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In this paper, we solve the Cauchy problem for a loaded fractional diffusion equation in an infinite strip. The
loaded term is defined as the trace of the fractional derivative of the desired solution on a continuous curve
lying inside the domain. We consider all three cases of possible distribution of the order of differentiation
in the loaded term (u) and the order of the time-fractional derivative in the principal differential part of
the equation («). In the first case considered (a > p), the problem under study is reduced to an integral
equation. In the second case (¢ = u), we obtain a functional equation. In the third case (o < p), we
are dealing with a differential equation. We show that the condition « > p ensures the unique solvability
of the problem under consideration. In the case of an essentially loaded equation (a < ), the problem
may lose both uniqueness and solvability. In particular, it is shown that if o < pu, then the problem under
consideration ceases to be uniquely solvable, and the corresponding homogeneous problem has infinitely
many nontrivial solutions. Moreover, in this case, the solvability requires additional conditions that narrow
the set of admissible input data.
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Introduction

Consider the equation

2
(28, - g0 ) ule) = [Dhyute)] )

where D, denotes the Riemann-Liouville fractional derivative (integral) of order o with respect to y
with origin at the point y = 0 [1]; A € R and z(y) is a given continuous function, z : (0,7) — R. Here
we assume that o € (0,1] and p € R.

Equation (1) belongs to the class of loaded differential equations [2-4]. Loaded equations are
an important and actively developing section of the modern theory of differential equations [5, 6].
Boundary value problems for loaded equations are considered for equations of parabolic 7], hyperbolic
[8-10] type, as well as integro-differential equations [11] and equations of mixed type [12]. Moreover,
loaded equations arise in the theory of inverse problems [13], in control problems [14], in numerical
methods [15], in modeling [16], etc.
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The main part of equation (1) is the fractional diffusion operator [17-19]. The loaded term is given
in the form of a trace of the derivative of the desired solution on line z = z(y). Loads of this type
are usually called moving loads. Another peculiarity of this equation is that u can be greater than a,
that is, the order of differentiation in the loaded term can be greater than the order of the fractional
derivative in the principal differential part of the equation. It turns out that this feature affects the
unique solvability of problems for the equation (1). In particular, the uniqueness of solution may be
violated, and the parameter A may play the role of a spectral parameter.

This effect of an essentially loaded term was discovered in [20-22|. These works considered parabolic
equations with loads differentiated with respect to spatial variables. It has been shown that in problems
for equations with a load of this type, a spectrum appears with respect to the coefficient of the load.
Among the works close to the present work, we also cite articles [23-25|, in which various issues of
solvability of problems for loaded heat and fractional diffusion equations were considered. In this paper,
we consider the loaded term in the form of a fractional derivative with respect to the time variable.
We solve the Cauchy problem for the equation (1) in all three cases of possible distribution of « and p.
We show that the condition o > p ensures the unique solvability of the problem under consideration
(Theorem 1). In the case of essentially loaded equation (« < u), the problem may lose uniqueness
or solvability. If & = p, then the problem ceases to be solvable for A = 1 (Theorem 2). When
a < p, the problem loses uniqueness of solution (Section 7). Moreover, in this case, the solvability
requires additional conditions that narrow the set of admissible input data of the problem (Theorem 3,
Remark 1).

1 Problem statement

For a positive o, the Riemann—Liouville fractional derivative of order ¢ with origin at y = 0 is

defined by

mn

- O o
Dg,g(y) == BT/”Dgy "g(y) (n—1<o<n, neN),

where

== [ 9Oy—t)dt  (y>0) (2)
I'(v) Jo

is the Riemann—Liouville fractional integral of order +; it is also assumed that Dgyg(y) =g(y).
In what follows we use the notations

Q={(z,y): z€eR, ye (0,7)} =R x (0,T)

and

Qo ={(z,y): xR, ye[0,7)} =R x[0,T).

As usual, AC[0,T) stands for the space of absolutely continuous functions on the segment [0, ¢ for
any c € (0,7).

A function u(z,y) is called a regular solution of the equation (1) in Q if y'~*u(z,y) € C(Qp) for
some € > 0; Dg‘y_lu(x,y) belongs to AC[0,T) as a function of y for every fixed z € R; u(z,y) is
twice continuously differentiable with respect to x € R for every y € (0,7); and u(z,y) satisfies the
equation (1) for all (z,y) € Q.

The Cauchy problem for the equation (1) is formulated as follows: find a regular solution of the
equation (1) in Q satisfying the initial condition

. a—1 _
51_% Dg, u(x,y) = 7(x), x €R. (3)
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2 Auziliary statements

Consider the function
6—1 ‘$|

ws(z,y) = chﬁ (—5,5; —y6> ,

where
k

¢ (a,b; z) ::kzzok'!r‘(;k‘i‘b) (a >-1)

is the Wright function [26,27]. Also, here and in what follows, 8 means §, i.e.

(0%
525

It is known that [27]

1

¢@@&—0:Cﬁ%%@m6$£ﬂl—MHﬁ)P+OGTWH (t o0, 0<f<1),
d

and

0 1
/o ¢ (=B, 6; —x) dox = T(B+0)

The asymptotic expansion (6) gives that

vl (—ﬁ, 5; —ﬂ)‘ < CafyPttot,
y

where
0, (=6)¢Nu{o0},
92{_L (=6) e NU {0}

Here and in what follows, the letter C' denotes positive constants, which are assumed to be different
in different cases. When necessary, the parameters on which they may depend will be indicated in

parentheses: C' = C(a, 3, ...).
The formulas (7), (8), and (9) yield that

s=x+e §—B—1
y B

14 i 6
Dy ws(z,y) = ws—(z,y), EEIOHJF [&Ew‘s(gj - s,y)} - m’
s=x—¢

32 32
(Dgy‘a@wé(“w):o’ <D6“y—asa>W6<w—s,y>=o (z # 9),

0o y6+5*1
ws(r — s,y)ds = =—.
/_oo ol v) L(u+B)

and

(11)

In what follows, we will need the solution of the Cauchy problem for the fractional diffusion equation

in a particular case. Now we recall it.
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From now on, by T,, we will denote the set of continuous functions that grow no faster than

exp (wxﬁ) as || — oo for given o and w, i.e.
2
Tow = {g(x) e C(R): | 1|1m g(x) exp (—w|:1:]2*a> = O}.
T|—

As usual, Ljoc(J) denotes a set of locally integrable functions on J, that is the set of functions that
are integrable on any compact subset of J. In particular,

Lioc[0,T) := {g(z) € L(0,c), Ve € (0,T)}.

B
B

Lemma 1. Let v(y) € Lpc[0,T") and 7(x) € Ty, for some w < (1 — f) (%) "7 Then the function

u(r,y) = Dy, v(y) + / 7(s) wg(x — s,y)ds (12)
is a regular solution of the equation
82
(28~ 52 ) ute) = (o) (13)

and satisfies the condition (3).
Moreover, the problem (13) and (3) has at most one solution in the class of functions satisfying the
condition

sup ylfau(a?,y) €Ty, (14)
y€(0,T)

for some p > 0.

Proof. Tt follows from [28, Theorem 2| that a regular solution of problem (13) and (3) has the form
oo
(z,9) / / )wg(x — s,y) dtds—t—/ T(s)wg(z — s,y) ds. (15)

—00

Given (2), (5), and (11), the first term on the right-hand side of (15) can be written as follows:

/ / Yws(z — s y)dtds_/oyv(t)/oo wg(:z:—s,y)dsdt:/oyv(t)@;(if_ldt:DOyo‘v(y).

—00

This gives (12) and proves, in particular, the uniqueness of the problem.
Further, a direct verification shows that the conditions of the lemma guarantee that the function
(12) is a solution of the equation (13) and satisfies the initial condition (3). O

Consider the operator H?, which acts on the function g(x) € Ty, as follows:
6 [o¢]
(#%9) (@) = [~ gl wste — s)ds. (16)

—00

B
Lemma 2. Let g(x) € Ty, for some w < (1 —f) (%) "7 Then

(H°9) (@) € (@), an)
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y' 77 (1) (w,9) € C(Q) (18)
and

g, (H'9) = (H*9) (2,) (19)
ford > —pBif 0 €N, and for § € R if 0 € N.

Proof. The inclusion (17) follows from the formulas (6), (7) and (8).
Next, by (4) we can write

4 [ |z — s N |s]
(1) o =o' [~ a0 (=00 -2 as =0t [~ gtas 0 (.0 - ) s

[e.e]
=y [ gla )6 (<555 -l ds.
Given (6), this proves (18).
Taking into account (6) and (10), by (8) we get (19). O
3 Reduction to an integro-differential equation

Let u(z,y) be a regular solution of the problem (1) and (3) that satisfies (14) and let v(y) be the
loaded term in (1), i.e.

oy) = Dtz )| _

We will assume that 7(z) and v(y) satisfy the conditions imposed in Lemma 1. Moreover, in the case
i > « we will assume that D[‘fy_a_mv(y) € AC™[0,T), where

m=[p—a]:=min{neN: y—a<n} (20)

is the floor of the number u — «.
Under the above assumptions, taking into account (12) and (16), we can write

u(,y) = ADglv(y) + (HP7) (2,). (21)
Acting with Dgy on both sides of (21) and substituting = = z(y), using (19), we obtain

U(y) = )\Dgy—av(y) + fT,Z(y)7 (22)

where

fro) = (H77) (2(). ). (23)

Thus, the question of the solvability of the problem (1),(3) is reduced to the question of the
solvability of the equation (22). This equation is integral if © < «, functional if 4 = «, and differential
if © > «. Below we will consider all three of these cases.
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4 The case of integral equation (p < «)

Let p < a. In this case, (22) is an integral equation. In accordance with (18) and (23) we
have that f-.(y) € Lioc[0,T). Thus, we can conclude that the equation (22) has a unique solution
v(y) € Lioc[0,T), and this solution can be written as (see, e.g., [1,29])

v(y) = fr:(y) + A /Oy frz(t) (y — t)a_“_lEa—u,a—u ()\(y — t)a—#) dt, (24)

where

Eﬁm (Z) = kz_o F(gk +7’])

is the Mittag-Lefller function.
Now we can formulate a theorem on the solvability of the problem (1), (3) in the case p < a.

_B_
Theorem 1. Let p < o, 2(y) € C[0,T) and 7(z) € Ty, for some w < (1 — ) (%) "7 Then

there exists a unique regular solution of the problem (1), (3) in the class of functions satisfying the
condition (14). The solution has the form

u(z,y) = A /0 D Fn) (0 = 00 B (My — 27 it + (#°7) (2.v), (25)

where H? and f, . (z) are defined by (16) and (23), respectively.

Proof. As shown in Section 3, if u(x,y) is a regular solution of the problem (1), (3), then it has the
form (21), where v(x) should be found from (22). It was obtained above that in the case u < «, which
we are now considering, v(x) is given by the formula (24). Taking this into account, we transform the
first term on the right-hand side of the equation (21). Using (2) and the formulas (see, e.g., [1,30,31])

Dyy" ' Ey, (c yf) =y, (c y§> (yER, > 0), (26)

Fen(z) = F(ln) T2 Fepae(2) (27)

and
Dy Oy g(Oh(y —t) dt = /Oy (D‘Jg) (h(y —t)dt = /Oyg(t) (Dgy7h> (y—t)dt  (y>0), (28)

we get

Dayav(ﬂf) = Daya |:f7',z(y) + A /Oy f‘r,z(t) (y - t)a_u_lEa*u,a*M ()\(y - t)a_u) dt:| =
= D5 e N [ 0 (0= 0P B (A = 0°7) i =
Yy _ \a—1
= /0 fr2(t) [(yI‘(Z) +A(y — t)a_u_lEa—u,a—u ()\(y - t>a—u)] dt =

- /oy Fra(t) (v = )% Bapa (My — )°7) dt.

This equality and (21) prove (25). In particular, the representation (25) yields the uniqueness of the
problem (1), (3). Indeed, for the corresponding homogeneous problem (7(z) = 0), we have f; .(y) = 0.
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Therefore, the difference between two different solutions with the same initial function 7(x) must
be equal to zero. Due to the linearity of the problem under consideration, this is equivalent to the
uniqueness of its solution.

The fact that the function (25) is a regular solution to the problem under consideration can be
easily verified by direct computation. O

5 The case of functional equation (i = «)

Now let us consider the case when u = . In this case the equation (22) takes the form

v(y) = Av(y) + fr2(y)- (29)

It is easy to see that if A = 1, then the equation (29) has a solution only for f; .(y) = 0, and, moreover,
then any function defined on the interval (0,T) is a solution of this equation. Therefore, the solvability
condition for (29) is the inequality A # 1. If X # 1, then

v(y) = : (30)

Now the solution of the problem (1), (3) can be found from (21). It should be noted that the function
v(y) must be integrable, therefore the function f- .(y) must also be integrable.

B

Theorem 2. Let p = a, A # 1, z(y) € C[0,T), 7(x) € Ty, for some w < (1 — ) <%)m, and let
7(x) be locally Holder continuous. Then there exists a unique regular solution of the problem (1), (3)
in the class of functions satisfying the condition (14). The solution is of the form

A

1 D(Tya frz(y) + (H67'> (z,y). (31)

u(z,y) =

Proof. The representation (31) follows from (21) and (30). In fact, to complete the proof it remains

to show that the conditions of the theorem guarantee the inclusion f; .(y) € Lioc[0,7"). Let us check
this. By (16), we can write

H=P7) (x,y) = h [7(s) —7(x)] w_g(z — s,y)ds + 7(z) h w_g(x — s,y) ds.
()= .
Taking into account (6), (9) and (10), we get

(7)o = [ o= 9 wosto = sl ds < €y (32)

for any 0 € (0,¢) and |z| < r, where C = C(w,d,7) and ¢ is the Holder exponent for 7(z). Next, in
accordance with (5), (23) and (32), we obtain

frely) = (H™77) (2(9).9) € Liocl0, 7).

This completes the proof. O
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6 The case of differtial equation (p > «)

Now it remains to consider the last case, when p > «. In this case, the order of differentiation in
the loaded term exceeds the order of differentiation in the principal part of the equation. Equations
with such a load are called essentially loaded [20] (as well as equations with p = « discussed in the
previous section).

Let u(z,y) be a solution of the problem (1) and (3). Then, as shown above, u(z,y) can be
represented as (21), where v(y) is a solution of the equation (22), which in the case under consideration
is a differential equation. The conditions X # 0 and f; ,(y) € Lioc[0,T") guarantee (see, e.g., [31,32])
that every solution of (22) can be given by

m—1

o)=Y ek Gpocilt) — /O T () Gpaly — ) dt (33)

k=0

for some set of numbers ¢, k = 0,1, ...,m — 1. Here m is defined by (20) and

1
Go(y) =y "Byao (— Y ) (34)
Substituting (33) into (21) yields
m—1 1 y
u(z,y) = )\Dayo‘ [Z ¢k Gu—a—i(y) — )\/0 fr2(t) Gu—aly —t)dt| + (H57-> (z,y).
k=0

Using (26), (28) and (34), we get that if u(x,y) is a solution of the problem (1) and (3) then it has the

form
m—1

u(z,y) = A chG“ k(Y / fr.2(t) —t)dt—i—(Hﬁ )(m,y) (35)
k=0
for some ¢, k=0,1, ...,m — 1, where f;.(y) is defined by (23).
Next, let us prove the converse statement: if the conditions A # 0 and f; .(y) € Lioc[0,T) are met,
then the function (35) is a solution of the problem (1) and (3) for any set of ¢x, k= 0,1, ...,m — 1.
Indeed, using Lemma 1 and the formulas (19), (26), (27), (28), (34) and assuming that u(z,y) is
given by (35), we can write

2 m—1
(Dgy 682> (:L' y =A kZOCkGu a— k( ) / frz( ) a(y—t)dt, (36)
m—1 Yy
D8;1u<x7 y) =A Z Ck G,ufakarl (y) - /0 f’r,z(t) Gu—a—‘rl(y - t) dt + (Hl_BT) (.’B, y), (37)
k=0
m—1

0 Goact0) = o) = 5 [ rel®) Gpmaly = )t (HO07) (2
k=0

and, by (23),

m—1
= chGu a— k _/ sz ,u a t)dt- (38)

=0

Dhyutaw)]
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By (18), (36), (37) and (38), we get

(e} 82
(DOy - 81‘2) u(a.y) = A | Dhu(e, y)]m(y) -

and
. -1 o
lim D, 4) = (o).
This proves that u(x,y), defined by (35), is really a solution of the problem (1) and (3).
Thus, the problem (1) and (3) is solvable for those functions 7(z) and z(y) that guarantee the
validity of inclusion f; ,(y) € Lioc[0,T) (as everywhere, f;.(y) is defined by the equality (23)).
Let us formulate what was proved above in the following rigorous statement.

_B_
Theorem 3. Let A # 0, > «, 2(y) € C[0,T), 7(z) € Ty for some w < (1 — 3) (%) =7 and let

f‘r,z(y) € Lloc [0, T)' (39)

Then every regular solution of the problem (1) and (3) from the class of functions satisfying the
condition (14) has the form (35) for some set of ¢, k = 0,1, ...,m — 1.

Conversely, any function u(zx,y) defined as (35) is a regular solution of the problem (1) and (3) for
any set of ¢, k=0,1, ...,m — 1.

Remark 1. The condition (39) is essential for the solvability of the problem (1) and (3). However,

for fairly simple functions 7(z) and z(y) this condition may not be met. For example, if we take
7(x) = const, then by (4), (11), (16) and (23), we obtain
oo ya—u—l
= const _ — s,y)ds = const—=——.
o) = const [~ w05, 6l0) ) ds = const -

This means that f; . (y) & Lioc[0,T) for any p > o regardless of the choice of z(y).
The question arises: whether there exist functions 7(z) and z(y) for which this condition is satisfied.
Let us show that they do exist. Let z(y) = y® and 7(x) = |2|°. Then, by (4), (16) and (23), we get

fraly) = / 57w (g — s,y) ds — / y® — slFwp_p(s,y) ds =

—00 —

o0
=yt [ (s, ds
—o0

This means that
| fr2(y)| < CyPmrtfet,

Thus, fr.(y) € Lioc[0,T) for every € > %

7 Non-uniqueness of solution in the problem with an essential load

In the case u > «, which is considered in the previous section, the problem (1) and (3) ceases to
be uniquely solvable. Indeed, consider the function

[asry

uo(z,y) = Y ek Gur(y), (40)

k=0
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where ¢, k= 0,1, ..., m — 1 are constants, at least one of which is not equal to zero; and m is defined
by (20). Using (26), (27) and (34), we can write

62 m—1 m—
(8~ 4o ) wole) = 3 0 Gumansi), [Dlyuatonn)] LS Gl
t k=0 o) o=
and
m—1
?}13% DO‘ up(x,y) = élir(l) Z cx Gua—trs1(y) = 0.
k=0

This gives that ug(z,y) is a regular solution of the equation (1) and satisfies the homogeneous initial
value condition

: a—1 _

11/126 Dg, “uo(z,y) =0, z €R.

Due to the linearity, this means that solution of the problem (1) and (3) is not unique. If u(z,y) is a
regular solution of (1) and (3), then the function w(z,y) + uo(x,y) will also be a regular solution of
this problem.

Conclusion

Thus, we considered the issue of solvability of the Cauchy problem (3) for the loaded equation (1)
in all three cases of possible mutual distribution of @ and p (o > p, a = p or a < p).

It is shown that the condition o > p guarantees the unique solvability of the problem (1) and (3)
(see Theorem 1). When a < u the equation (1) becomes essentially loaded, and the problem under
consideration may lose uniqueness or solvability. If a = pu, then the problem ceases to be solvable
for A = 1 (see Theorem 2). In the case a < p, the problem (1) and (3) loses uniqueness of solution:
the corresponding homogeneous problem has infinitely many non-trivial solutions (see Section 7) given
in the form (40). Moreover, for the problem to be solvable in this case, it is necessary to impose an
additional non-trivial condition (39) (see Theorem 3). This condition narrows the set of acceptable
initial data, namely the initial value 7(x), as well as the function z(y) that specifies the loaded term
(see Remark 1).

In this last case, the questions arise: is it possible to achieve uniqueness of the solution by imposing
additional conditions? And if so, what are these conditions? Also, can we equivalently reformulate the
condition (39) in terms of 7(z) and z(y)? Further research is needed to answer these questions.
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