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Cauchy and Nonlocal Multi-Point Problems
for Distributed Order Pseudo-Differential
Equations, Part One

Sabir Umarov and Rudolf Gorenflo

Abstract. We treat the question of existence, uniqueness and construction of a
solution to the Cauchy and multi-point problems for a general linear evolution equa-
tion with (in general) temporal fractional derivatives with distributed orders. Such
equations have met great interest in recent years among researchers in viscoelasticity
and in anomalous diffusion processes, and there are numerical analysts who consider
them as a challenge. So, we find it desirable to put their theory on a strong and
general mathematical basis. After an outline of relevant function spaces and the du-
ality structure generated by them we treat, by Laplace-Fourier techniques, first the
Cauchy problem, then the general multi-point problem (where the values of linear
combinations of the unknown solution at different instants of time are prescribed).
We condense our results in theorems on strong and on weak solutions.
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1. Introduction

This paper is devoted to distributed order fractional differential equations. In
recent years such equations have met interest of several researchers (see, for
example [2], [5]- [8], [22], [30] and references therein) who have treated relevant
physical and numerical problems, mainly of evolutionary character. Our main
purpose here is the mathematical treatment of such equations. We will study the
solvability and uniqueness issues of initial and some boundary value problems
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for them in different function spaces. The general formulation of the problems
can be settled in the following framework: introduction of the distributed time-
fractional differential operator equation and study of the Cauchy and some other
boundary value problems for it.

Our distributed order time fractional differential-operator equation has the
general form

/m A(r)Diu(t)dr = Bu(t), t>0, (1)

where A(r) (for a fixed r € [0,m]) and B are linear closed operators defined in a
certain locally convex topological vector space X, the function wu(t) is unknown
and belongs to the space C™ (0, T; X) with some 7' > 0 and D’ is the operator
of fractional differentiation of order r in the Caputo sense (see, for example, [4],
[12], [27])

D:f(t):F(m;_r)/ot(t—ﬂm_r_lf(m)(ﬂdﬂ t>0,m—-1<r<m 2

D f(t) = f™(t)

for m € N. By N we mean, as usual, the set of positive integers. An essential
distinctive feature of this model is that integration in (1) is performed over the
variable r, the order of differentiation. Such models arise in a natural way in
the kinetic theory (see [7] and [30]) when the exact scaling is lacking or in the
theory of elasticity [22] for description of rheological properties of composite
materials (see also the examples below). We will not present here results for
such general case but will restrict ourselves to considering some particular cases
of A(r), B and X, leaving the general case for a separate paper.

In this paper we will consider the following distributed order time-fractional
differential equation with spatial pseudo-differential operators

/m A(r; D)Du(t, z)dr = B(D)u(t,z), t>0, € IR", (3)

with the Cauchy conditions

J*u(0
Ié(tk?x) :(pk<x>7 %ER”’ k:07-~-,m_1, (4)
where the ¢, k=0,...,m — 1, are given functions in certain spaces described

later, D = (Dy,...,D,), D; = —i%, j=1,...,n, A(r; D) (for every fixed
value of the parameter r € [0, m]) and B(D) are pseudo-differential operators
with the symbols A(r; &) and B(€), respectively, which are continuous functions
of ¢ defined in an open domain G C IR". The pseudo-differential operators
used in this paper are defined in Section 2 by the formula (9) below. Some
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spatial pseudo-differential operators frequently used to describe anomalous dif-
fusion processes with infinite second moment of the spatially zero-centered fun-
damental solution also have continuous symbols. So, A(r; D) and B(D) can be
fractional order spatial operators as well.

For our further considerations we need some properties of pseudo-differential
operators with symbols singular in dual variables. These operators were studied
by Dubinskij [10], [11] in the case of analytic symbols defined in a domain G
and used by several authors including [32], [33].

In constructions we use in the present paper, in order to include opera-
tors with non-analytic symbols, we choose a direct approach for definition of
such operators, which is distinct from the above mentioned and does not re-
quire glueing of local elements of pseudo-differential operators used in case of
analytic symbols. This approach (see [16], [34], [35]) allows us to consider non-
analytic symbols which may have non-integrable or other type singularities on
the boundary of G or in its exterior.

We also outline briefly some results for solution of the more general multi-
point value problem for equation (3) with the conditions

m—1
OFu(ty;,
Zrkj(D)%:g&k(l’), k=0,....m—1, z € R", (5)
5=0
where the I'y;(D), k,j =0,...,m — 1, are pseudo-differential operators whose
symbols I'y;(€), k,7 =0,...,m — 1, are continuous functions in G, t; € [0, 77,
0 <T < oo,and the ¢, k=0,...,m—1, are given functions. We note that the

Cauchy problem (3), (4) is a particular case of the multi-point value problem
(3), (5).

The equation (3) is a generalization of fractional /non-fractional differential
equations and important from the viewpoint of applications. To justify this we
consider some frequently used particular cases, putting definitions formally:

1. Let A(r; D) = 0(r — 3)I with the Dirac function (distribution) § and the
identity operator I. In this case we get the fractional differential equation

DPu(t,z) = B(D)u(t,z), t>0, z € R", >0.

1.1. Time-fractional equation.

Let B(D) = A be the Laplace operator with the symbol B(§) = —|£|2.
Then we have the time-fractional differential equation

DPu(t,x) = Au(t,z), t>0, x € R", §>0. (6)

The Cauchy problem for this equation represents a fractional model of diffusion
(sub-diffusion) in the case 0 < # < 1, which has an important role in transport
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theory and random walk [23], [25], [26]. It represents processes intermediate
between diffusion and wave propagation in the case 1 < # < 2 [31]. The solution
has the relaxation property in the case 0 < § < 1 and the oscillation-relaxation
property when 1 < 3 < 2 [16].

1.2. Space-fractional differential equation.

Let A(r; D) = 6(r—1)1 and B(D) = Dg, the latter being the operator with
the symbol —|¢|%, ¢ € IR", which is a continuous function. Then we come to
the equation

Ju(t, x)
ot

which describes in the case 0 < o < 2 an anomalous (to use physical language)
diffusion process with infinite second moment of its spatially zero-centered fun-
damental solution. We note that D is connected with the inversion of the
fractional Riesz potential (see, for example, [29]) and can be written in the

form
sty = L [ 801,

Cn (@) |t

Here A7 is the second order finite difference with the spatial step h € R"
and ¢, («) is a constant (for the values of this constant see [29]). In the one-
dimensional case and under the condition 0 < « < 2 this equation describes
symmetric Lévy-Feller diffusion processes, which are Markovian [13]. Symmetric
and non-symmetric random walk models approximating Lévy-Feller diffusion
processes were presented in detail by Gorenflo and Mainardi [13], [14], [15].
In the multidimensional case it is studied by Umarov and Gorenflo [36]. For
more general operators on the right hand side of (7), including operators with
variable orders, the corresponding Feller semigroups are constructed in [18]—
[21]. These results allow to judge on existence of a solution (in some sense) to
the corresponding Cauchy problem for such equations.

= Dyu(t,x), t>0, z€ R" a>0, (7)

1.3. Time- and space-fractional equation.
Let A(r; D) = 6(r — B)I,0 € (0,1) and B(D) = D§. Then we get the
time-space fractional differential equation

DPu(t,z) = Dyu(t,z), t>0, x € R", a, (>0,

which describes anomalous diffusion processes, in particular such ones with
non-Markovian character (see [17], [24], [26]).

2. The next example relates to sub-diffusion with retardation, studied in
[7] Let A(T’, D) = b15(r — 51)] + bQ(S(T — ﬁg)[, with 0 < 51 < ﬁQ < 17b1 >
0,bo > 0,by + by = 1 and B(D) = k25 (n=1), k = const > 0. Then we get

Ox2
the equation
82
by D% u(t, ) 4 by DP2u(t, ) = kﬁu(zﬁ,x),
x
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which describes a subdiffusion process with retardation. In [7] the Cauchy
problem for the equation

1

9%p 9*p

B-1 —2dB = k—=

referred to as the "normal form” of the distributed order fractional diffusion is

also studied. Note that this equation corresponds to the case A(r, &) = 77 tw(r)
with 7> 0, w(r) > 0 and B(D) = kg—;.

3. The authors of [22] have discussed equations of the form

/0 k() D*y(t)dq + F(y) = £(0),

which describe properties of composite materials. Note that k(q), F/(y) and f(t)
are given functions connected with different characteristics of viscoelastic and
viscoinertial materials with rheological properties.

4. Let A(r; D)) = >0, 6(r — B)Ax(D) with k — 1 < B, <k, Ai(D), k =
0,...,m — 1, be pseudo-differential operators with symbols Ax(§) continuous
in GG. In this case we obtain the equation

m—1

Dl u(t,z)+ Y An(D)D%u(t, x)+ Ag(D)u(t,x) =0, t € (0,T), = € R". (8)
k=1

In the case g, € IN, k= 1,...,m, the Cauchy problem for this equation with
analytic symbols or with symbols having singularities was studied, for example,
by Dubinskij [10], Umarov [33] and Tran Duc Van [32]. Antipko and Borok [1],
Borok [3], Ptashnik [28], and Umarov [34], [35] (see also references therein)
considered multi-point value problems with integer ay. For fractional oy the
Cauchy and multi-point value problems are studied in [16].

Our paper is organized as follows. In Section 2 we will give briefly the
description of the space U ,(IR™) introduced in [34], define pseudo-differential
operators with singular symbols and recall some of their properties referring
the readers for details to [34], [16]. In Section 3 we will construct a general
representation formula for the solution of the Cauchy problem for distributed
order differential equations. In Section 4 we will study in detail properties of
solution operators obtained in Section 3. Using these properties in Section 5
we will prove solvability theorems for the Cauchy problem (3), (4) in the space
Ui ,(R™) and in its dual space (Vg ,(R"))* = \IJLG#(ZR"), qg = p/(p—1).
Finally in Section 6 we will consider the general multi-point value problem (3),
(5) and outline the related results.
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2. Function spaces and pseudo-differential operators

In this section we introduce some function spaces and briefly recall their essential
properties to be used later for formulation of solvability theorems. For details
see [34] and [16].

For a given open domain G C IR" let f be a function in L,(R"), 1 < p <
00, whose Fourier transform

(&) = Ff(§= (x)e™ " dx

BTL
has a compact support in G. The set of all such functions endowed with the
convergence defined below is denoted by V¢, (IR™): A sequence of functions
fm € Ve ,(IR™) is said to converge to an element fy € V¢ ,,(R") iff:

(a) there exists a compact set K C G such that supp fin C K for all m € N;

(b) [ fm — follp = (fRn | fin — f0|pd$)% — 0 for m — oo.

In the case p = 2 we write simply W (IR") instead of Ugo(IR™). According
to the Paley-Wiener-Schwartz theorem, the elements of V¢ ,(IR") are entire
functions of exponential type which, restricted to IR", are in the space L, (IR"™).

Let ¢ = p/(p — 1). Denote by \I//_Gq(ﬂ%”) the space of all linear bounded
functionals defined on the space ¥¢ ,(IR") endowed with the weak topology.
Namely, we say that a sequence of functionals gy € \Ifl_a ,(IR™) converges to an
element go € U, ,(IR") in the weak sense if for all f € W¢,(IR") the sequence
of numbers (gy, f) converges to (go, f) as N — oo. By (g, f) we mean the value
of the action of g € \I/_G’q(]R") on an element f € ¥q ,(R").

Let A(&) be defined and continuous in a domain G C IR". This function
may have singularities of arbitrary type outside of G or on its boundary. Define

a pseudo-differential operator A(D) with a symbol A(£) on a function ¢ €
Ve ,»(IR™) by the formula

A(D)g(x) = ﬁ /G A(E) (€)™ de (9)

where F'y is the Fourier transform of .
We define the operator A(—D) acting in the space \IILG’q(R”) by the formula

(A(=D)f,¢) = (f,AD)p), feV_ ¢ (R"), p € Vg,(IR"). (10)

We also recall the following statement (see Lemma 3 in [16] and Lemma 3 in
[34]), which is important for proof of solvability theorems for the Cauchy and
multipoint problems.
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Theorem 2.1. An arbitrary pseudo-differential operator A(D) (A(—D)) whose
symbol A(&) (A(—E)) is continuous in a domain G C R" (-G C IR") acts
from the space V¢ ,(IR"™) (\I',_Gﬁq(]R")) into itself. Moreover, if A(§)g(&) is a

multiplier in L, for any g € C°(G), then this operator acts continuously.

3. Representation of the solution to the Cauchy problem
for distributed order pseudo-differential equations

In this section we will construct the representation formula for a solution of the
Cauchy problem for the distributed order pseudo-differential equation

/mA(T; D)Du(t,z)dr = B(D)u(t,z), t>0, z€ R" (11)

OFu(0, x)

o =pr(z), z€R", k=0,...,m—1. (12)

First we find the formal representation of a solution and then, relying on this
representation, study its properties.

We split the problem (11), (12) into m Cauchy problems, one for each index
j€{0,1,...,m — 1}, keeping (11) and using the the Cauchy conditions

& 1u(0,7)
U(O,QJ) :0,...,W :0,
u(0, x
T — o), (13
7 u(0,x) O™ u(0,z) 0
o =0 T g =0

If we denote by w;(t,z) a solution to (11), (13), then the general solution to
(11), (12) due to its linearity, is represented in the form

m—1

u(t,x) = Z u;(t, x).

=0

Applying formally the Fourier transform to (11),(13) we get the -parametrized
equation

| Awopra dr = B¢ (14
0
and the corresponding initial conditions

@w(0,€) =0,...,4770,6) =0,
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wWT0,6) =0,...,a™(0,2) = 0.
We rewrite the left hand side of (14) in the form

| Ao tfdr—Z/ aft, &) dr (16)

0

and apply the Laplace transform to both sides. Taking £k — 1 < r < k into
account and making use of the well known formula (see [12] and [27])

LIDLf(D](s) = LIfI(s)s" = Y fO0)s,

where L stands for the Laplace transform (we will use on equal status the
notations f(s) and L[f](s) for the Laplace transform of f), we have

[ Aol =i / lswr,@dr

k
Z i) /kl s"A(r, &) dr,

=0

where (s, €) is the Laplace transform of @(t, ). Now summing up by k from 1
till m we obtain

its.9) [ avigsar -3 2 [Caggsa - p@iso. an

k=0

Denote

By (s, ) — 0 q)j(s,g):/ojsTA(r,f)dr, i=1,...m (8

Then it follows from (17) and the hypothesis that only the j-th Cauchy datum
is non-zero (see (15)) that

= (I)m($7£) _ (I)j(S, 5) ~ .

ui(s, &) = . 0i(&), j7=0,...,m—1. 19
18 = i, (5.0 - Bl )

Let G C R™ be an open set and £ € G be fixed. Denote by s¢(§) the greatest

positive root of the equation ®,,(s,&) = B(§). If A(r,&) preserves its sign for

every 0 < r < m, then it follows from the inequality s] < s} for 0 < 51 < 59

and r > 0 that ®,,(s,£),s > 0, is a monotone function. Hence, the equation
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®,,(s,&) = B(§) can have no more than one positive root for every fixed £ € G.

Thus

P (s, &) — @5(s,€)
$[®n(s, &) — B(£)]
is well defined for s > s¢(§) if the equation ®,,(s,£) = B(&) has a positive root,
or for s > 0, if there is no such a root. It is not difficult to verify that the

collection of functions ®q(s,&), ..., Py1(s,§) is linearly independent. Denote
by S;(t,&) the Laplace preimage of ¥;(s, &), that is

q)m(sa 5) - (bj(svf)
$[Pum(s, &) — B(E)]
Using the theorem on uniqueness of the inverse Laplace transform, we can

conclude that the collection Sy(t,€),...,Sm_1(,€) is linearly independent as
well. Thus for u;(t, z) we get the representation

U;(s,8) = (20)

Si(t, &) = L7 ), i=0,...,m—1. (21)

u;(t,x) = J7Sj(t, D)g;(x),

where J7 is the j-th power of the common integration operator with lower
limit 0,

iy = [ [ rman = [ %f(f)df for j>1, J=1,
—_—

j—times

Here I denotes the identity operator, and S;(t, D) is the pseudo-differential
operator with the symbol S;(¢,§). For the solution of (11), (12) we have the
representation

3

u(t,x) = J7S;(t, D)p;(z) . (22)

J

Il
o

Two notes. The obtained representation formula is useful both from mathe-
matical and physical point of views.

1M) The representation is obtained as the action of the pseudo-differential
operators J7S;(t,£),7 =0,...,m—1, called j-th solution operator, to the given
functions. To get solution properties we can use the known properties of these
operators. Moreover, all these pseudo-differential operators have a similar struc-
ture.

2Ph) The formula says that it does not matter how many different frac-
tional orders are taken in the given equation between two consecutive integers.
For the initial value problem it is important to have the initial values of the un-
known solution just for integer order derivatives. Moreover, from this formula
it can be derived that if the maximal order of the derivatives in the equation is
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not greater than m — 1, then the Cauchy problem with m given data becomes
incorrectly posed. Indeed if A(r,§) = 6(r — a),a < m — 1, rewriting (20) for
j =m — 1 in the form

Wiy (87 6) =

we get Sp,—1(t,€) = 0.

4. Some auxiliary lemmas

Now we give the definition of solution to the Cauchy problem (11), (12).

Definition 4.1. A function u(t,z) is called a strong solution to the Cauchy
problem (11), (12) if

1. u(t,z) € Cm=Y(t > 0; Vg, (R"))
2. u™(t, ) € Ug,(IR") exists for almost all + > 0 and

3. it satisfies the equation (11) for almost all ¢ € (0, 00) and for all x € IR™
including initial conditions (12) pointwise.

Definition 4.2. A function u(t,z) is called a weak solution to the Cauchy
problem (11), (12) (replacing D by —D) if

1. u(t,z) € C™I(t > 0; ¥ (R"))

2. ul™(t,x) € ¥, (IR") for almost all t > 0 and

3. the following equalities hold true for arbitrary v € W¢ ,(R"):

/0m<D:u(t,:U)7A(7g D)v(z))dr = (u(t,z), A(D)v(x)) for a.a.t e (0,00)

tl_i)rilo(u(k)(t,x),v(x)> = (pr(z),v(x)), k=0,...,m—1.

To prove solvability theorems we need some auxiliary lemmas, using the
abbreviation

Fy(k; f) = /Oa M f(t)dt, ke R,

where a is a fixed positive real number and f is a generalized function with
supp f C [0, a].

Lemma 4.3.
1. For a regular distribution f(t) with supp f C [0,d],

|Fulks )l = o(e™),  k — oo
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2. For a singular generalized function f(t) with supp f = {d},
|Fu(ks; )l = O ™),k — oo,
where € > 0 s arbitrarily small.

Proof. Let first f € Lo(0,a), |f(t)] < M < oo and supp f C [0,d]. Then

d d
B (s )] = |/O et F(1)dt| < M/O et p — %(ekd—l).

For large k we have |F,(k; f)| = o(e®). For a regular generalized function f
with supp f C [0, d] there is a sequence of functions f,,, € L. (0, a), all supported
in [0,d] and with common estimation constant M such that f,, — f,m — oo
in the weak sense. For f,, we have k|F,(k; f,,)| < Ce* with positive constant
C. Letting m — oo we obtain the desired result.

If f is a singular generalized function with support supp f = {a},0 < a < a,
then f is a finite linear combination of 6¢) (¢t — ), where 4 is the Dirac function.
It is readily seen that F,(k; f) = O(e(®*9%) for any € > 0 as k — oo in this
case. [

Lemma 4.4. Let ©;(s,€),7 =0,...,m, be as in (18).

1. If A(r,&) is a regular distribution with respect to r with supp A(r,§) C
0,d], then ®;(s,&) = o(s”),s — oo, where v =min{d, j}.

2. If A(r,€) is a singular distribution with respect to r with supp A(r, &) =
{d}, then ®;(s,&) = O(s%t°), (e is arbitrarily small) s — oo, in the case
d<jand ®;(s,&) =0 when d > j.

Remark. Hereafter supp A(r,£) means the support of A(r, &) with respect to
the variable r.

Proof. We have
B;(s,€) = / " A €)dr = / T A, ©)dr = Fy(Ins; A(r€)), s > so(€).
0 0

Now it is an easy exercise to apply Lemma 4.1 and get the asymptotics in the
two cases. |

Corollary. For every j =0,...,m—1, U;(s,§) = O(%), s — 00, where V,(s,§)
is given by (20).

Lemma 4.5. For every j =0,...,m—1, and k=0,1,...,

1

o (s,6) = = /Oj rtsTA(r, €)dr = 3_11<Fj<1n8;7‘k14<7% §), s> s0(6),

sk

where & is fived and derivatives are taken with respect to the variable s.
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Remark. Note that r is a dummy variable in the expressions F;(In s; r* A(r, €)),
k=01,...

Corollary. For every j=0,...,m —1, \Ilg-k)(s,ﬁ) = O(z41), 8 — 00, k € N.
Lemma 4.6. For S;(t,£) = L2, U,(s,€),j =0,...,m—1, with any fized ¢ € G

s—t

the following assertions are true:

1. S;(t,&§) =1 fort =40, j=0,...,m—1;

2. L5 0 fort— 40, j=0,....m—1, =1,....m—j—1.
Proof. Let £ € G be fixed. It follows from the representation (20) for W,(s, &)
and Lemma 4.2 that ¥ (s, &) = O(+) for large s, which allows to invert U, (s, )
(see [37]) with respect to s. Thus S5;(¢,§) exists for all j = 0,...,m—1. Further
we use the well known relation [9], [37]

lim sf(s) = lim f(t). (23)

t—+0

Lemma 4.2 implies sW;(s,£) — 1 as s — oo. Hence S;(t,£) — 1 when ¢t — 0.

We have proved (i). The Laplace transform of asja_(tt,g) is
(I)m<87£)_q)'(5?£) _(I)<57£)+B<€>
sWU,(s,6)—S;(+0,&) = J —1=—-—1 , s> s0(€),
GOS0 =" Go-BE T S.mo-Be *7 0
which is O(Sdl,j) for large s with d = maxsupp A(r,€). Note that d > m — 1.
Otherwise the Cauchy problem is meaningless (see Note 2Ph)). Analogously

for the Laplace transform of _3‘%;;,5)

{25

by induction we get

= 5" (sW;(s,8) — 5;(40,¢)) = O(de—lzﬂ)‘ (24)

ot
Consequently, we have sL[ae%t(f’g)} = O(#) Using this and (23) we arrive
at (ii). |
Lemma 4.7. For every 7 =0,...,m — 1 the following assertions hold:

1. S;(t,&) € ™71t > 0, C(G)).
2. If the upper bound of supp A(r,&) = m, then S](-m_j) (t,€) exists for almost
all t € (0,00).

Proof. In proving the previous lemma we noticed that the S;(¢,£),j =0,...,
m — 1, exist. Now we will check their differentiability properties. It is known
38] that if for given f(t) its Laplace transform f(s) satisfies sf(s) — 0 when
s — 00, then f is continuous. For fixed £ € G it follows from (24) that

0'9;(t, 1
25 9) -o(5t)
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9*S;(t,8)
ott

Take [ =m — j — 1, which means that sL| | vanishes as |s| — oo. Hence

Q. AMm—7J q.
% is continuous. Now assume that d = m. Then we have L[daZTSJ_(f’O] =
O(%) Thus Wgti,—‘s;i(f’g) exists for almost every t € (0, 00). [

Remark. If m — 1 < d < m one can show that D¥775;(¢,£), j=0,...,m — 1,
exists and is bounded for almost every ¢ (compare with Lemma 7 in [16]).

5. Solution of the Cauchy problem for
distributed order pseudo-differential equations

In Section 3 the formal representations for a solution of the Cauchy problem
(11), (12) have been obtained. In this Section we establish that they represent
the strong and weak solutions of the Cauchy problem in the spaces V¢, (IR")
and W_, (IR"), respectively.

Theorem 5.1. Let G be a domain of continuity of the symbols A(r,§) (r fized)
and B(§). Let p; € Yg,(R"), j =0,...,m — 1. Then the Cauchy problem
(11), (12) has a unique strong solution. This solution is given by the represen-
tation (22).

Proof. Let G be a domain of continuity of the symbols A(r,¢) and B(§) and
w; € Vg p(IR™), 5 =0,...,m — 1. By construction of the representation (22)
each of its terms satisfies the equation (11) and, by virtue of Lemma 4.3, the
conditions (12). It follows from Lemma 4.4 that for every j = 0,...,m — 1
the inclusion J7B;(t,&) € C™ (¢ > 0; C(G)) holds. Moreover, D¢ JI B;(t,€) is
bounded for almost every ¢ € (0, 00). |

Theorem 5.2. Let ¢; € \I/,,Gq(ﬂ%”), j =0,...,m — 1. Then the Cauchy
problem (11), (12) has a unique weak solution given by

—_

ult.x) = 3 FS, (1, — D)oy () (25)

=0
where S;(t,—D), j =1,...,m, is the j-th solution operator with symbol B;(t,§).

Proof. Let ¢; € \I/'_Gﬂ(R”), j=0,...,m—1. It follows from Theorem 2.1 that
every term in the right-hand side of (25), namely, u;(t,x) = J7S;(t, —D)gpy_1(x),
j=0,...,m—1, is a functional from the space \IJLqu(ZR"). To prove the the-
orem we have to show that w;(¢t,z), j = 0,...,m — 1, satisfies the equation
(11) and the initial conditions (12) in the weak sense. Let v € U¢,(IR") be an
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arbitrary function. Then for u;(t, z) = J7S;(t, —D)p;(z) we have

m

(Duj(t, x), A(r, D)v(x)) dr — (u;(t, ), B(D)v(x))

o~

= </0m DLJ?Sj(t, —=D)g;(x), A(r, D)v(x)>dr — (JS;(t, —D);(x), B(D)v(z))
(o). [ [ D2AG D) By ~D)dr - BO)TS, 1, -D)]o(w)).

Applying the Fourier transform and remembering the definition of S;(¢, D) we
conclude that the expression in the square brackets in the last relation is zero
for almost every t € (0,00). Besides, Lemma 4.3 yields

Jim (uf?(t,2),0(2)) = (Gppn(e) v(@), jk=0,....m—1.

Hence, u(x,t) satisfies the equation (11) in the weak sense. |

6. Solution of the multi-point value problem for
distributed order differential equations

In this section we deal with the general multi-point value problem (5) for the
distributed order pseudo-differential equation (3). As we have seen in Section 2
each of the functions S;(¢,€),7 =0,...,m — 1, satisfies the equation

/0 Ar €)D7S,(t, €)dr = B(E)S; (£, €),
and the initial conditions
8;(0,€) =0,...,5771(0,¢) =0,
51(0,6) =1,

j+1 m—
S770,€) =0,...,57710,2) = 0.

We look for a solution of the multi-point problem in the form

—_

m—

U(t,f) - A Cij(t7€>’ (26)

Jj=0

with unknown coeflicients ¢; = ¢;(£),j = 0,...,m — 1. Substituting (26) into

@28 _ o) ceq, (27)
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which follows from (5) and applying the Fourier transform with respect to x
leads to the system of linear algebraic equations

M(E)C(E) = 2(8). (28)

Here M (§) is a square matrix of order m with the entries
mk‘l_zrk’] tk:jag)a kvl:()v"'7m_]-7

C(€) = (colE),. .., cm1(€)) is a vector of unknown coefficients and ®(¢) =
(20(&),- -, Pm—1(£)) is the initial data vector. Denote by M, the set of all
points £ € G such that DetM(§) = 0. For & € M, the equation (28) has a
unique solution

C(&) = M1 (&)D(9). (29)

We note that M, is the singular set for the symbols of the solution opera-
tors. Inserting the representation (29) of the vector C'(§) = (¢o(€), .. ., cm-1(£))
into (26) and applying the inverse Fourier transform we get the solution of the
general multi-point value problem (3), (5) as

m—1
Uk(t, D)y (x (30)
k=0
where the Uy(t, D), k=0,...,m—1, are solution pseudo-differential operators

with the symbols Uy(t, &) = (M*)71(€)S(t,€), the matrix (M*)~1(€) is inverse
to the Hermitian conjugate of M(&), and S(¢,€) is the transpose of the row
vector (So(t,€),. .., Sm-1(t,&)) with the components given by (21).

Theorem 6.1. Let ¢, € Uy (R"), k=0,....m—1, G = G\ My. Then
the multi-point value problem (3), (5) has a unique strong solution in the space
C (T, Ty); Ve ,(IR")). This solution is given by the formula (30).

The analogous theorem is valid for the dual problem too. With the dual
problem we mean the problem obtained by replacing the operators A(r, D),
B(D)and I'y;(D), j,k =0,...,m—1, by their dual operators (see formula (10)).

Theorem 6.2. Let ¢, € \I/LG,q(R"), k=0,....,m—1, G = G\ My. Then
the dual multi-point value problem has a unique weak solution in the space

C™ (T, Ty); \DI_G,’q(]R")). This solution is given by the formula

3
L

u(t,z) = Uk(t, —D)pr ().

b
Il
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7. Concluding remarks

Complementing previous works of Umarov and of Umarov et al. (see [16], [33]
— [36]) we have elaborated how the Cauchy problem for a general linear evo-
lution equation with (fractional) temporal derivatives of distributed orders can
be successfully analyzed by the powerful theory of pseudo-differential operators
that has been conceived by Yu. A. Dubinskij in 1982. By applying this theory,
using Fourier transform in space, Laplace transform in time, we have solved the
questions of strong solutions (in classical function spaces) and weak solutions
(in corresponding dual spaces), not only for the Cauchy problem, but also for
a rather general multi-point problem. Having in mind applications mainly in
physics, where in the case of the Cauchy problem initial conditions are given
in form of functions and integer order derivatives we have throughout adhered
to the Caputo version of fractional derivatives. Our treatment is constructive,
so not only answers the questions for existence and uniqueness but in addition
renders transparent integral representations for the solution. For mathemati-
cal completeness it would be desirable to treat the analogous problems where
instead of the fractional derivatives of Caputo type those of Riemann-Liouville
type are used. This, of course, can easily be done in case of all initial conditions
assumed to be zero (in this case the two types of fractional derivatives coincde)
but seems rather tricky otherwise. We leave this problem to another paper or
to other authors.
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