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INTEGRAL REPRESENTATIONS AND ASYMPTOTIC
BEHAVIOUR OF A MITTAG-LEFFLER TYPE FUNCTION OF
TWO VARIABLES
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ABSTRACT. Integral representations play a prominent role in the analysis of
entire functions. The representations of generalized Mittag—LefHler type func-
tions and their asymptotics have been (and still are) investigated by plenty of
authors in various conditions and cases.

The present paper explores the integral representations of a special function
extending to two variables the two-parametric Mittag—Leffler type function. In-
tegral representations of this functions within different variation ranges of its
arguments for certain values of the parameters are thus obtained. Asymptotic
expansion formulas and asymptotic properties of this function are also estab-
lished for large values of the variables. This yields corresponding theorems
providing integral representations as well as expansion formulas.

1. DEFINITION AND NOTATION

Let the power series

Eop(z) = ;0 F(#lﬁ) (a,8 € C; R(a) >0)

define the two-parametric Mittag-Leffler function (or M-L function for short) [12].
For the first parameter o with positive real part and any non restricted complex
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value of the second parameter 3, the function E, g(z) is an entire functions of
z € C of order p = 1/R(«) and type 0 =1 (see, e.g, [5, Chap. 4], [8], [9, §1.1]).

From here on, since we are concerned with integral representations and as-
ymptotic expansions of generalized two-parametric M-L type functions, we shall
restrict our attention to positive real-valued parameters v and (3. Besides, the
function E, 3(z) of one variable z € C will also be denoted for simplicity by
E,(z; 3) in the proof of Lemma 2.1, according to the notation used by Dzrbagjan
in [1, 2].

Thus, the two-parametric M-L function of one variable z € C extends to the
generalized M-L type function E, s(z,y; i) of two variables x,y € C [1, 2]. Pro-
vided that a,3 > 0, it is also an entire function defined by the double power
series [4, 10]

E.s(x,y;p) a,fER, a,>0, pneC), (1.1)

ZFna—l—mﬁ—l—u) (

in which the arbitrary parameter p takes in general complex values.

Following [1, 2] (see also, e.g., [5, 6, 7, 11], [9, §1.2 & App. A, C & D], and
references therein), E, s(z, y; 1) can be written in terms of Hankel’s integral repre-
sentations depending on the variation ranges of the arguments, thereby as special
cases of the Fox H-function. The Hankel path considered further in Lemma 2.1
to 2.4 and in Theorem 3.1 is denoted by v(¢&n) := {0 <n < m, € > 0}, defining
a contour integral oriented by non-decreasing arg (. It consists of the following
two parts depicted for instance in [6, Fig. 1 to 4]):

(1) the two rays S, = {arg(’ =, |¢| > e} and S_, = {arg( =-n, |C| > e};
(2) the circular arc C,( ={|¢| =€, —n < arg( <n}.

If 0 < n < 7, then the contour (¢ n) divides the complex (-plane into two
unbounded regions, namely Q) (e;n) to the left of v(e;n) by orientation and
QW (e;m) to the right of the contour. If = 7, then the contour consists of
the circle {|¢| = €} and of the ray —oco < ( < —e (e > 0), which is a two-
way path (one in each direction) along the real line. More precisely, this keyhole
or Hankel contour is a path from —oo inbound along the real line to —e < 0,
counterclockwise around a circle of radius € at 0, back to —e on the real line, and
outbound back to —oo along the real line.

2. INTEGRAL REPRESENTATIONS

This section provides a few lemmas, which show various integral representations
of the generalized M-L type function (1.1) corresponding to different variation
ranges of the two arguments.

Lemma 2.1. Let 0 < «a, 3 < 2 and a3 < 2. Let i be any complex number and
let n satisfy the condition

ra3/2 < n < min(r, Taf). (2.1)
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If v € Q(_)(ea;na) and y € Q(_)(%;ng), where €, = €/P, €5 1= /e and
Na :=1n/B, ng :=n/a, then the Hankel integral representation holds

' 11 eC@D
Eop(z,y; 1) = miad | @ )@ 1) d¢. (2.2)

v(&n)

&+ﬂ+1—#_1
af

Proof. First, let |z| < €,. Taking into account the fact that e, = €'/ = (eg)l/ﬁ =
eg/ ? yields next the inequality (2.3)
sup ‘xC‘a/’g‘ < 1. (2.3)
Cev(eging)

From definition (1.1), the expansion of E, s(z,y; 1) may be rewritten as follows
in terms of the corresponding two-parametric M-L function Eg(y; na + u) of one
variable,

o o0 :U”ynl
Eop(z,y; 1) =
sy =) Y T(na + mB £ 11

n=0 m=0
o [e.9] y”l (0.9}

= x" = " Eg(y; na + w1). 2.4
HZ_O mZ:OF(mﬁ—i—(na-i—,u)) nZ:O 4 ) 24)

Under the assumptions of Lemma 2.1, it is possible to use the known integral
representation of Eg(y; an+p) (see, e.g., [2, Eq. (2.2)]) by taking the above €3 and
N as the parameters defining the Hankel contour, which is admissible according
to inequalities (2.1). For y € Q) (es;m5), and provided that 1z = n/a, the
following representations holds from the integral representation of Es(y; an + )

Bap(z,y; 1) = > 2" Ep(y;na+ p)

n=0
< 11 e’’¢
= " —2dc¢. 2.
v 27 (—y ¢ (2:5)

l1—na—p

And by simplifying and using inequality (2.3) one gets

11 L -
Ea,ﬁ(xuy;u):ﬁg T > (@) ) d¢
Y(eping) =0
11 efl/ﬂ(mgw

" ) o0 20

Y(eping)
Now, by rewriting the above integral representation (2.6) along the suitable
integral contour y(e;7n), we obtain

O G R () ML W
Ea,ﬂ(xvy;pj) = %B (é—l/a —y)(ﬁl/ﬂ —JI) 55 « df

v(&n)
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and get the desired integral representation (2.2) set out in Lemma 2.1
51/ aﬁ) w 1

Eop(z,y; 1) = %uw./ @m—yﬂgm—xfw

v(em)

The above resulting integral is absolutely convergent and it is an analytic function
of ¥ € Q) (€45 1m4) and y € Q) (e5;15).

The open disk D = {|z| < €, } is contained into the complex region Q) (e4: 14
for all values of 7, taken in the interval |7a /2, min(m, mr)]. Therefore, from the
principle of analytic continuation Eq. (2.2) is valid everywhere within the complex
region (7 (e4;7,) and the lemma is established. O

Lemma 2.2. Let 0 < o, 3 < 2 and a3 < 2 Let p be any complex number and let
n verify inequalities (2.1),
TafB/2 < n < min(r, Taf).

If v € Q) (eq;na) and y € Q) (eg;m3), where e, = /8, 5 := /% and n, =
n/B, ng :=n/a, then the integral representation holds

1ey”ﬁyl+°57“ 11 ecl/(aﬁ)C%_l
. oy 11 dc. (27
Bl yin) = 3 B —z | 2miaB <GM—yxcw—x>C 27
y(em)

Proof. By assumption, the point y is located to the right of the Hankel contour
v(eg;mg), that is y € QF)(eg;m5). Then, for any €5, > |y|, we have that y €
Q) (e,5m3) and @ € Q) (64,5 70) for €4, = €'/P1. Therefore, by (2.6) we get the
integral representation

at+B—p
B

11 ¢
2i B (€ = y)(C/F =)

V(s mp)

Eop(,y; 1) = dc. (2.8)

On the other hand, if €5 < |y| < €g,, then |argy| < nz and, by Cauchy theorem,

11 oS TE
E,s(z,y;p) = ——= d
o =55 | e
V(g imp)—(esinp)
1 y1/8 HOCTW
S (2.9)
Boy/f—x
Hence, from Eqgs. (2.8) and (2.9), we obtain the integral representation (2.7) and
Lemma 2.2 follows. 0J

Remark 2.3. Symmetrically, for x € Q) (e,;n,), v € Q) (e5;75) and under the
assumptions of Lemma 2.2, the integral representation of E, g(z,y; i) is shown
in a same manner to be

1 o® 1/ax1+6 2 <1/<a@)<,a+l3a4bl—u_1

a zhle—y +27T10zﬁ (CVe —y) (VP — )
v(€m)

Eap(,y; 1) = d¢,  (2.10)

by simply interchanging o and /3 in representation (2.7).
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Lemma 2.4. Let 0 < o, 3 < 2 and af$ < 2. Let p be any complex number and
let  verify inequalities (2.1). If v € Q) (ex;na) and y € Q) (eg;1m5), where
o = €8 5= €% and n, == n/B, 15 := n/a, then the integral representation
holds

21 14+8—p 1 Ito—p
e I AT

;I;ﬁ/a—y +B ya/ﬁ—x
o0 @8 a+ﬁ+51 £_1

1e
Eop(z,y;p) = o

(2.11)

27?1@6 (Mo —y)(CHP — 1) dc.
Y(em)

Proof. By assumption, each of the points x and y lies on the right-hand side of the
Hankel contours vy(e,;n,) and y(eg;ng), respectively; that is in the two regions
of the complex plane defined by x € Q) (ey;m,) and y € Q) (eg;m5) (where
the parameters €, and eg correspond to €). Now, choose €; > € such that one of
the coordinates is to the right of the contour and the other coordinate to its left

(which is always possible provided that 2% # y®).
Let 2 € Q) (€ay;1ma) and y € Q) (eg,5m5) (e, 7 < y) for €y, = /% and
€5, = €/%1. Then, by Eq. (2.7) in Lemma 2.2, we have the integral representation

1/8 1lta—p 1/(aB) otBtl-p 4
1ev' y 5 11 et (T s

3y *ﬁﬁ( =)
Y(€15M

Eopla,yi 1) = a. (2.12)

Upon changing the variable ¢'/# for ¢ in (2.12), the above integral may be
rewritten under the form
et1/a 1+8—p

11 t
2mia / (t_@(tﬁ/a_y)dt. (2.13)

y(e1;m)

Now, when €, < |z| < €4,, then |arg x| < n, and, by Cauchy theorem,

1 1 ecl/acl+§7# 1 exl/ax1+ifﬂ
E, d{ = ——— (2.14

v(€aqna)—y(€asna)

Finally, from Eqs. (2.12) and (2.14) the representation (2.11) holds true, and the
lemma is established. O

Lemma 2.5. If R(u) > 0, then the integral representations (2.2), (2.7), (2.10)
and (2.11) remain valid for oo =2 or § = 2.

Proof. The lemma follows immediately by passing to the limit with respect to the
corresponding parameters in representations (2.2), (2.7), (2.10) and (2.11). O
3. ASYMPTOTIC BEHAVIOUR

The asymptotic properties of the function E, g(x,y;p) for large values of |z
and |y| are of particular interest.
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Theorem 3.1. Let 0 < o, 8 < 2 and a3 < 2. Let p be any complex number and
T be any real number satisfying inequalities (2.1)

Taf/2 <1< min(ﬂ, Waﬁ).

Then, for all integer r > 1, the function E, g(x,y; 1) verifies the following as-
ymptotic formulas drawn from its integral representations whenever |z| — oo and
|yl — oo.

1) If|argz| < 7/0 and |argy| < 7/3, then

pl/a 14B—n 1/ lfa—u
€T B

1 o 1 e¥

+Z§% xynw o (Jayl [ 7) + o (lzy Myl 7)  (3)

n=1m=1

2) If|argz| <7/8 and T/a < |argy| < 7, then

l/ce 1+8—p
1 e* o

Eopz,y; 1) = axﬁ/a—_y

+ZZ% ey Fo (e ) o (el ) (32

n=1m=1

3) Ift/B < |argz| <7 and |argy| < 7/a, then
1 eyl/ﬁyl+%7u

Eop(x,y; 1) = T/ _ .
Byl —a

+§Z§Z = 5)+0@wrwﬂ%ﬂ+wwum*wrm> (3.3)

nlml

4) Ift/B < |argz| <7 and 7/a < |argy| <, then

x—ny—m
Eop(z, y; 1) ;;F PR

+o (Jayl ) +o (JlaylHy77) (3.4)

Proof. The proof below focuses on the first case, since the proofs ot the three
other cases are easily completed along the same lines as in case 1, that is as the
proof of asymptotic formula (3.1).

So, under the conditions required in case 1, i.e. |argz| < 7/ and |argy| <
7/, pick a real number 0 satisfying the condition (3.5):

TafB/2 <7 <6 < min(r, Taf). (3.5)

It is easy to expand the equality

r e ra | "8
K S A St S
(Cl/ﬁ _ :c) Cl/a _ Z Z Tym Tgyra<<“1/ﬁ _ x)(@/a _ y) :

n=1 m=1

(3.6)
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Set ¢ = 1 in the representation (2.11) in Lemma 2.4. Then, to the right
of the contour v(1;6) (i.e. within the complex region Q) (1;6)), in view of
expansion (3.6) and by Eq. (2.11), the integral representation of E, s(z,y; 1)
takes the form

g1/ 1+8— lta—p

1 By 1 eyl/ﬁy 3

1/(aB) 4Q+ﬂ+1 © 1+n l+m 1 —n. —m
+ ¢ . d
Z Z 27 Ozﬁ / ¢ O 2y

0 (1;9)

S a8
11 o1/ et BICE YT = (T

+2_7Ti@ LBy (Cl/ﬁ — ) (Cl/a —y)
v(1;6)

d¢. (3.7)

Now, the Hankel representation of the reciprocal gamma function is obtained
through the suited Hankel contour H detailed in [9, Eq. C3], [11, Chap. 3, §3.2.6],
etc., and written as the well-known contour integral formula

1
= /e“usdu (seC, u>0).

In the present setting, the integral contour is defined by Hy = v(1;0) (raf/2 <
T<0< min(ﬂ,waﬂ)), according to the definition of the Hankel path v(e;n) in
Section 1 and the assumptions of the theorem.

As a consequence, the summand of the double sum, the second term in (3.7),
satisfies the relation

1 1 1/(aB) ,atB+l-—p 1, n=1, m—1 1 1 1/(aB) 1=p_qyn m
_— ¢ ap 1+ B + a d = — ¢ apf 1+6+a d
2mi a3 ¢ < 2miaf ¢ ¢ ¢

7(1;0) 7(1;0)
1 1 1/(aB) _L( e ) a1 1
_ C apf H—no mﬁ +aﬁ 1 d = . 38
2miaf3 ¢ ¢ ¢ [(g — na—mp) (3:8)
7(1;0)

Therefore, under the constraints resulting from inequalities (3.5), substituting
the above summand (3.8) into representation (3.7) yields the transformation

1+a—u

1 1/ax1+5—u 1 eyl/ﬂ Ta
E, ' Ys - —

nlml

rg ra/a Ta(ra/B _ (Taf/atrs/B
S e e C " he (39)

+27ri af aroyra (CUB — x)(CVe — y)
v(1;0)
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Next, expanding and simplifying the final term above makes the obvious sum of
the three integrals I; + I + I3 appear in Eq. (3.9); precisely,

41/<aﬁ) APl 1 trg/a
d 3.10
27?1@6 / yra gl/ﬁ 2)(CV — ) ¢, (3.10)
Cl/(aﬂ) a+6+1 Pl _14r5/6
d d 3.11
2maﬂ / 2 gl/ﬂ (e — gy 96 A (3-11)
7(1;0)
11 ¢L/(aB) OABEZ gy fatrg /B
JA Y . 1 dc. (3.12)
2mi a3 i sy’ (G0 — ) (¢ —y)
pACH

Assuming that |argz| < 7/0 and |argy| < 7/, each of the three integrals in
the sum (3.9), I in (3.10), Iy in (3.11) and I3 in (3.12), can be evaluated for large
values of |z| and |y|. Provided that |argz| < 7/ for |z| large enough, it can be
checked that

i, 61— o] = [alsin(0/3 = 7/3) = nlsin (%57

and analogously, when |argy| < 7/ for |y| large enough,

C615111119)|C1/°‘—y{ ly|sin(0/a — 7/a) = |y|sm(9 )

Hence, when |argz| < 7/8 and |argy| < 7/a for large |z| and |y|, the following
estimate for the integral /; can be obtained:

—1 —ra—1 1
|]1| < |ZL'| 0|y| - / ‘ecaﬁ
2ma 3 sin ( ) sin (T) e

Of course, an analogous estimate holds also symmetrically for the integral I, by
substituting rg for r, and rg/8 for r,/a (resp.) into inequality (3.13).

Besides, since the rays defined by Sy = {arg( = +6, |¢| > 1} belong to the
contour v(1; 0), the integral in inequality (3.13) is convergent; whence the equality

a 1 0
‘eCl/( m‘ = exp (|C|aﬁ cos —) .
af

Now, according to inequalities (3.5), we have that cos a% < 0. Thus,

atf+1—p T
BT R -y

¢ |d¢]. (3.13)

I ZO(|x?J|_1|y|_7"a) and I :0(|$y’_1’I|_Tﬁ) '

Furthermore, by referring to Eq. (3.12), the next estimate is also obtained for
the integral I3.

|[3| < |$|7Tﬁ71|y|7m ! / ‘ ¢/ (aB)
0—r1 0—T1
2ma3 sin ( ) sin ( 3 ) (19)

which yields the asymptotic formula I3 = o (Jzy| ! |z| "2 |y|"=).

CaJrﬁJrl M 1+Ta/a+7’g/ﬂ‘ |dC| (3 14)
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Hence, this leads finally to the overall asymptotic formula
L+ I+ Iy = o |y |z 7) + o (Jayl 'y ™)

and the proof of Eq. (3.1) (in case 1 of Theorem 3.1) is established.

Similarly, the proofs of Eq. (3.2) (case 2), Eq. (3.3) (case 3) and Eq. (3.4)
(case 4) run along the same lines as the above proof of Eq. (3.1) (case 1). This
completes the proof of Theorem 3.1. 0
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