v > —3 and p + v + 2n > —3, and therefore ¢, 4, ,4n(z) > 0 for all
2 > 0. (The conditions on u, v and n for the other inequalities will also always
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guarantee that the integrals exist and that the modified Lommel functions are
positive for all x > 0, and we will not comment on this further in the proof of
these inequalities.) Now, since § > 0 and n > —1, on using the differentiation

formula (1.9) we have

xT x
PR g 1 .
/ € ﬁuuutPﬂFn,VJrn(u) du = / e ﬁuwuy+n+ltu+n,u+n (u) du
0 0

S 1z
/ W (0) du
0

> xn+1
Tttt 10t (z),

= 67’8

as by (1.11) we have limg o 2" ", 4 i1 4ni1(2) =0 if p+v+n > —2.
(ii) Using inequality (1.13) (which is valid for p > -2, 2 <v < p+1)
and then applying (1.9) gives the inequality

/ u’t,, (u) du < / u”fﬂ_l,,,_l(u) du = x”f%y(x).
0

0

(iii) Let us first note that an application of the differentiation formula
(1.9) and the relation (1.7) gives that

vy d —(n+1 v+n+17
@(U tptnttornt1 () = s ()t (1))
= Uyt,u+n,u+n (u) — (n+ 1)uuiltu+n+l,u+n+1(u)
. n+1
=u"t n,v+n ————u't n,v+n
W tpin,vn (W) 2(1/+n+1)u ptn,vn (W)
T ()
P —— V] n rv+n u
2(l/+7’l+1) pt+n+2,v+n+2
u
1 v—1, _ = n y
+(n+1u 2(y+n+1)au+ +1vnt1 ()
2v+n+1 ~ n-+1 -
P~ l/t n,Vv+n ar. T aN Vt n vV+rn
2(u+n+1)u ptngwn (W) + 2(z/+n+1)u ptnt2,v4n+2(w)
n+1 » (u)
—————— Uyt v4nt1 (U).
2(l/+7’l+1) p+n+1,v+n+1

Now, on integrating both sides over (0, ), applying the fundamental theorem
of calculus and rearranging we obtain
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/OI Uty v (0) du
= %Ziime{MJrnJrl,qunJrl(x) - % /Ox W tyiniominia(u)du
B #ﬁtil /OI U Ayttt (0) du
= %ﬂfumﬂ,wnﬂ(@ - #—;1“ /Ox W yni2minta(u) du

+v+n+2
— apunt! .

As the conditions on v and n ensure that 21}’5;11 > 0, using inequality (2.1)

with 8 = 0 to bound the integral on the right hand-side of the above expression
then gives inequality (2.3).

(iv) Integration by parts and an application of inequality (2.2) gives

/ e PMu¥t, , (u) du = efﬁm/ 'ty (u) du + ﬁ/ efﬁ“(/ Y 0 (y) dy) du
0 0 0 0

< e_Bw/ w0 (u) du—l—ﬁ/ e Py T, (u) du,
0 0

and on rearranging we have inequality (2.4).
(v) Combine parts (iii) and (iv).
(vi) Since 8 > 0, we have

xT x
/ e Py T, L (u) du > e P? / T, (u) du = e PP T (2),
0 0

with equality if and only if g = 0.

(vii) Let us consider the function

1 ~ * ~
=1 ﬂe_ﬁzm”"‘ltuﬂwﬂ(x) - / e Py, L (u) du.
- 0

v(x)

We prove the result by arguing that v(z) > 0 for all > 0. Using the differen-
tiation formula (1.9) followed by inequality (1.13) we have that

1 ~ . B i
V' (x) = e BT vl (tup(@) = Btus141(2)) —e [ﬁx”ﬂt%y(x)

—_

@ |
=)

= e—,@zwu+1 (fﬂyy(x) — £u+17y+1(1')) Z O,

—_
|
@
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and therefore v is a non-decreasing function of = on (0, 00) Also, from (1.11),
asx | 0,

1 phtr+3 x uhtr+2
) T TR ), ST
1 phtr+3 phtr+3
1= BT (BT (AR out (i 4w 4 3)T (L) T (1A
__h i > 0. (2.8)

T Ao T (g ()

Therefore v(x) > 0 for all z > 0, as required. Clearly, the above argument
shows that if 0 < 8 < 1 then v(z) > 0 for all z > 0.

(viii) Finally, we establish the tightness of the inequalities as described
in the statement of the theorem. To this end, we note that a straightforward
asymptotic analysis using (1.12) gives that, for 0 < g <1l and p+v+n > -2,

v - 1 1
—Bu, v v—3 (1-B)zx
e "'t pan(u)dy ~ ——— ¥ 2e , T—o00, (2.9
/0 ptn+n (W) (1= 5) (2.9)
and we also have
- 1
e P2t () ~ —2ﬂz”7%e(1fﬁ)x, T — 00. (2.10)

From (2.9) and (2.10) it is readily seen that inequalities (2.2)—(2.7) are tight
as © — oo, and that this is also so for (2.1) if § = 0.

Setting in § = 0 in (2.8) shows that (2.6) is tight as = | 0. It now remains
to prove that (2.3) is tight as « | 0. From (1.11), we have that, as « | 0,

z - ( ) T yHTvEntl
LHSZ/ UWWEtnpn (U dUN/ —3 Py e sl ¢ U]
0 0 2u+n+11"(# 2+ )F(;Hr J; + )
xu+u+n+2
Tttty n o+ 2)T (BT T (e 2e3y

and
x” 2(v +mn + 1)grtnt2
~ ’ n 1—v+3 +v+2n+5
24 mn+ 1 uint2] (=Lt )p(Ltrtantd)
(n + 1)grtvint2
20tnt1(2y 4 4 2)T (=gt )T (tetzntd)
(u+ v+ 2n + 3)gntvint2
v+ —v+3 v+2n+5
v+ L+2(/J/+ v+n+ Q)F(M 2+ )I“(Hf‘f’ E + )
x/t+V+'fL+2
20 nHL (g 4 4 4 2)T (=g E3 )T (ted2ntsd)?

as we required. O

RHS
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Theorem 2.2. Let 0 < <1 and n > —1. Then, for all x > 0,

v EH«V(U) gu,u(x) ph—v+1
d - 2.11
/0 uv u= TV 21L+1F(u7;+3)r(u+;+3)7 ( )

x E n.v+n f n v+n
/ st vn (W) o tutndtyang (2) by a2, (2.12)
0 u¥ v

/’” tutn,vtn(u) qu < 2vtntl) tutntt,vint1(@) 20+ n+ 1t 4ngs304n43(2)
0 uv n+1 xv n+1 v
+Cu7y’nxu—u+n+4 *du,u,nmu_y+n+2, (213)
x tu v 1 L —(p—v+1) _ 2
/ o Bu th, (u) du > <e—ﬁx/ v (1) du—ﬁ 77&2 l/-: f;c))7
o N e (2SN (=
(2.14)
T gt (u) 1 gz tu(@) (Bx) vt y(p— v +2,Bx)
e du e — — 5 T3y )
0 u” 1-p zv 2utlgu—vHiD (& 2+ )L(# 2 )
(2.15)

Inequalities (2.11), (2.14) and (2.15) hold for p > —3, -1 <v < pu+1, and
inequalities (2.12) and (2.13) are valid for v > —1(n+3), —3(n+1) <v <
w~+ 1. We have equality in (2.12) and (2.13) if 2v + n = —1. Inequalities
(2.11)—(2.15) are tight as © — oo and inequality (2.13) is also tight as z | 0.

Here y(a,x) = fox u*le " du is the lower incomplete gamma function.

Proof. We restrict out attention to proving the inequalities; proving that the
bounds are tight in the limits | 0 and * — oo is similar to that carried out
in the proof of Theorem 2.1 and we omit the analysis. Also, we note that the
conditions on u, ¥ and n ensure that the integrals in all inequalities exist and
are positive, and will also allow us to use inequality (1.13) when needed. As in
the proof of Theorem 2.1, we do not comment on this further.

(i) Applying inequality (1.13) gives

* t~ x E tN p—r+1
/ /J,Vlgu) du > / M+1,uj1(u) du = M’Vfw) o - #Lf,prg T
0 u 0 u X 2““’_ F(iz )F(iz )

where we evaluated the integral using the differentiation formula (1.9) and the
limiting form (1.11).

(ii) The assertion that there is equality in (2.12) and (2.13) when 2v+4n =
—1 follows because both these upper and lower bounds (which we now prove)
are then equal. Suppose now that 2v +n > —1, and consider the function

Tt t
w(z) = Wrn,l/jn(u) du — #+n+1,v:rn+1(x) + bﬂyy,nxuf'ﬂrwﬂ.
0 u a

We prove that w(z) > 0 for all x > 0, which will give the result. Let us first
note that using the differentiation formula (1.9) followed by the relation (1.7)
gives that
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d (tuntipinti(z)) _ d $n+1.t#+n+1,u+n+1(x)
dz g dx grtntl

= (n+1) 7fu-i-n+1,u-&-n-&-1(33) + £u+n+271/+n+2(73) au+n+1,u+n+1(x)

+

xl/Jrl v v

n+1 Ep+n,l/+n($) . t~;¢+n+2,u+n+2(x) B au+n+1,u+n+1(x)
2v+n+1) xv xv xv
+ Eu+n+2,l/:-n+2(x) + au-&-n-&-l,V:-n-i-l(m)

X X

n+1 £u+n,v+n(x) 2v+n+1 {u+n+2,v+n+2 ()
2v+n+1) v 2v+n+1) xv
+ (u—v+n+2)by, ot (2.16)

Therefore

w/(x) _ 2v+n+ 1) (tu-‘rn,v+n(z) tu+"+2vV+"+2(x)> >0,

S 2v+n+1 v a xv

where we applied (1.13) to obtain the inequality. Also, from (1.11) we have,
asz | 0,

x un+1 xn+2 u fna2
w(x) ~ du — 4b v —v+n
@) /0 Va2rtnD(v +n+ 2) Vvt D4+ 3)
_ "2 - "t b pH—vnt2
vrrtn(n 4+ 2T(n+v+3)  mv+nHil(w+n42) 0"
_ xn+2 ( 1 . 1 i ) +b anﬂfy+n+2 >0
VrvtnT(v+n+3)\n+2  2w+n+3) e 7

where the inequality holds because v > —%(n + 1). Putting this together, we
conclude that w(z) > 0 for all > 0, as we required.

(iii) On integrating both sides of (2.16) over (0,x), applying the funda-
mental theorem of calculus and rearranging we obtain

uv n—+1 xv

C2vdntd /m tytnt 2, pnt2 (1) d
0

/m fu-i-n,r/-&-n(u) du = 2v+n+1) ﬁNu-i-n-i-l,u-&-n-&-l(x)
0

n+1 uv Y

2v+n+1

x
—v 1
1 /0 (L—v+n+2)b,, u " du.

Inequality (2.12) now follows on evaluating the second integral on the right
hand-side of the above expression and using inequality (2.12) to bound the
first integral.
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(iv) Integration by parts and mequahty (2.11) gives that

Aze_5“Wdu:e_ﬁIA “V d —|—ﬁ/ (/ “yyy(y) dy) du

>efﬁa:/ tw,( du +ﬂ/ *B“’“’()du

utt— v+1 —ﬁu
ﬂ/ QT (E=2E3) [ (EErE3 du,
)T (5)
whence on rearranging and recognising the final integral as a lower incomplete

gamma function we obtain inequality (2.13).
(v) Combine parts (i) and (iv). O

We end with an example of how one can combine the inequalities of
Theorems 2.1 and 2.2 and the integral formula (1.6) to obtain lower and upper
bounds for a generalized hypergeometric function.

Corollary 2.3. Let pu > —%, —% <v<u+1. Then, for all x > 0,
xht?
2 (v + 20 (S5 ()

p+v+2 p—v+3 p+v+3 pt+rv+4 2?
X2F3 17 ; ) ’ ST
2 2 2 2 4
- 1 turs s (2) +2
<t +1)y+1(l’){1+ (1— KT, —a ,V’oaﬁu
8 2v+1 bttt (2) :

Proof. Apply inequalities (2.1) and (2.3) (with 8 = n = 0) of Theorem 2.1 to
the integral formula (1.6) (with a = v). O

fu+1,u+1(33) <

Remark 2.4. We know from Theorem 2.1 that the double inequality in Corol-
lary 2.3 is tight in the limit v — oo, and that the the upper bound is tight at
x | 0. The double inequality is also clearly tight as v — oo.

To gain further insight into the approximation, we obtained some numer-
ical results using Mathematica. Let L,, ., (z) and U, ,(z) denote the lower and
upper bounds in the double inequality and let F), ,(«) denote the expression
involving the generalized hypergeometric function which is bounded by these
quantities. We considered three cases of u — v = k, k = —0.5,2,5, and in
each case took v = 0,1,2.5,5,10. (Tables for the case u = v can be found
n [11].) The relative error in approximating F), ,(x) by L, ,(z) and U, ,(z)
are reported in Tables 1 and 2. For a given = and pu, we observe that the
relative error in approximating F), , (z) by either L, ,(x) or U, ,(x) decreases
as v increases. We also notice that, for a given p and v, the relative error in
approximating F}, ,(z) by L, ,(x) decreases as x increases. Although, from
Table 2 we see that, for a given p and v, as x increases the relative error in
approximating F), ,(z) by U, (z) initially increases before decreasing. Finally,
we observe that the bounds are most accurate in the case p — v = —0.5.
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