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Abstract

The paper is devoted to the study of the Cauchy-type problem for the
differential equation

(D§y u) (x,1) = N Agu(z,t) (z €R™; t>0; A>0),

involving the Riemann-Liouville partial fractional derivative of order ao > 0

(n=[a]+1; zeR™; t>0),

m o 42
and the Laplace operator A, = Z gxz with respect to x = (z1,22,...,Tm)

j=1 ~"J
€ R™. Using the direct and inve]rse Fourier and Laplace integral transforms,
the explicit solution of the considered problem is deduced in terms of the
Mittag-Leffler function. In the case 0 < a < 2 the explicit solution is
established via the H-function, in particular via the Wright function for
m = 1, and its asymptotic behavior at infinity is studied. Special cases are
considered. Examples are given, and their solutions are illustrated by using
the program Mathematica.
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1. Introduction

The paper deals with the differential equation
(D gu) (z,t) = MNAgu(z,t) (z € R™; t>0), (1.1)
where A > 0, (D&L’tu) (z,t) is the Riemann-Liouville partial fractional

derivative of order @ > 0 of a function u(x,t) with respect to the second
variable [15, Section 24.1]:

t
a\" 1 w(z, T)dr
D§ t)=| = : 1.2
( 0+,tu) (.%', ) <6t> F(n — a) / (t — T)a_n+1 ( )
0
(n=[a]+1; x e R™; t>0),
and A, is the Laplace operator with respect to = (21,22, ..., %) € R™:
m
A= Zu
i=1 %
When a =1 and a = 2, then
ou(x,t) 0u(x,t)
(D(1)+,tu) (x,t) = 5 and (D(Q)_htu) (x,t) = 2 (1.3)

respectively, and hence equation (1.1) with a = 1 and a = 2 coincide with
the diffusion (heat) equation

t
&Lg?) = NAzu(z,t) (x €R™; t>0), (1.4)
and the wave equation
2
t
813(;’) = X2A,u(z,t) (z € R™; ¢ > 0), (1.5)

respectively. Therefore equation (1.1) is known as the diffusion-wave equa-
tion [12, Section 4.2.2]. In particular, when m = 1 equation (1.1) takes the
form 2
0 ,t
(DG, ) (x,t) = )\215(962) (z€R; t>0; A>0). (1.6)
’ x

Equations (1.1) and (1.6) arise in many applications while solving diffu-
sion problems in physics, mechanics and other applied sciences [12, Sections
4.2.1 and 4.2.2], [1], [5], [6]; see historical information and a survey of results
in the paper [9, Ch.7].
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The present paper is devoted to solution of equation (1.1) of order o > 0
with the initial conditions

(Dg+’; )(a:,0+):fk(a:) (k=1,....n=—[-a]; s €R™).  (L.7)

Here (Dgﬂr]tC ) (x,04) for n — 1 < a < n is understood in the following
sense:

(Dg;j;u) (2,0+) = lim (Dg;f;u) (2,t) (k=1,....,n—1), (18

<D8‘+? )(x,()—i—) lim (Jggg )(:c,t), (1.9)

while for a =n € N

" 8n—k
(Dorhu) (@,04) = Sogu(@.0)  (k=1,....n), (1.10)

where (Igﬁ:‘;‘u) (x,t) is the Riemann-Liouville partial fractional integral of
order n — « [15, Section 24.1]:

(i) )

t
u(z, T)dT
i —a) /t—7'1”+°‘ (v < m); (1.11)
0
(IOJr,tu) (z,t) = u(x,t).
If « =n € N, then in accordance with (1.2) and (1.10), problem (1.1),
(1.7) takes the form of the Cauchy problem for the differential equation with
the partial derivative of order n:

82553’” = MAgu(z,t) (x €R™, t>0), (1.12)
" Fu(x,0) .
gk = Je(@) (k=1....n; xeR™). (1.13)

Therefore, by an analogy, problem (1.1), (1.7) is called the Cauchy-type
problem.

In this paper we apply the direct and inverse Fourier and Laplace in-
tegral transforms to establish the solution in closed form of problem (1.1),
(1.7). First for any a > 0 we deduce such a solution in terms of the above
transforms and of the hci[oittag—Leﬁier function [4, 18.1(19)]:

2J
Eqp(2) :jz;w (a>0,8>0; z€C). (1.14)
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Then we prove that in the case 0 < a < 2 the explicit solution can
be expressed via the Hg:g—function. Such a general function Hpy"(z) for
integers m,n,p,q (0 <m < ¢, 0 <n < p), complex a;, b; € C and positive
@i, B (1<i<p; 1<j<q)is defined by

m,n (aiuai)lp :| 1 / m,n |: (aiaai)lp
H™" |z ’ = — H ’
P [ ‘ (b5, Bj)1.4 2mi Jp P9 L (b5, Bi)ig

s} 2%ds.  (1.15)

Here i 28
H(s) EHSZ"[ i ]
T T ) T O~ o) (110

Hf:n-i—l I'(a; + a;s) j=m+1 I'(1—b; — B;s) 7

L is specially chosen contour, an empty product, if it occurs, is taken to
be one. Note that this function contain most of elementary and special
functions; its theory can be found, for example, in the books by Mathai
and Saxena [10, Ch.2], Srivastava, Gupta and Goyal [17, Ch.1], Prudnikov,
Brychkov and Marichev [14, Sect.8.3] and Kilbas and Saigo [7, Ch.s 1 and
2].

In particular when m = 1, we show that the obtained solution is given
in terms the Wright function [4, 18.1(27)]:

go(a,b,z)—jz;)jlr(ajer) (@>0,b>0,z€C), (1.17)
being an entire function of z for a > —1 and any b € R, [8, Corollary 1].

Special cases of the above problems (1.1), (1.7) and (1.6), 1.7) are con-
sidered. Using asymptotic estimates for the H, g -function (1.15), we inves-
tigate the asymptotic behavior of the obtained explicit solution w(z.t) for
0 < a < 2 at infinity.

Finally we consider examples of the Cauchy-type problems (1.1), (1.7)
and (1.6), (1.7), and illustrate obtained solutions by using the program
Mathematica.

2. Explicit solutions in terms of the Laplace and Fourier
transforms and of the Mittag-Leffler function

To solve the Cauchy-type problem (1.1), (1.7) we apply the Laplace and
Fourier transforms of a function u(z,t) with respect to t > 0 and z € R™:
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o0

(L) (x,8) = /u(az,t)e_Stdt (x e R™; s €C), (2.1)
0
(Fott) (0,1) = / W@, ™7 dz (0 € R™; > 0), (2.2)
Rm
and their inverse transforms with respect to s € C and o € R™:
y+ico
1
—1 _ st m.
(L5 1) (z,t) = 57 e’u(x,s)ds (xz € R™; t>0), (2.3)
y—1i00
1 .
(Fu) (@) = o / w(o, De-7Tde (z €R™: £50).  (2.4)
T
]Rm
Here z-0 = ) x;0; for x = (z1,...,2m) € R™ and 0 = (01,...,0m,) € R™,

while v € Rlisla fixed real number. One may find properties of the direct
and inverse Laplace and Fourier transforms, for example, in books by Ditkin
and Prudnikov [2, Ch.II], Sneddon [16, Ch.1, §4] and by Stein and Weiss
[18] and Nikol’skii [11, Ch.16]. In particular, each of the transforms (2.1),
(2.3) and (2.2), (2.4) is inverse to the other one for suitable functions u(zx, t).

Suppose that there exist the Fourier transforms (F,fx) (o) of fr(x)
(k=1,...,n) in (1.7). Applying the Laplace transform (2.1) to both sides
of equation (1.1), taking the initial conditions (1.7) and the formula for the
Laplace transform of the Riemann-Liouville partial fractional derivative [12,
(2.248)]:

(ﬁtDS‘Jntu) (z,5) = s* (L) ( Z skt (D0+ tu) (z,04), (2.5)

we have

* (L) ( Z S (@) = A2 (A L) (, ). (2.6)

Applying the Fourier transforrn (2.2) to (2.6) and using the formula for the
Fourier transform of the operator A,:

(Folou) (0,5) = —|o|* (Fou) (0, ), (2.7)
we obtain the following relation

n k-1
(Fulyu) (0,5) = Z 1 Ao (Fefe) (0) (0 € R™;s € C), (2.8)
k=1
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m
where |o|? = Y o2,
i=1

Applying the inverse Fourier and Laplace transforms (2.4) and (2.3), we
deduce solution u(z,t) of the initial problem (1.1), (1.7) in the form:
k—1

t)y=£;tF ! A =z t). 2.9
U(l’, ) ( s ‘7:0 [; Sa+)\2’0|2 (f fk) (U) (l‘, ) ( )

We express solution (2.9) in terms of the Mittag-Leffler function (1.14),
being an entire function of z € C. On the basis of the formula for the
Laplace transform of this function(for example, see [15, (1.93)], there hold

the relations
—k 2 2 _ s
<£t [ta Ea,a—k+1 (_>‘ |J| ta)]> (5) - s+ )\2|U|2

(k=1,....,n; s€C, 0 €R™, A>0; Nol|s| %> <1).

k—1
(2.10)

Applying the inverse Laplace and Fourier transforms (2.3) and (2.4) to (2.8)
and taking (2.10) into account, we obtain the explicit solution of the problem
(1.1), (1.7) in the form

a—k .
u(z,t) = Z (t27r)m / Eoa—k+1 (f)\2|0'|2ta) (Fafr) (0)e " %do.  (2.11)

k=1 Rm

The above yields the following result.

THEOREM 1. Let o« > 0, n = —[—a], m € N and A\ > 0. Let there
exist the Fourier transforms (F,fi) (o) of functions fy(z) (k=1,...,n),
and let the integrals in the right-hand side of (2.11) be convergent. Then
the Cauchy-type problem (1.1), (1.7) is solvable, and its explicit solution is
given by (2.11).

In particular, when m = 1, the solution of problem (1.6), (1.7) has the
form

n ta—k

u(z,t) = Z - /E(La_k_l,_l (=20 [*t*) (Fufr) (0)e ™ do.  (2.12)

k=1 ®

COROLLARY 1. Let n,m € N and A > 0. Solution of the Cauchy
problem (1.12), (1.13) is given by relation (2.11) with o = n provided that
the integrals in the right-hand side of (2.11) are convergent.
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COROLLARY 2. Let 0 < a < 1, m € N and A > 0, and let there exist
the Fourier transforms (F,f) (o) of a function f(x). Then solution of the
Cauchy-type problem

(D8‘+7tu) (z,t) = )\2Axu(:z,t), (I&;?u) (x,04) = f(z) (z €eR™; t>0)
(2.13)
is given by

a—1

u(x,t) = 2

/ Eo o (=N|0)?t®) (Fuf) (0)e ™7 do (2.14)

RrRm

provided that the integral in the right-hand side of (2.14) is convergent.
In particular, for m = 1 the solution of the problem

o O*u(x,t .
(D0+7tu) (x,t) = )\28(362)’ (D0+,%“> (,04) = f(x) (z€R; t>0)
2.15
has the form ) ( )
u(z, t) = t% / B (—A20[2%) (Fo f) ()¢ dor (2.16)
R

COROLLARY 3. Let 1 < a < 2, m € N, A > 0, and let there exist
the Fourier transforms (F,f) (o) and (Frg) (o) of functions f(x) and g(x).
Then the solution of the Cauchy-type problem for equation (1.1) with the
initial conditions

(Dg;;u) (z,04) = f(2), (DS‘;’%U) (2,04) = g(z) (z € R™ ¢ >0)

2.17
is given by a1 (2.17)
u(z,t) = (2m)m / Eoo (=X tY) (Fuf) (0)e "7 do
Rm
Ll 2 |2 ;
+(27T)’”/Ea’°‘_1 (=N2[o*t*) (Fug) (0)e™ """ do, (2.18)
Rm

provided that integrals in the right-hand side of (2.18) are convergent.
In particular, for m = 1 the solution of problem (1.6), (2.17) has the
form
tafl )
s | Eoa (SX10P) (Fuf) (0)e i *0do
T
R

u(x,t) =
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tafZ
2T

+ / oot (—N2[0#2) (Fog) (0)e " do. (2.19)

R

Suppose that the functions fr(x) (k = 1,...,n) are infinitely differ-
entiable on R™. Substituting (1.14) into (2.11), and changing the orders
of integration and summation (it is possible because the series in (1.14) is
uniformly convergent), and taking into account the relation

(271)771/( 012 (Fufi) (0)e™%do (j=1,2,...) (2.20)

Rm™

(ALfy) (z) =

for jth powers of the Laplace operator (Al = A,, Al = AiACJ;l, j =
2,3,...), we obtain the following representation for the solution (2.11):
)\Qta)j )
ok AJ . 2.21

k=1

This lead us to the next statement.

THEOREM 2. Let a« > 0, n = —[—a], m € N and A > 0. Let functions
fr(x) (k=1,...,n) be infinitely differentiable on R™, and let series in the
right-hand side of (2.21) be convergent. Then the Cauchy-type problem
(1.1), (1.7) is solvable, and its explicit solution is given by (2.21).

In particular, when m = 1, the solution of problem (1.6), (1.7) has the
form

EZfIREZ A T
—~ T(aj+a—k+1)'F ’ )

COROLLARY 4. Let n,m € N and A > 0. Solution of the Cauchy
problem (1.12), (1.13) is given by relation (2.21) with o = n provided that
the series in the right-hand side of (2.21) are convergent.

Corollary 5. Let 0 < a« < 1, m € N and A > 0, and let f(x) be
infinitely differentiable function on R™. Then the solution of the Cauchy-
type problem (2.13) is given by

= (A%t :
t) =t (7 Al 2.23
o) = Y ey (40 0 (2:23)

provided that the series in the r1ght—hand side of (2.23) is convergent.
In particular, for m = 1 the solution of the problem (2.15) has the form
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ar (A2’ (23)
u(x,t) =t 1]2Faj+a_k+1)f (2). (2.24)

COROLLARY 6. Let 1 < a < 2, m € N, A > 0, and let f(z) and
g(x) be infinitely differentiable functions on R™. Then the solution of the
Cauchy-type problem (1.1), (2.17) is given by

u(z, t) =t 1%& (Ajf) (z) 4+t Qi& (Ajg) (z)
“I(aj+a) " “Tlaj+a—1) "7 ,
(2.25)
provided that the series in the right-hand side of (2.25) are convergent.

In particular, for m = 1 the solution of problem (1.6), (2.17) has the
form

- Z aj+a (@) + tQQZ aj—i—a—l)g(zj)()
(2.26)

3. Explicit solutions in terms of the H-function

If 0 < @ < 2, then the explicit solution of equation (1.1) with initial
conditions (1.7) for 0 <a<1,n=1and 1 < a < 2, n =2 are expressed
via the H. 223 -function (1.15). The proof is based on application of the inverse
Fourier and Laplace transforms (2.4) and (2.3) to (2.8) and formulas of the
Fourier and Laplace transforms of the modified Bessel function of the third
kind (McDonald function) K,(z) [3, 7.2(13)] and of the H-function (1.15)
of the form

(a, l) , (b, 9) 1 e+ n)T(d+71/2) _,
2 2 } — 277@'/I’(a+7'/2)1_‘(b+047'/2)z dr. (3.1

Here a,b,c,d € R, and L is a contour starting at the point v — ¢00 and
terminating at the point v + i00, where v € R, and separating all poles of
the Gamma-functions I'(¢ + 7) and I'(d 4+ 7/2) from to the left.

LEMMA 1. Let 0 < a < 2, let a,b,c,d, € R, and let z € C, |arg(z)| <
(2 —a)r/4, z # 0. Then the H;’S—function in (3.1) exists.
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P r oo f The result follows from the existence theorem for the H-
function; see [7, Theorem 1.1].

[
LEMMA 2. For m € N and ¢ > 0 there holds the following formula
27\ ™/ c
2—m)/2 m
(&’-} [|96|( )/ K(m—2)/2(0133|)D (o) (C> 2+ 0P (c € R™).
(3.2)

P r o o f. It is known the following formula of the Fourier transform
(2.2) of a radial function on R™ (for example, see [15, (25.11)]:

(Fa lella)) (o) = B2

T o /gp(p)pgj"g?(ﬂlffl)dp- (3.3)
0

Setting in (3.3) ¢(p) pQ_TmKL_z (cp), we have
2

(F2 [121= 2K gy a(elal)]) (o)

2

p 2 Kunz(cp)p? Jmz(plof)dp

ERIS
M‘s 2
S
0\8

e [ pKaa(e) T2 o). (3.4)
g
0

Using the formula [13, 2.16.21.1]:

o0 v
O/ pKy(ap)Jy(bp)dp = ( )

a m <a>0,b20,l/> —1) (35)

andsettinga:c>0,b:|a|Zo,y:mTﬂ>—1,weﬁnd

oo m—2

o\ 2 1
[ praatenastolobio = (17)
0

_—. 3.6
c e+ |o|? (36)

Substituting (3.6) into (3.4), we obtain (3.2), and thus the lemma is proved.
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According to (3.2) with ¢ = s®/2/),

m a(2—m)  m+42 1
25 4 2 —
5% + \2|o|?

— (2m)

and hence

sk=1 e T |z
_ " — x| 72 K2 [ Zs2 . (3.7
5% + \2|o|? é A(27A) 2 =l = < A SQ) (). (37)

By (3.7), equality (2.8) takes the form

(FaLyu) (o, 8)

n 2me g g
o S 4 . 2—2m ) MS% o o
- (a lzk(m)g o Kz (1 )D( ) (Fafi) (o).

k=1

In accordance with the Fourier convolution theorem, we rewrite this relation
in the form
(FaLyu) (o, 8)

no em=2p
_ e K (s8) v )] ) (o
(a lz T ] C L P >D< NCE)

k=1

Applying the inverse Fourier transform (2.4) to (3.8), we have for z € R™
and s € C:

n %_Hf_l

S 2-m |l'| a
(L) (x,s) = —————— 2] 2 Kmo2 | —s2 | x, fx(x). (3.9)
2 e : < ) ’

Applying the inverse Laplace transform (2.3) to (3.9), we can deduce
the explicit solution of the Cauchy-type problem (1.1), (1.7). For this we
need to find the inverse Laplace transform of the functions

a(m—2) o

P L (G (‘i’gz) (k=1,...,n). (3.10)
2

Now we show that for 0 < a <1, k=1and 1 < a < 2, k = 1,2 functions

in (3.10) are represented by the Laplace transform (2.1) of H%;g—functions

(3.1) multiplying by power functions.



414 A.A. Kilbas, J.J. Trujillo, A.A. Voroshilov

LEMMA 3. If0<a<l,k=lorl<a<?2 k=1,2, then

a(m— a m l _ _ a(m72) o
(ﬁt 7’“7%H§,’3 [|x)\\t2 (4’72”)’(1 g Lo 2) ”) ()
(7 -11),(z - % 2)
m 1 a(m—2) _ €T a
=22g 2s 4 TF 1KmT4 <|)\‘32) : (3.11)

P r o of We use representation (3.1) and chose the contour L in such

way that Re(r) > ™-2+2 Then —k— a(m = 2M—%‘Re( )>—1lfor0<a<1,
k=1and 1<a<2, k =1,2, and th1s ensure the convergence of all

improper integrals below.
From (2.1) and (3.1) we have

G m 1 e am=2) o
(Lt = k*MHg [|i|t (4,31) (1 k ;11 172) ”)(S)
(2-1,1),(3 - 2,3)
L[ D(E-14nT(G o545 ()T
27 m o T a(m=2) | o A T
L F(Z 5) ( —k- +§T)
X/e_stt_k a(m 2)+%7'd
0
:Sk—1+a<";2>1./F(’2”—1+r)r(§_g;+;) <ﬂ$§>—TdT
2mi r(F+3) X\

Hence, in accordance with (1.15),

(L‘t [t =) HyY) ['i‘té“

E—1+20m=2) 90 |:|(E’ o 4
EY i H — 352
HIEMNCERRINCEERY
It is directly verified the following relation
20 [|2] o (%7%) } m _1 (W a>
’ —S82 1 1 — 2T 2K7n72 —S82 (3 13)
mb (3-11).(-%3) -\ A
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Substitution of (3.13) into (3.12) yields (3.11), which completes the proof
of lemma.

(]
Let n=1for0 <a<landn=2forl < a < 2. Using (3.11)
rewrite (3.9) in the form

2 m|.’E| n k— a(m 2)
L , —_— t~
(Lau)s) = o ( tlZ

k=1
2,0 x| o (m7 l) (1 -k - a(m—2), a
x Hyy [At 4(% _<1,1),(§_T}7;)2> vo Fo@) | ] (5).

Applying the inverse Laplace transform (2.3), we obtain the solution u(z, )
of the problem (1.1), (1.7) in closed form:

t) =
U(-T, ) )\1+%me1
m 1 a(m=2) o
X t_k a(m 2) |~T|t 5 (Zaﬁ), 1—k— b 7§) )
Z [A CORRINTIE RIS

From the above arguments we deduce the following results

THEOREM 3. Let 0 < o <1, m € N and A > 0. Then the Cauchy-type
problem

(D8 ) (2,1) = N(Agu) (z,1), (Dgrhu) (2,04) = f(2) (z €R™)

(3.15)
is solvable, and its explicit solution has the form
(e, t) / G (@ — 7,0) f(7)dr, (3.16)
where
-m x| 2 a(m—2)
oty = 2
AN T2 2
o| (m 1) (_am=2) a
x Hy3 [‘i’t‘2‘ (2’2)’( I ] (3.17)
(3-11).G-%3)

provided that the integral in the right-hand side of (3.16) is convergent
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THEOREM 4. Let 1 < a <2, m € N and A\ > 0. Then the Cauchy-type
problem for equation (1.1) with the initial conditions

(D§Thu) (@.04) = @), (D§riu) (@.04) = g(a) (@€ R™)  (318)
is solvable and its explicit solution has the form
ue.t) = [ (62— 0F(7) + G5~ rg()dr, (319
R'm

where G§(x,t) is given by (3.17), and

m’:p| 2 _a(m=2)
$(2,0) = St
AT 2
o m 1 _ _a(miz) g)
><H22,’3 ‘f\|t (4;712)7( 1 LY ]’ (3:20)
(7 -11).(z-%3)

provided that the integral in the right-hand side of (3.19) is convergent.

REMARK 1. Hilfer [6] considered problem (3.15) when f(z) = §(z) is the
Dirac delta function, and expressed its the so-called fundamental solution
. 2.0 .
in terms of the Hj'5-function.

REMARK 2. Functions G§(z,t) and G§(z,t) in (3.17) and (3.20) are
called the fractional Green functions by an analogy with the ordinary case:
see [12, Section 4.1].

4. Explicit solutions in terms of the Wright function

When m = 1, H;’S-functions in (3.14) are expressed via the Wright
function (1.17).

LEMMA 4. Let 0 < a <2, A >0 and let k =1 for 0 < a < 1, while
k=1,2for1 <a<?2. Then forx € R andt >0

(iaé),(l—“i‘v%)]

(=3:1). (3:3)

1
o 2 Q
_ ('i't‘z) 90(‘3’3“_]“_‘?”) . (4.1)
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P r o o f. By the property of H,g -function [7, Property 2.2], with
m=n=p=2and ¢ =0, and definition of the H-function (1.15), we have

11 a «
7720 [mt—“ (1:3).(L-k+5.%) ]
22 1A (=2.1).(3:3)
Il _«a 1—k+g,g
-t [ Y]

1 I(—5+7) |z, _a\ "
. L d 42

o F(1k+3‘+7/2)<)\ ’ & (4.2)
L

Using usual technique and evaluating residues of the integrand at poles
7j = —j + 3 of the gamma function I'(—3 + 7) and taking (1.17) into
account we deduce (4.1), which proves the lemma. [

Setting m = 1 and using Lemma 4, from Theorems 3 and 4 we deduce
the corresponding assertions for equation (1.6).

THEOREM 5. If 0 < a <1 and A > 0, then the Cauchy-type problem

O*u(x,t -
(D ) (,t) = A“;S‘;), (Dgriu) (,04) = f(z) (e R, t>0)
(4.3)
is solvable, and its explicit solution is given by
u(z,t) = /G?(m —7,t)f(r)dr, (4.4)
R

o 1 o a a  |r|,_a
Gi(a) = gttt (5. 5i- ). (45)

provided that the integral in the right-hand side of (4.4) is convergent.

THEOREM 6. If 1 < o < 2 and A > 0, then the Cauchy-type problem
for equation (1.6) with the initial conditions

(Dg:;u) (z,04) = fi(a), (Dg;%u) (z,04) = fo(z) (x€R)  (4.6)

is solvable, and its explicit solution has the form

u(e, ) = / (G — 7 ) fu(r) + GE (& — ) fa()] dr, (A7)
R
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provided that the integral in the right-hand side of (4.7) is convergent. Here

G{(z,t) is given by (4.5), and
1 (] (o3

G5(a,t) = 5315 7% (-O‘ T, —mt_z) . (4.8)

REMARK 3. The explicit solution (4.4) of the Cauchy-type problem
(4.3) coincides with the known solution obtained in [12, Example 4.4].

5. Behavior of solutions for large x

We investigate a behavior of solutions (3.16) and (3.19), as |z| — co.
For this we find an asymptotic estimate of the H228 -functions in (3.17) and
(3.20).

Lemma 5. Let me N, 0<a <2, k=1for0<a <1, whilek=1,2
for 1 < a < 2. Then for any fixed t > 0 there hold the following asymptotic

estimates:
1), (1 k-2 g ]

(3 -11).G- %)
e 56 (65)]

2 [a(m a(m=2) 1] o ﬁ

—a t2

X (;;') 140 ( ‘) (2| — 00, k= 1,2), (5.1)
2

where Ay (k =1,2) are certain constants.

2,0
Hy, 3

mt_' (%

Proof. Formula (5.1) follows from the exponential estimate at infinity
of more general Hg;g—func‘cion given in [7, Theorem 1.10]. [

From (5.1) we deduce the asymptotic relations for functions G§(z, 1)
and G§(x,t) in (3.17) and (3.20): for any fixed ¢ > 0 we have, as |z| — oo

e N O

_2 [a(m 2)+k 1] a ﬁ
am - t
x|z T R ”("f') 1+0< ) ., (5.2)

M2 |z|
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with om
where k =1for 0 < a<1,whilek=1,2for 1 <a<2.
Since 0 < a < 2, then it follows from (5.2) that G§(z,t) and G (x,t)
for any fixed ¢ > 0 tend to zero, as |z| — oo,
‘ 1|im G (x,t) = | llim GS(xz,t) =0 (x € R™). (5.4)

Then from (3.16) and (3.19) we obtain the following result.

THEOREM 7. Let 0 < a < 2, m € N and A > 0.
(a) If 0 < « < 1, then solution (3.16) of the Cauchy-type problem (3.15)
for any fixed t > 0 tends to zero, as |x| — oo:
lim u(z,t) =0 (x€R™). (5.5)
|z[—00
(b) If 1 < « < 2, then solution (3.19) of the Cauchy-type problem (1.1),
(3.18) for any fixed t > 0 tends to zero, as |x| — oo:
lim u(z,t) =0 (x€R™). (5.6)

|z|—o0

COROLLARY 7. Let 0 < o < 2 and A > 0.
(a) If 0 < a < 1, then solution (4.4) of the Cauchy-type problem (4.3)
for any fixed t > 0 tends to zero, as |x| — oo:
‘ 1|im u(z,t) =0 (z €R). (5.7)
(b) If 1 < a < 2, then solution (4.7) of the Cauchy-type problem (1.6),
(4.6) for any fixed t > 0 tends to zero, as |z| — oco:
lim w(z,t) =0 (z €R). (5.8)

|z =00

REMARK 4. Relations (5.5) and (5.6) show that solutions (3.16) and
(3.19) of the Cauchy-type problems for the partial fractional differential
equation (1.1) of order 0 < a@ < 1 and 1 < a < 2, with the respective
initial conditions (3.15) and (3.18), tend to zero, as z tends to infinity. This
result show that solutions of the above problems have the same property
as solutions of the Cauchy problem for the heat equation (1.4) and for the
wave equation (1.5). This property usually put as the initial condition of
the Cauchy problem for the heat and wave equations (1.4) and (1.5); for
example, see [19].
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6. Examples

Here we give examples of solutions of the Cauchy-type problems (1.1),
(1.7) and (1.6), (1.7) and illustrate the obtained solutions in the case m =1
and f(z) = % in graphs by using the program Mathematica. We begin
with the case a = 1/2.

ExAMPLE 1. Consider the Cauchy-type problem (3.15) with oo = 1/2:

(Dol2 ) (,8) = X2 (Au) (@, )

(6.1)
(D5 20) (2.04) = f(@) @€ R™, 10
By Theorem 3, its solution has the form
u(z,t) /G1/2 x —1,t)f(T)dT, (6.2)

where G}/z(:c,t) is given by (3.17) with o = 1/2. When m = 1, then by
Theorem 5 the Cauchy-type problem

2u x
(D§ 1) (1) = 220D (D5tfPu) (@,04) = f(2) (zeR, t>0)

0x?
(6.3)
has the solution
u(zx,t) = /G}/z(m —1,t)f(7)dr, (6.4)
where Gi/z(x,t) is given by (4.5) with a = 1/2.
If f(x) is infinitely differentiable on R™, then by Corollary 5
- )\2t1/2 i
u(a,t) =t/ Z ) (AL fy) (2) (6.5)
and
)\2t1/2 .
(x,t) =t~ 1/22 2 (z) (6.6)

=0 T (H—l)

are solutions of problem (6.1) and (6.3), respectively.



CAUCHY-TYPE PROBLEM FOR DIFFUSION-WAVE . .. 421

L2
e e s W ae T,
-

Figure 1:

Using the program Mathematica, we construct the graph of solution
(6.6) with A =1 and f(z) = *2* in Figure 1.

ExAMPLE 2. Consider the Cauchy problem for the diffusion (heat)
equation (1.4):

Ou(x,t)

ot
By Theorem 3, this problem has the solution

=\ (Agu) (z,1), u(z,0)=f(z) (x€R™, t>0). (6.7)

u(z,t) = / Gl(x — 7,t)f(T)dr. (6.8)
Rm

LEMMA 6. G{(x,t) in (3.17) for « = 1 has the form

1 m _le[>
G%([E,t) = Wt_7€ 422t (l' S Rm, t> O) (69)

Proof. By (3.17),

2—m
27| 1 2l 1] |
1 I ol B H2’O ]
Gl(xat) - >\1+%7Tm2—1t 2 4 2,2 )\ t 2 (% —
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Using the properties of the H-function (1.15) [7, (2.1.2) and (2.1.5)] and
applying the same arguments, as in the proof of (4.2), we have

m 1 1 m 1
H270[‘f5|t1 (F:2): (3~ T+ 3) ]
22N 5-L1).(3-%3)
_ o[l (% 3)
it [ gty

-1
11 \x’ 1
%) (—2, 3TN t 2> . (6.11)

By the definition (1.17) of the Wright function, it is directly verified that

1 }z = ie_zf (z € C) (6.12)
\T227%) T A ' '
According to (6.12), relation (6.11) takes the form
m 1 1 m 1 2
H22:g |:|33‘|t_1 ngZ’ 5) ) (f 1_ Z;nﬁ)l :| — m’? Iz1=% ﬁ_zt%_%e_%
S LA (5-11),G-%13)
(6.13)
Substitution of (6.13) into (6.10) yields (6.9), and lemma is proved. [
By (6.9), relation (6.8) has the form
1 m 22
w(w, ) = /G(w —nOf()in Gl = o E L (614)
Rm

This solution of the Cauchy problem (6.7) is well known: for example, see
[19, p.230 and p.482].

In particular, when m = 1 the Cauchy problem

u(x 20
- é{t) = A2%(¢Uat% u(z,0) = f(z) (z€R,t>0) (6.15)

has the solution

TWC . (6.16)
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Using the program Mathematica, we present the graph of solution (6.16)
with A = 1 and f(z) = *2* in Figure 2.
ExAMPLE 3. Consider the Cauchy-type problem (1.1), (3.18) with a =
3/2:
04,t%

(Dgﬁtu) (z,04) = f(2), (ng(fu) (z,04) = g(z) (z €R™).  (6.18)

By Theorem 3, its solution has the form

u(z,t) = / G3P(x — 7. 4) f(7) + G2 (@ — 7, t)g(r)]dr, (6.19)

Rm

(D3/2 ) (z,8) = N2(Agu)(z,t) (z€R™, t>0), (6.17)

where G;lg/Q(:v,t) and Gg/Z((E,t) are given respectively by (3.17) and (3.20)

with a = 3/2. When m = 1, then by Theorem 6 the Cauchy-type problem
O*u(x,t

(Dgﬁtu) (z,t) = )\27”(;;2’) (z €R; t>0), (6.20)

(Déftu) (z,04) = f(x), (Do‘j{fu) (2,04) = g(z) (z € R; ¢ > 0) (6.21)

has the solution

(o, ) = / G (@ — 7 0)f(7) + G (w — 7, 8)g(7)]dr (6.22)
R
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where G?m(:r, t) and Gg/Q(x, t) are given respectively by (4.5) and (4.8) with
a=3/2.
If f(z) and g(z) are infinitely differentiable on R™, then by Corollary 6

00 (\243/2)) .
G )1 (Az9) (@)

) =Y (ftg/?l (A2) (@) + 4712 Y o (A
= L5 +3) =T +3)
(6.23)
and

% (\243/2)7 _ - 00 (£243/2 J '
’U,(.T}, t) = tl/z 7]0(2‘7)(3}) + t 1/2 1_(‘(3]<|>)1)g(2])(.7]) (624)
J j=0+\2 T3

(A*8¥2)
ST +3)

are solutions of problem (6.17), (6.18) and (6.20), (6.21), respectively.

Using the program Mathematica, we give the graph of solution (6.24)
% in Figure 3.

with A =1, f(x) =0 and g(z)
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EXAMPLE 4. Consider the Cauchy problem for the wave equation (1.5):

2u T
Fulnl) — N2 (Ayu) (2, ),
(6.25)

u(z,0) = g(z), 240 — f(2) (z €R™, t > 0).
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By Corollary 1, this problem has the solution

tail 2512 —ix-o
ut) = e [ Fo (SRUo%) (Fof) (o)™
R™m
a—2 '
+(t27r)m / Eo a1 (=X|0*t%) (Fag) (o)™ do. (6.26)
Rm

When m = 1, the Cauchy problem

0%u(z,t) — )2 0%u(z,t)

ot? ozx2

(6.27)
u(z,0) = g(z), 290 — f(z) (z€R, t>0)
has the solution
u(z,t) = ;1 / Ea (=X0%) (Fof) (0)e™ ™ do+
R
. [ Eoacs (=104 (Fag) (@) 7do (6.28)
R

If f(z) and g(z) are infinitely differentiable on R™, then by Corollary 4,

i T N
u(x,t)—tjgow(Axf) (z)+j§ o (849) @) (6.29)

and

e =30 O gy 52O ey (o)
| i+ 1) 2 2))
are solutions of Cauchy problems (6.25) and (6.27), respectively.

Denoting by F'(x) a primitive of f(x) and using the Tailor expansions
of f(z) and g(x) in a neighborhood of = € R, we have for solution (6.30)

u(x,t) = i\i WF(QjJrl)(x) n i ()\t?2'j g(QJ')(x)
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1 (SN (M), (=N L
+§ Z (i')g(Z) (z) + Z (i')g(Z) (z)
i=0 i=0 '
Flz+ )= F(z =) flz+ )+ flz— M)
= + .
2 2
Hence (6.30) takes the form
1 T+t ) )
(o) = - / f(r)dr + g(x +At) + g(x — t)’ (6.31)
2\ 2
T—At

which coincides with the well known solution of the Cauchy problem (6.27):
for example, see [19, p. 56].

Using the program Mathematica, we give the graph of solution (6.31)
with A =1, f(z) =0 and g(z) = *3* in Figure 4.

W
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e R
e \ \.-g.n-..w’vql"q”s”&’z%"&'&%
ey WWW&?
s SN ety

S

SRR
OSSR,
\\“s‘:‘f%% -

Figure 4:

EXAMPLE 5. Consider the Cauchy-type problem (1.1), (1.7) with o =
5/2:
5/2 —_ )2 m
(Dwu) (z,t) = \2(Agu)(z,t) (z € R™, t > 0), (6.32)

(DY) (2.040) = f@), (Dyu) (2,04) = g(x),
(6.33)
(D(;:{fu) (x,04) = h(z).
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By Theorem 1, its solution has the form

t3/2 —ix-0
) = G [ Brjasya (SXUPH) (Fo) () o+

Rm

L 2| _|1245/2 )
+(27r)m/E5/2’3/2 (—)\ ‘O” 5/ ) (]:mg) (0)e~ 7 do+
R™

t71/2 2 2,5/2 i
+(27r)m/E5/2,1/2 <—)\ lo|“t / ) (Fzh) (0)e " do. (6.34)
Rm

Relation (6.34) with m = 1 yields the explicit solution of the Cauchy-type
problem

(Dgft ) (z,t) = e Lut) g(ﬁ ) (eR, t>0), (6.35)
<Dgftu> (x,04) = f(=), (Défﬂt) (x,04) = g(x),
(6.36)
(Doj/fu) (x,0+) = h(z).

If f(z), g(x) and h(z) are infinitely differentiable on R™, then by The-
orem 2, solution of (6.32), (6.33) is given by

)\2t5/2

= 3/ Z (ALf) ()

)\2t5/2 )\2t5/2

tl/QZ + 1 1/22 (AZR) (z).  (6.37)
2) 2)

In particular, when m = 1, the solution of problem (6.35), (6.36) takes

the form
)\2t5/2
t3/2 2]) ($)+
Z 5

)\2t5/2 )\2t5/2 '
+1/2 Z )4 t71/2 Z (2])(m). (6.38)

2 2

Using the program Mathematica, we construct the graph of solution
(6.38) with A =1, f(z) = g(z) = 0 and h(z) = *2£ in Figure 5.
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