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POSITIVITY OF THE FUNDAMENTAL SOLUTION FOR
FRACTIONAL DIFFUSION AND WAVE EQUATIONS

JUKKA KEMPPAINEN

ABSTRACT. We study the question of positivity of the fundamental solution
for fractional diffusion and wave equations of the form, which may be of frac-
tional order both in space and time. We give a complete characterization for
the positivity of the fundamental solution in terms of the order of the time de-
rivative o € (0, 2), the order of the spatial derivative 8 € (0, 2] and the spatial
dimension d. It turns out that the fundamental solution fails to be positive for
all @ € (1,2) and either 8 € (0,2] and d > 2 or 8 < « and d = 1, whereas in
the other cases it remains positive. The proof is based on delicate properties
of the Fox H-functions and the Mittag-Lefller functions.

1. INTRODUCTION

We study the positivity of the fundamental solution for the diffusion-wave equation
Ou(t,z) + (=AY 2u(t,z) =0 in Ry xRY 0<a<2 0<B<2 (11

where 0 denotes the Caputo fractional derivative if 1 # a € (0,2) and A is the
Laplace operator. When oo = 1, 0§* denotes the usual time derivative d;. Since the
fractional derivatives are nonlocal, the equation may be nonlocal both in space and
time in which case we call it a fully nonlocal diffusion-wave equation.

We present a unified approach in terms of the Fox H-functions and the Mittag-
Leffler functions to study the positivity on the whole range a € (0,2),5 € (0,2]
in all spatial dimensions d > 1. Large part of the results we present here are
already known in the literature but a unified presentation is missing. In particular,
large part of the results in the literature concentrate on the subdiffusive region
0 < a < 1 and to the case 8 = 2. The case o < 1 is well-studied, since it is known
that the fundamental solution induces a probability density in R9, see e.g. [15].
Alternatively, one may use the nice subordination principle to cover the region
0<a<land 0 < g < 2, see eg. [1, 2, 34, 38]. For o > 1 there are fewer
works. In the literature it is already observed that the fundamental solution may
not be positive in the multidimensional case, if & > 1. But to the best of author’s
knowledge the results covering the whole range (o, 8,d) € (1,2) x (0,2] X Z, seem
to be missing. The celebrated paper of Schneider and Wyss [35] covers the whole
range 0 < a < 2 in the case § = 2, and it is shown that the fundamental solution
changes sign in dimensions d > 2, if @ > 1. See also [13]. The one-dimensional
case in the region a > 1 and 8 = 2 is studied in [27], where it is proved that the
fundamental solution is positive. For the fully nonlocal diffusion-wave equation the
failure of positivity is proved in [12] for 1 < o < 8 < 2 and d = 3. The case
a = f € (1,2) in dimensions d = 1,2, 3 is studied in [24], where it is proved that
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the fundamental solution is a probability density function in dimension d = 1 and
changes sign in dimension d = 3.

In our analysis we will utilize the fine properties of the Fox H-functions includ-
ing simplification rules, the series representations, the asymptotic behavior and the
integral transform formulas. The Fox H-functions generate a rich family of ele-
mentary and special functions, which is a proper framework for studying various
properties of the model problem (1.1). For example, the asymptotic behavior of
the fundamental solution is studied in [18, 14, 15], which turn out to be useful.

The author hopes that knowing the borderlines of positivity of the fundamental so-

lution of the simple model problem (1.1) gives insight for the probabilistic interpre-

tation of more general problems. There is a strong interplay between the stochastic

processes and (integro-)PDEs. In particular, the probability density function of

the stochastic process at time instant ¢ > 0 is a solution of a (integro-)PDE such
s (1.1). For this connection we refer to [29] and references therein.

The positivity of the fundamental solution or lack of it has also a crucial effect on
the properties of the solutions u(t,z) of (1.1). In particular, if the fundamental
solution G(t,x) fails to be positive, the solution operator

Stg 1 uo = u(x,t) = (Grug)(t, x), uo(x) =u(z,0),

where x denotes the convolution in the spatial variable x, does not preserve posi-
tivity. This implies that in general we do not have nontrivial lower estimates for
the norms of the solutions. From physical point of view the lost of positivity means
that the equations of the form (1.1) cannot model diffusion in spatial dimensions
greater than one, if a > 1.

2. PRELIMINARIES AND THE POSITIVITY RESULT

Let us first fix some notations. We denote the space of k-times continuously differ-
entiable functions by C* and C° := C.

The Riemann-Liouville fractional integral of order a« > 0 is defined for a = 0 as
JO := I, where I denotes the identity operator, and for o > 0 as

T f(t) = ﬁ / (t = 1) ()T = (ga * )(D), (2.1)
where .
() = £

is the Riemann-Liouville kernel and * denotes the convolution in time.

The Caputo fractional derivative of order 0 < a < 2 is defined by

[o]
opf(t) = Jrel=e ( iraw f) (t), (2.2)

where Ja] = min{k € Z : k > a} denotes the least integer greater than or equal
to a. Using (2.1) we can write the definition (2.2) in the integral form

ﬁ fot(t —7)"%f(r)dr, when0<a <1,

2.3
ﬁ fot(t — )7 f(r)dr, when 1< a <2, (2:3)

3?f(t)={

and, adopting the convention J° := I, the definition (2.2) reduces to the usual time
derivative 0y, when o = 1.
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Let
() = Flu)(€) = (2m) /2 / e f(2)da
Rd
and
F(u)(€) = Flu)(~¢)

denote the Fourier and inverse Fourier transforms of u, respectively. We define the
fractional Laplacian as

(=8)"Pu(@) = F L (1€17a(6))- (2.4)

Let S(R?) denote the Schwarz space, when its dual S’(R%) is the space of tempered
distibutions. Since the Fourier transform is a mapping from &'(R¢) into itself, the
fractional Laplacian given by (2.4) defines a mapping from S’(R%) into itself.

In literature there are different definitions for the fundamental solutions of PDEs,
but there seems to be no formal definition of the fundamental solution for the
fractional partial differential equations. We will give here a rather weak formulation
in terms of being a solution of the equation (1.1). The reason is, as it is known and
as we shall later see, that the fundamental solution in general is singular at x = 0
not only, when ¢ = 0, but also for later times, see e.g. [14, 15, 20]. Therefore the
fundamental solution is not actually a proper solution of (1.1). Since we do not
want to dwell into detailed regularity of the solution, we define the concept of the
fundamental solution as follows.

Definition 2.5. The function ® : R, x R? — R is called a fundamental solution
of (1.1), if ®(¢,-) solves (1.1) in the sense of S’(R?) for all £ > 0 and

lim ®(t,z) = §(z) in S'(R?
lim ®(t,2) = 3(z) in §'(RY)
together with limp o 0;®(¢,z) = 0 in S'(RY), if 1 < v < 2.

With this definition at hand, ®(¢, -) solves (1.1) in 8'(R%) if and only if (¢, £) solves
oca(t,) +1-Pa(t,-) =0 in S'(R?) (2.6)

for all ¢ > 0 [37]. Tt is known that the Mittag-Leffler function E,(—|-|?t®) defined
by (5.27) is a solution of (2.6) [17, Chapter 4]. Hence it remains to find a function
satisfying the initial condition(s) and whose Fourier transform is the Mittag-Leffler
function. The formula for the fundamental solution of (1.1) given in terms of the
Fox H-function can be found from the literature, see e.g. [5, 15, 18]. We will show
that the fundamental solution can be written in a form

Gapalt,r) =7 Y2|z| " HE (27Bt7a\x|ﬁ (d/(;jgla)/’z), ((;f)) (1,/3/2)) ) (2.7)
where H2i is a Fox H-function whose precise definition is given in Appendix 5. We
will drop the subindices from G in (2.7) and simply denote G := G4 g4 if there is
no danger of confusion. We will prove

Theorem 2.8. The fundamental solution of the problem (1.1) is given by (2.7). It

(a) is positive, if either a € (0,1], 8 € (0,2] and d > 1, or e € (1,2), B € [o, 2]
and d=1;
(b) changes sign in the following cases of the parameters:
(i) d>2, a€(1,2) and B € (0,2];
(i) d=1, a € (1,2) and 5 < a.
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Note that, when 8 = 2, we can use the property (iii) of Lemma 5.12 to simplify
the expression of the fundamental solution into the form

_ _ 1, 1
Ganaltsa) == lal 18 (Jr-*1oP| (1), 1) ). 29)

which is the form given in [14], see also [6]. If we further specialize « = 1 in (2.9)
and use the symmetry property of the H-function HZ) for the parameters appearing
in A(s) of (5.6) together with the property (ii4) of Lemma 5.12, we obtain the
representation

4t

Further, using the property (v) with ¢ = d/2 and the formula (5.29), the represen-
tation (2.7) reduces to the heat kernel

1 jz/?
GLQ’d(t,x) = Wexp 74775 .

3. PROOF OF THEOREM 2.8

_ _ -
Giaoa(t,x) =7~ 2|z~ HY <|(d/2,1) .

3.1. Asymptotic behavior and the Fourier transform of the fundamental
solution. For the moment we assume that G is given by (2.7) and call it funda-
mental solution although we have not proved that G satisfies the condition(s) of
Definition 2.5. We start with the asymptotic behavior of G. We have the following
result

Lemma 3.1. Letd € Z,,0< a <2 and 0 < 8 < 2. Denote R := |z|’t=*. Then
the function G given by the formula (2.7) has the following asymptotic behavior:

(i) If R <1, then

t—od/B ifa=1,0orf>dand 0 < a <2,
IG(t,z)| S t7(Jlog(|z|Pt=)| + 1), ifB=dand0<a<2,a#1,
|| P if0<fB<dand0<a<2.

(ii) If R > 1, then
IG(t,2)| Stz 74P, if B <2
In the special case B = 2 there holds
|G(t,2)| <tV 2 exp (—cRﬁ>
for some positive constant c.
Proof. The proof is given in [15] in the case @ < 1. A closer look at the proof reveals
that the role of « is merely a parameter as long as a < 2. The asymptotics follow

from the results and discussion of Appendix. For the convenience of the reader we
sketch here the idea of the proof.

The asymptotics in (7) follow from Cauchy’s residue theorem and the Mellin trans-

form
(1,1), (La)
A =M (H3 (<] 55 00 p)))
CT(§+ 59T+ 5)(—s)
a1+ as)I‘(—gS)

of the H-function appearing in (2.7), see also formulae (5.5) and (5.6). Since the
Gamma function has simple poles at non-positive integers, the leading term of the
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series expansion is determined by the poles of the function s — H3i(s)z7%. The
different cases of (i) are consequences of the different possibilities for the leading
term.

For example, if « = 1 or § > d, the leading term is given by the pole of the
Gamma function I'(4 + %8) at s = —%, since in the preceeding case I'(1 + as) in
the denominator cancels I'(1 + s) in the numerator, whereas in the latter case the
pole of the Gamma function I'(4 4+ Z5) at s = —% gives the dominating power z%/#.
Then

21~ dF( ) (
(1= H0(5
as R = |z|#t~® — 0. The other cases can be treated in a similar fashlon.

The asymptotics in (i7) follow from Theorem 5.24 for 5 # 2. When [ = 2, then by
Theorem 5.25 the H-function HZ in (2.9) decays exponentially at infinity R — oo.
For details we refer to [4] and [16, Section 1.7], see also [6, 14]. O

G(t,z) Nﬂ'_d/2|x|_dReSS:7%fH§ ( )(2 ,BR) a2 /;)t—oéd/ﬁ’

Remark 3.2. (i) Note that in [15] we had sharp asymptotics due to the posi-
tivity of the fundamental solution. When a > 1, the fundamental solution
may no longer be positive, whence in general we have only upper estimates
in Lemma 3.1. But if we replace the conditions R < 1 and R > 1 with the
limiting forms R — 0 and R — 0o, we obtain sharp asymptotical behavior.
We will use this observation later, when we prove that the fundamental
solution does not preserve positivity.

(ii) Since the Fox H-function H2i(z) appearing in (2.7) is an analytic function
of z # 0, G(t,x) is a smooth function as long as  # 0. But in the
spatially multidimensional case G(t,-) has singularity at the origin for all
times ¢ > 0. Hence the fundamental solution cannot actually be a proper
solution of (1.1).

The estimates (i) of Lemma 3.1 imply that G(¢, -) is locally integrable for any fixed
t > 0. The estimates (i7) of Lemma 3.1 in turn imply that G(t,-) is integrable at
infinity. Moreover, since G(t,z) of (2.7) is a smooth function on ¢ > 0 and z # 0,
the function G(t,-) is integrable in R, so, in particular, the Fourier transform of
G(t,-) exists. Let us calculate the Fourier transform.

We use the Fourier transform formula for a radial function f(r) := f(z) with r = |z|
defined on R? [11]

fie) =14 [ oty rlehsoar (33)
and use the property (vii) of Lemma 5.12 to obtain

. ) o )
Gt.€) = 2m) V2 H3 (2l i, G, oy 77)- )

Using the properties (ii), (i4) and (iv) of Lemma 5.12 we can simplify the Fox
H-function appearing in (3.4) as follows

22 (41— 22 (41— (1,8/2), (1,1) (1,a) (d/2,8/2)
H; (t “g B) = H3j <t ¢ 6‘ (d/2,3/2), (1,1), (1,8/2) )

21 a (1,1) (L) (d/2,8/2)
= Hj, (t 1€~ ﬂ| (d/2 /3/2) (1,1) )

a 1,1), (1
_Hll (t [ B|((11) (1, 04))

11 (0,1)
= Hi, (ta‘ﬂﬁ (0,1), (0, a))
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which together with the formula (5.28) implies that the Fourier transform of func-
tion G(t,-) defined by (2.7) is a constant multiple of the Mittag-Leffler function,

G(t,€) = (2m) "B ([P t™). (3.5)

3.2. The conditions of Definition 2.5. Since the Mittag-Leffler function sat-
isfies (2.6), it is enough to check that the initial conditions in Definition 2.5 are
satisfied.

We see from (2.7) that G has the following scaling structure
Gt,x) =t VPG, t=*Pz), t>0, x#0, (3.6)
which together with G(t,-) € L*(R?) implies
(Gt ), 0) = | GLa)p(t*Pa)dz — ¢(0), t—0,
Rd

for all ¢ € S(R?). Here we used the dominated convergence theorem and the fact
(see (5.27))

G(1,z)dz = (2m)¥2G(1,0) = E,(0) = 1,
]Rd
which holds for all 0 < o < 2. Hence the initial condition for G is satisfied.

If @ > 1, we need also the intial condition for the first time derivative, which due
to the smoothness of G is equivalent to

(@Gt ). 0) = B (FIFG(L, at/th —6)de.

Using the series expansion (5.27) for the Mittag-Leffler function we obtain
a
i+ a)

which proves that the second initial condition is satisfied, when a > 1.

/|§|ﬁ( HAE+ 0@t ) 50, t—0,

3.3. Proof of (a). Case oo < 1: We start with the easiest case aw < 1. In this case
we are able to use Schoenberg’s Theorem 5.3. Since the Fourier transform of the
fundamental solution is the Mittag-Leffler function, it is enough to show that the
function

¢(R) = Eo(—t"R"?), R=¢|, (3.7)
is completely monotone. In [33] it is shown that the function R — E,(—R) is com-
pletely monotone for 0 < a < 1. Since R?/2 > 0 for R > 0 and %Rﬁ/z = gRgf
is clearly a completely monotone function for 5 < 2, it follows from Theorem 5.2
that ¢ given by (3.7) is completely monotone for all ¢ > 0.

Case d =1 and 8 = « > 1: This case is considered in [23]. For reader’s conve-
nience we repeat briefly the argument. It turns out that we are able to derive an
explicit formula for the fundamental solution in terms of elementary functions. The
formula (2.7) in this case reads

o —1/2),.—1 721 (1L,1), (1,8)
G(t,z)=m / || H23( 27t B|$‘B’ (d/2,8/2), (1,1) (1,5/2))-

Using the definition of the H-function (5.5) the formula (3.8) can be written in
terms of the Mellin-Barnes integral

1 [ TR 490+ 8)(=s) , ray B
G(t,x)—%\/ﬂxi/ Tt paT 2 (5) a9

(3.8)




POSITIVITY OF THE FUNDAMENTAL SOLUTION 7

Since now the parameters D and § defined as (5.16) and (5.17) for the H function
HZ} are D = —a =0 and § = 277 it follows from Theorem 5.20 that we can
determine the series expansion of (3.9) for all |x| < ¢. But before doing that it is
better to simplify the ratio of the Gamma functions.

Indeed, using the Legendre duplication formula

1
L()0(z+ 5) = 21727 /nT(22)
with z = 3 + s the formula (3.9) can be written in a form
11 (1 + s)T(— ~Bs
Glt,z) = / ( 7;5) ( 35) (5) " as (3.10)
Je]2mi Jo T(1 + Zs)T(~Ss) \t

The series expansion is now determined by (5.21) of Lemma 5.12 by calculating the
residues of the Gamma function I'(1 + s) at s = —k, k = 1,2,.... Since

(~1)h~!

Ress——xI'(1 + s) = 7I‘(k) )

it follows from Cauchy’s residue theorem that

k 1 |x‘ Bk
,x _— | — R x| <t.
\xlz F(ﬁk)( ) =

Then the Euler’s reflection formula

I(1-2)(z) =

™

sin(mz)

with z = 85 implies the series expansion

G(t,z) = Zsm Brk/2) ( |x|) " (3.11)

Finally, the summation formula

o'} .
k. N k ik N rSima
E r Sln(ka) =Im (’I" el a) = m, a € R, ‘T| < 1,

implies that the fundamental solution can be represented in a nice form containing
only elementary functions,

1 2|3~ 17 sin(75/2)

7 128 + 2|z|Pth cos(wB/2) + |z|?P

Gla,t) = (3.12)

for all |z| < t.

Using the property (iii) of Lemma 5.12 and proceeding similarly as above allows to
derive (3.12) also in the range ¢ < |z| and analytic continuation implies that (3.12)
holds also for |z| =t.

Since f < 2, it follows from (3.12) that the fundamental solution is positive.

Cased =1 and 1 < a < < 2 It is remarkable that this case can be reduced
to the previous one. This was observed in [26], where also a skewness parameter
appears in the space-fractional derivative. Here we consider only the fractional
Laplacian (2.4). For the result we calculate the Mellin transform of (2.7). Due to
the scaling relation (3.6) and to the fact that G, g,1(t,-) is an even function, it is
enough to prove that

Kaop(@) = Gapi(z), x>0, (3.13)
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is positive. We see from (2.7) that K, s is of the form
1
Kap(z) = ﬁxflf@*%ﬁ)

Then a simple change of variables in the definition of the Mellin transform (5.7)
implies

M(Fap)(s) = =13} (551), (3.14)

where 13} denotes the Mellin transform of the H function H2i appearing in (2.7).
Using (5.6), the equation (3.14) reads

1 251 T(58)0 (1 — 5 + 58)I(
VT B P(1— %+ 5s)T(5 — 55
Plugging a = 8 and comparing K, o with K, g, we see that

I'(s)
Therefore K, g can be expressed as the Mellin convolution

_ /OOO Koo (i) Ma/ﬁ(y)i—y, (3.16)

=

M(Kap)(s) =

1)
B
; (3.15)

(MKap)(s) = (MEKa,a)(s)

where

1-—- B + BS
Since Kq,o is positive, it is enough to show that M, g is positive. The function
M, /3 may be viewed as the Fox H-function

1
Moyp(w) = Hyy ( | (Oﬁl)‘*)) : (3.18)
Since for M, /g the parameters a* and D defined by (5.15) and (5.16) are a* = D =
1- % > 0, then by Theorem 5.20 we can obtain the series expansion by Cauchy’s
residue theorem as follows

I(s) RS (—n* k
R s=— 5= s .19
Mays(= Z =M T(Esr1-9)" I;)klf(—%lﬁ—l—%)x (3.19)

_ Aq—1 L'(s) -
My p(x) = M (1"( o & >>( ). (3.17)

which can be recogmzed as the so called Mainardi function or a Wright function
W_a 1 (=) [27]. One can show by using the properties of the H function in
Lemma 5.12 and the Laplace transform formula for the H function given in Theo-
rem 5.13 that the Mainardi function is connected to an «/8 stable distribution via
the formula [27, Formula (A.41)]

which implies positivity of M,z and therefore the positivity of G p1(t,z) for
a < B.

Proof of (b). We follow the argument presented in [35]. We will refer to Theo-
rem 5.4 to conclude the lack of positivity of the fundamental solution. It turns out
that instead of a direct attack by calculating the Laplace transform of the funda-
mental solution immediately, it is useful to do the same transformations as in [35]
first and then refer to Theorem 5.4. These transformations done in [35] enabled
the reduction to the Macdonald function on the Laplace transform side. As we
show, somewhat surprisingly the same method works also for the more general H
functions.



POSITIVITY OF THE FUNDAMENTAL SOLUTION 9

By rotational invariance, it is equivalent to study positivity of the function

2/ d—1 2 17721
S - B8 (LD, (La)
p(gy G =y (27 e, ), o))

on R,. Further, by substituting » = 2=/ it is equivalent to study positivity of
the function

,Da,ﬁ(t, r) =

o _a_ _a
fa,ﬁ(t7$) = Bm s 1/)0475(75733 E)'
Using the property (vi) of Lemma 5.12, we can write f, g in a form

faaﬁ(t’ x) = t’lﬁawg(tﬂi),

where

_ 2 -1 —B/a,-1 ) (11)
Yes®) = By 3 (2 [, 0, o)) (3:20)

Therefore it is enough to study the positivity of the function 1, . Using the
properties (v) and (iv) of Lemma 5.12, we can write ¢, g in a form

B
2o+l _d_B By (L1 1y (_LE B
Yo p(z) = —— H2 (2%\(1 f-dd) CHA) 2(1,2&)). (3.21)
2

min {Re@)} _
1<j<m | B

whence the condition on Theorem 5.13 is not satisfied. This condition is related to
the local integrability of the function f at zero, which guarantees that the Laplace

integral
= / f(t)e Pidt
0

makes sense near zero. However, a closer look at the Mellin transform

d_B B 8 B
H%S(S) = 'Hég (S’ (I=5—35:3a)s (*é,é ) (*m;m))

—% )

We note that

F(—éﬂLaS)F(gJF%—* (4L~ Ls)
of the H-function appearing in (3.21) reveals that the singularity at s = 1 is re-

movable. The dominating term in the series expansion (5.21) is determined by the
pole of the Gamma function r(,é + és) at s = 1 — «, which implies

[Ya,5(2) S O@@*71), z—0.

Moreover, since a* = 2 — a > 0 for the H function in (3.21), the function ¥, g
has an algebraic decay at infinity by Theorem 5.24, whence the Laplace transform
exists (as it should be clear from the beginning, since G(t,-) is integrable, which
implies the existence of the Laplace transform). This indicates that one should
not use the properties of the H functions found from literature as a ”cookbook” of
formulae, but instead carefully investigate the nature of singularities by looking at
the Mellin transform H};" of the H function Hj,".

We have from Theorem 5.13 together with properties (v) and (iv) of Lemma 5.12
that

2 1y (-g-35.50), (30 (-5 50)
£00s)0) = Gy 571 (|( PO wd) )|
2 —g (L),
— H31(
= aegg ™ el
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Further, using the property (vi) of Lemma 5.12 with k& = %7 we can write the
Laplace transform of 1, g in a form

321 (4) 24\ 4 [0.2), (4,1, (1L,3), (1LY

which for 8 = 2, as we shall show after the proof, can be reduced to the modi-
fied Bessel function of the second kind, which appears in the proof of positivity
by Schneider and Wyss [35, Formula B.3]. It remains to study the completely

Das(p) = Lk s)(p) = —2 31 (pﬁ (L2), (L22) ) (3.22)

monotonicity of ¢, g. Now we are in a position to study the different cases of (b)
formulated in Theorem 2.8. It turns out that the second derivative of 1, g fails to
be non-negative in the aforementioned cases. Using the property (i) of Lemma 5.12
we have
2a

o(©) I [ S gy ﬂ‘ (1L,3), (1,5, (0,%)

Va,5(P) = gar(d)” Has < 1122, 0,2, (4.1, (1L2), 1,1
Further, using symmetry of the parameters in the factors A, B,C and D in the
definition (5.5) with (5.6) and the cancellation property ((i¢) of Lemma 5.12, we

have
2a
~2) Ao oo g (PP (LE), (L3,
wa, (p) - BQF(%)p H24 < 4 (2’2?0()7 (%,1)7 (1,%)7 (1,1) (323)
The behavior of the function 1;((}2%3 depends on the poles of the function
o 31 (17%)7 (1-,27‘1), —s
f(s) =My <5 2,22), (4,1), (1,3), (1, ) 7
(2 + 22 5)0(4 + s)T(1 + 25)0(~2 (3.24)
_ 2+ BS) (5 +s)I( +53) ( 53)2_5
T(1 4 2¢5)0(—s)
with z = ip%a. Since the parameter D defined by (5.16) for the H function of (3.23)

1S
q p
D= 8-> a=2>0,
j=1 i=1

the asymptotics near zero is given by formula (5.21) of Theorem 5.20. We have
different cases.

Case d > 2, € (1,2) and B € (0,2] Since d > 2, we see from (3.24) that the

dominating behavior is determined either by pole at s = —g or s = —g, since
a < 2 implies g > g We have two subcases. If 3 < 2 or d > 3, then the pole

s = —g detemines the dominating term. Calculating the residue we have

D(2+ 25)0(4 + )1+ %s)r(—%s)zﬂ _Ar2-al(%?) 4
s “TEaard

Since I'(1 — «) is negative and other terms are positive, Jf)ﬁ takes negative values

near the origin, whence zza,g cannot be completely monotone. Theorem 5.4 then
implies that G(¢,-) changes sign.
In the other subcase d = 8 = 2. In this case the order of the pole at s = —g is

two. Hence the dominating term is given by

(24 as)T(1 + 5)?T'(—s) . d (F(2+as)l"(2+s)2z_s) .

s _ i L
(1 + as)l(—s) : S T L1+ as)

Ress—_1
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Since %z_s = —2~%log z dominates z~° near zero, the term
I'2-—a)
-2zl
T —a) zlog z

dominates and takes negative values, as z — 0. Hence Ja, g cannot be completely
monotone and G(t,-) changes sign.

Case d = 1, € (1,2) and B < 1 Again we have two subcases. If § < 1, then f
given by (3.24) has a first order pole at s = —g and the dominating term is

_ArE-or(5?) .

zz, z—0.
2r(1 - a)T(2)

Ressz_g f(s)

Again we can conclude that G(t,-) changes sign.

In the other subcase d = 8 = 1, whence f has a second order pole at s = —%.
Similar calculation as above for the case d = § = 2 shows that the term
I'2-—a)

R St ML B 1 z, z—0,
ar(1—ar@d)”
dominates, whence again G(t,-) changes sign.

Cased=1,1<a <2 and1l < 8 < « This is the final case. Since % = % <

the dominating term is given by the first order pole at s = —2 of f in

2
Calculating the residue we obtain

<5

5(3.24).

Te-9ra-hrd)
Res,__1f(s) = I‘(l—%)l“(%) 22.

Since in this case 1 < § < 2, we have 1 — § € (—=1,0), whence I'(1 — §) < 0, while
other factors are positive. Hence G(t,-) changes sign, which finishes the proof of
Theorem 2.8. O

In the particular case § = 2 the Laplace transform (3.22) is of the form

” _ _ o s (DY), (La)
Vaa(p) = L{va2)(p) = F(%)H24 ( 4 ‘ (0,0), (,1), (1,1), (1,1)) ’

which can be reduced to

7 _ _ o s (DY) (L)

Ya2(p) = L(Ya2)(p) = F(%)Hm ( 1 ‘(o,a), ($.1), (Ll))'
On the Mellin transform side we obtain

30 (S’ (1,a) ) ~ D(as)D(§+s)D(1+s)  T(§+s)T(s)

(0.0, (4.1), (1,1) T(1+ as) ; a

= 38 (5] . (41 )

by using the definition (5.6) and the property I'(1 + z) = 2I'(z) of the Gamma
function. Hence the Laplace transform of 1,2 can be reduced to the modified
Macdonald function or the modified Bessel function of the second kind

~ 1 po‘ - 217% ad 3
a2(p) = —~H33 (‘ ) TK4(p? 3.25
Ya,2(p) I‘(%) 02 \ 4| (0.1), (4,1 F(g)P g(P ) ( )

by using [16, Formula (2.9.19)]. The formula (3.25) coincides with [35, Formula
B.3].
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4. CONCLUSIONS

We specified the range of parameters, when the fundamental solution of the frac-
tional diffusion and wave equation is positive and can be regarded as a probability
density function. From modelling point of view this means that we were able deter-
mine the limits of diffusion. Indeed, when the fundamental solution lacks positivity,
then the solution operator S, 5 for the Cauchy problem of our model equation (1.1)
does not preserve positivity. Hence, the equation (1.1) cannot model diffusion, when
the fundamental solution changes sign.

As we demonstrated, when « < 1, there is a nice theory, which allows to conclude
positivity by the Fourier transform. The analysis simplifies, since on the Fourier
side the more complicated Fox H-function appearing in representation of the fun-
damental solution (2.7) is replaced by a simpler Mittag-Leffler function. Moreover,
the Fourier transform of the fundamental solution G(t, &) = Eq(—|¢[ft%) “does not
see the dimension” d. Hence, Schoenberg’s result Theorem 5.3 allows to conclude
positivity for all dimensions d.

Things change, when « passes the level a = 1. Still, in the multidimensional
case d > 2 the result follows the endpoint result obtained in the paper of Wyss and
Schneider [35]. The lack of positivity for all 8 € (0, 2] turned out to be in agreement
with that of the fundamental solution

cos(tvV/—A)d(z)

for the wave equation, see [37, Section 5.3]. Somewhat surprisingly, the most inter-
esting phenomenom occured in the one-dimensional case d = 1. One could guess
that the result would follow the positivity (or non-negativity) of the fundamental
solution

(cos /=2 5() = % (8(x + 1) + 8z — 1)

of the one-dimensional wave equation. This is the case for all « € (0,2) as long as
B is kept in its endpoint 8 = 2, as it was known already due to the results of [35].
But when 8 drops below the level 5 = 2, the fundamental solution of our model
problem turned out change immediately sign as long as § < a < 2. The case a <
was still fine as the positivity was preserved. This case was more delicate, since the
basic properties of the H functions did not seem to be enough to prove positivity.
We needed a proper integral representation (3.16) and the positivity of G g1(t, ),
which followed from its simple representation (3.12).

Although the theory of H functions was useful in obtaining the positivity or lack of
it, we remark that there is no direct formula, which could be used to prove positiv-
ity or finer properties of the fundamental solutions. In general, simplifications are
needed to obtain information on quite complicated H function. In particular, from
numerical point of view reduction to other functions are needed, because no pack-
ages for the numerical calculations of general H function are available [25]. From
mathematical or physical point of view there is need to further analyze the proper-
ties of the solutions for the equations of type (1.1) or its generalizations. Since (1.1)
“interpolates” its elliptic (corresponding to (1.1) with o = 0), parabolic (corre-
sponding to (1.1) with @ = 1) and hyperbolic (corresponding to (1.1) with a = 2)
counterparts, it is expected that (1.1) or its generalizations inherit some properties
from their elliptic, parabolic and hyperbolic counterparts, see e.g. [21, 22, 25]. Here
we saw that even positivity is nontrivial.
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5. APPENDIX
Here we recall some classical results which are needed in the theory.

5.1. Probability theory. We need the following results from the probability the-
ory. The concept of a completely monotone function plays an important role. A
real function f: R, — R is said to be completely monotone, if

(~1)"fM™M(t) >0 for 0<t<oo and n=0,1,2,.... (5.1)

Nonnegarive functions whose derivative is completely monotone are called Bernstein
functions. The following result is useful, see [31].

Theorem 5.2. Let f be a completely monotone function and g a Bernstein func-
tion. Then f o g is completely monotone.

Combining the Bochner’s Theorem on positive definite functions and Schoenberg’s
result on connecting the positive definiteness to complete monotonicity for radial
functions, there holds [36]

Theorem 5.3. A function ¢ is completely monotone on (0, 00) if and only ®(|z|) =
&(|z|?) is the Fourier transform of a nonnegative Borel measure on R?.

Another useful theorem is the classical result characterizing the completely mono-
tone functions in terms of the Laplace transform.

Theorem 5.4 (Hausdorff-Bernstein-Widder Theorem). A function ¢ : [0,00) — R
is completely monotone on (0,00) if and only if it is the Laplace transform of a
nonnegative Borel measure.

5.2. Fox H-functions. The Fox H-functions are special functions of a very gen-
eral nature and there is a natural connection to the fractional calculus, since the
fundamental solutions of the Cauchy problem can be represented in terms of them.
Since the asymptotic behavior of the Fox H-functions can be found from the liter-
ature, the Fox H-functions have a crucial role also in our asymptotic analysis. We
collect here some basic facts on these functions.

Let us start with the definition. To simplify the notation we introduce
(ai7 ai)k,p = ((aka ak)v (ak-l-lv ak+1)7 CER (ap’ ap))
for the set of parameters appearing in the definition of Fox H-functions. In the

general case the numbers a; and «; can be complex but in our considerations they
are real. The Fox H-function is defined via a Mellin-Barnes type integral as

mn mn (ahai)l,' 1 mn —S
H = H P = — .
v (%) pq (Z‘ (%Bj)l,g) 2ri /LHpq (s)z"ds, (5.5)
where
mn . qymn (ai,oi)1,p
Hpg () = Mg (5| (%‘»By‘)l,q)
HTzl L(b; + Bjs) [1i=, T(1 — a; — ays)
D1 D(ai + i) [Ty DL — by — Bjs) (5.6)
_.A(s)B(s)
T C(s)D(s)
is the Mellin transform -
M) = [ e (5.7
0
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of the Fox H-function H);" and L is the infinite contour in the complex plane which
separates the poles

—b; —1
by = —2 (Gj=1,...,m;1=0,1,2,...) (5.8)
B;
of the Gamma function I'(b; + ;s) to the left of £ and the poles
1l—a;+k .
aik:# (i=1,...,n3k=0,1,2,...) (5.9)

to the right of £, and has one of the following forms

(i) £ = L_w is a left loop situated in a horizontal strip starting from —oo —ie
and terminating at the point —oco + ie with an € > 0.
(ii) £ = L is a right loop situated in a horizontal strip starting at the point
400 — ie and terminating at the point +oo + ie with an ¢ > 0.
(i) £ = Liyeo is a vertical line starting at the point v — ico and terminating at
the point v + ico, where v € R.

Actually in the general case H,;" is not necessarily the Mellin transform of the
H function Hp;", but this is the case, when a* > 0 with a* defined in (5.15) [16,
Theorem 2.2]. In our considerations the condition a* > 0 is valid, so we are always
allowed to say that Hp;" and H;;" form a Mellin transform pair. The Mellin
transform is a central tool in fractional calculus. In our considerations it is useful
via its connection to the H functions. For other useful applications we refer to [19].

The Mellin convolution relation

M(f ¥ g) (5) = M(D(&M(g)(5) (5.10)

(¥ o) @= [ (Z) o (5.1)

is the Mellin convolution, is a very useful property. In particular, it is immediate
from the definition of the H function that the family of H functions is invariant
under the Mellin convolution. The Mellin convolution relation plays the same role
as the convolution theorem for the Fourier transform.

where

Since in our case the numbers a;, o, b;, 3; are real, the poles a;; in (5.9) and by
in (5.8) lie on the real axis, so by Cauchy’s integral theorem one can change the
infinite contour £ from one of the cases (i)—(iii) to another provided the integral
in (5.5) converges in these cases. We collect here some of the results. The condi-
tions for the convergence depend on the parameters (a;, 8;)1.p, (bi, 8i)1,4 and can
be derived from the Stirling formula for the Gamma function. For further details
we refer to [16] and references therein.

In the analysis we use the following properties from Chapter 2 of [16].
Lemma 5.12. Properties of Foxr H-functions:

(i) For w,c € C and o > 0 there holds

d” w rrmn o (a;,4)1 w—k rym,n+1 o| (mw,0), (ai,ai)
@{Z Hyg (CZ (bjﬁ,-)l;)} =27 HL ) g (Cz ‘(bj,/aj)l,q, (k—w,a)p)

_ k_w—k rym+1,n o| (ai,ai)1,p, (—w,0)
= (=1)%2* " H 4 i (CZ (w0, (bj,ﬁj)l,q)'
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(ii) For m > 1 and p > n there holds

mn (a'i;ai)l,pfla (b1,61) _ m—1,n (ai,ai)l,p71
Hy (Z‘ (b;.84)1,q >_HP—17’1—1 (Z (b5.84)2,q )

(i) Formn >1 and g > m there holds
H;r;n (Z| (b(ahal), (aivai)Z,p) — Hm,n—l ( (ai,aq)2,p ) ]

jBi)1,0—1  (a1,01) p=1a=1 \Z| (b;.8;)1,4-1

(iv) H" (z—l (ai,ai)l,p> _ gnm (z (17bj,ﬂj)1,q).

(0,85)1,4 ap (I—ai,a)1,p

o ymn (a;,0)1,p _ mn (aitooi,aq)1,p
(v) 27 Hp, (z BB ) = Hp, (z (oo Bt ) for o e C.

(b5:83)1,4 (b5:kB)1,q
(vii) For b >0 and x > 0 there holds
/O (o) Jyery g (bn7] G50 ) dr

w n w T
— 27Hm’n+1 (b2T$_T| (1*%“*57>§)» (as,04)1,p, (17#+%,5)>
x Pt (b5:85)1,q

provided the integral on the left hand side converges absolutely.

(vi) Hp" (z| (05,00 ) = kHp" (zk (a5 keri)r,p ) for k> 0.

Proof. The first six properties are straightforward calculations based on the Mellin-
Barnes integral representation (5.5) of Fox H-functions. Indeed, property (i) follows
from (5.5) and the differentiation rule
dk w—os w—os—k
L =(w—-o0s)w—0s—1)---(w—0os—k+ 1)z
wetr Tl+w—o0s) ;
'l+w—Fk—os)

where we used the property I'(z + 1) = 2I'(z) of the Gamma function.

—0Ss

Properties (i4) and (i79) follow from (5.6) by cancelling the common factors either
from A(s) and C(s), or from B(s) and D(s).

Properties (iv) and (v) follow by the simple change of variables.

Property (vii) follows by using the definition of the H-function (5.5), changing the
order of integration and using a known formula for the Mellin transform of the
Bessel function J,,. The conditions for the convergence follow from the asymptotics
of J,, and the Stirling formula for the Gamma function. For details we refer to [16],
in particular Corollary 2.5.1. O

As Theorem 5.4 indicates, the Laplace transform plays a central role in our analysis.
We will need the following result for the Laplace transform of the H function [16,
Section 2.5].

Theorem 5.13. Let a* > 0 with a* defined by (5.15). Assume

i (P0)

1<j<m .
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Then the Laplace transform of the H function exists and there holds the relation
mn (| (ai,00)1, 1 (1] 1), (aien,
(e (o] Gt ) o = 2 (3], o) 6w

p p
for p € C with Re(p) > 0.

5.3. Asymptotic behavior of the Fox H-functions. The asymptotic behavior
of the H functions play a central role in our analysis. The algebraic asymptotic
expansions can be derived from the series expansions given by Cauchy’s residue
theorem and the results presented in [16]. We introduce the following parameters

a* :Zai— Z al—l—z,ﬁj Z Bj, (5.15)
=1 1=n+1 Jj=1 j=m+1
q p
D= 8- o, (5.16)
j=1 i=1
q
§=[Jar>TI5" (5.17)
i=1 j=1
m p
M:ij—ZaiJrl% (5.18)
j=1 i=1

for the decription of the results.

The Mellin transform #H;;" given by (5.6) of the H-function given by (5.5) has the
following asymptotic behavior [16, Chapter 1].

Lemma 5.19. For s = r + ip there holds the estimates

e FD|r|
|H;"q”<s>|~(|) FE RGO, s o,
T

and
[ (3)] ~ (ol PR eole 2 o] koo,

uniformly in r on any bounded interval in R.

With this Lemma and the theory of residues one can prove the following result [16
Chapter 1].

Theorem 5.20. Let the parameters a*, D and ¢ be given by (5.15), (5.16) and (5.17).
Define Hp."(2) by (5.5) with the contour L specified in the following cases.

(i) Suppose that either D >0 and z # 0, or D =0 and 0 < |z| < 6 hold. Then
HJ'™(2) defines an analytic function of z for L= L_ o and

H(2) = 305 Resacs, (" (5)27°) (5.21)

7=11=0

where bj; are given in (5.8).
(ii) Suppose that either D < 0 and z # 0, or D = 0 and |z| > 6 hold. Then
Hp"(2) defines an analytic function of z for L = L and

Hp™ (2 ZZReSS ai (' (5)27°) (5.22)
i=1 k=0

(iii) If a* > 0, then H}"(2) defines an analytic function of z for L = Liy in
the sector |arg z| < a*m/2.
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Remark 5.23. Note that the parameters a* and D for the H function H3i appear-
ing in the representation formula (2.7) read a* = 2 — o and D = 8 — «, so by
Theorem 5.20 the H function H34 is well-defined for all o € (0,2) and 3 € (0, 2].

The algebraic asymptotic behavior of H}i"(z), as z — 0, follows immediately
from (5.21) in the case D > 0 by calculating the residues. Similarly, the alge-
braic asymptotic behavior of HJ2"(z) as z — oo follows immediately from (5.22) in
the case D < 0 by calculating the residues.

The asymptotic behavior of H},"(z) at infinity, when D > 0 and £ = L, follow
from Cauchy’s theorem, which allows for a* > 0 to change the contour £ = £L_
to Liyo and to continue H;"(2) analytically to the sector |arg z| < a*r/2, see [16,
Section 1.5].

Theorem 5.24 (The algebraic asymptotic behavior at infinity). Let either D <0,
or D >0 and a* > 0 with a* and D given by (5.15) and (5.16). The asymptotic
expansion at infinity of the H-function H}:"(z) defined by (5.5) is given by the
series expansion (5.22) in the sector |arg z| < a*mw/2.

When D < 0 and a* > 0, the algebraic asymptotic expansion of H;’}I”(z) near
zero can be argued similarly as above appealing to analytic continuation and the
Cauchy theorem. The asymptotics is given again by the series (5.21) in the sector
|arg z| < a*m/2.

In some cases of parameters the H function has exponential asymptotic behavior,
which is more involved and we do not discuss it here. For details we refer to [4]
and [16, Sections 1.6 and 1.7]. We just give here the result we need.

Theorem 5.25 (The exponential asymptotic behavior at infinity). Let D > 0 and
a* > 0 with a* and D given by (5.15) and (5.16). The H-function HJW(z) defined
by (5.5) has for some positive constant ¢ the following bound

|H(2)| < exp(—cz'/P), 2z = oo, (5.26)

on the sector |arg z| < D7 /2 provided pn € (—1,0) with u given by (5.18).

5.4. The Mittag-Leffler function. An important special function in the frac-
tional calculus is the Mittag-Leffler function

0o
Zk

E.(2) = kzzo Firan °° C, (5.27)

which may viewed as the generalization of the exponential function, since clearly

E1(z) = exp(z). Using Cauchy’s residue theorem one can show that [28, Formulae
(7.79) and (7.80)]

_ 1 PP =8) sy i (L) 0)
Ea(_Z) = Tm/ mz ds = H12 (Z (0,1), (070‘)) 5 (528)

Hence the Mittag-Leffler function is also a special case of the H-function. If we
further specialize « = 1 in (5.28) and use the property (ii) of Lemma 5.12, we
obtain the exponential function as a special case of the H-function,

exp(—z) = HyY (z’ (0?1)) , (5.29)
The function E, has the asymptotic behavior
1
Eo(—2) ~ =271, 2 =00, 1#ac(0,2). (5.30)

I'l-a)
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The asymptotic behavior (5.30) follows from the integral representation

1 tafl t
Bo(z) = — ° at
21 Jote —z

where C is an infinite contour in the complex plane. For details we refer to [7,
Chapter 18] and [32, Chapter 1]. Alternatively, one can use the connection (5.28)
to the H-functions and use Theorem 5.24.
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