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On the non-uniqueness of the solution to a boundary value problem
of heat conduction with a load in the form of a fractional derivative

The paper deals with the second boundary value problem for the loaded heat equation in the first quadrant.
The loaded term contains a fractional derivative in the Caputo sense of an order o, 2 < a < 3. The
boundary value problem is reduced to an integro-differential equation with a difference kernel by inverting
the differential part. It is proved that a homogeneous integro-differential equation has at least one non-zero
solution. It is shown that the solution of the homogeneous boundary value problem corresponding to the
original boundary value problem is not unique, and the load acts as a strong perturbation of the boundary
value problem.
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Introduction

Loaded differential equations today have a wide practical application in many areas of natural
science. Moreover, loaded equations are a special class of equations that require separate consideration.
In addition, loaded equations can act as one of the ways to introduce generalized solutions of wide
classes of partial differential equations and as an effective method for finding approximate solutions to
boundary value problems for differential equations. A significant contribution to the development of
the theory of loaded equations was made by the work of A.M. Nakhushev [1] (and his other works),
where definitions of loaded differential, loaded integro-differential, loaded functional equations and their
numerous applications are given. In papers [2-5], the theory of loaded equations was further developed.
[3] considers boundary value problems for a loaded differential operator, which are interpreted as
perturbations of the corresponding differential operators. It is shown that the loaded part is a weak or
strong perturbation, depending on the derivative order in the loaded term, as well as on the manifold
on which the trace of the BVP solution is given.

There are many books devoted to fractional analysis today [6-21]. In recent years, an intensive
study of loaded differential equations has been carried out, associated with various applied problems
of mechanics, biology, ecology and chemistry, modeled using loaded equations. To date, many books
have been devoted to fractional analysis (various applications in physics, mechanics, and simulation)
[7], [14-20]. Among the variety of works, the monograph [6], covering a huge range of ideas. Monograph
presents classical and modern results in the theory of fractional analysis, and gives their applications
to integral and differential equations and function theory.

From a mathematical point of view, it is interesting to study the boundary value problems for the
heat equation with a fractional load, when the loaded term is considered in the form of a fractional
derivative or a fractional integral. In [21, 22] the load moves with a constant velocity, namely, it moves
along the line z = t. The loaded term contains a fractional derivative in the Riemann-Liouville sense.
The boundary value problem was reduced to the Volterra integral equation with a kernel containing a
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generalized hypergeometric series. The integral equation has a nonempty spectrum for certain values
of the fractional derivative order and for the spectral parameter.

We also note that the boundary value problems of heat conduction and the Volterra integral
equations arising in their study with singularities in the kernel, similar to the singularities in this
paper, were considered in |23, 24].

In [25-28] fractionally loaded boundary value problems of heat conduction are investigated, the
loaded term is represented in the form of the fractional derivative. The derivative order in the loaded
term is less than the order of the differential part. In [25, 26] the loaded term is represented in the form
of the Caputo fractional derivative with respect to the spatial variable. In [25], it is proved that there
is continuity on the right in the order of the fractional derivative. There is no continuity on the left. In
[26] there is continuity in the order of the derivative in the loaded term of the problem. In [27, 28], the
loaded term has the form of a fractional Riemann-Liouville derivative with respect to the time variable.
The kernel of the resulting integral equation contains a special function, for example, a generalized
hypergeometric function in [25] or the Wright function in [27]|. Conditions for the unique solvability of
the integral equation are established by estimating the integral kernel. It is shown that the existence
and uniqueness of solutions to the integral equation depends on the order of the fractional derivative
in the loaded term.

In [29] the first boundary value problem for essentially loaded equation of heat conduction is
considered. It is shown that if the point of load is fixed, then the stated boundary problem is uniquely
solvable.

In this paper, the second boundary value problem for the loaded heat equation is considered in
the domain @ = {(z,t) |z >0, ¢>0}. The load is presented as a Caputo fractional derivative.
The fractional derivative is greater than the order of the differential part of the BVP. The boundary
value problem is reduced to an integro-differential equation by representing the problem solution in
terms of the Green’s function. Solvability of the integro-differential equation depends on the fractional
derivative order in the loaded term of the BVP. The integro-differential equation has an eigenfunction.
The solution of the stated boundary problem is determined by the solution of the obtained integro-
differential equation in explicit form. Since the uniqueness of the BVP solution is violated, in this case
the load can be interpreted as a strong perturbation the BVP.

The article is structured as follows. Section 1 includes some necessary concepts, definitions, auxiliary
assertions, and preliminary assumptions about the classes of the BVP solution and the data included
in the problem under study. In Section 2, we set the BVP that we are going to solve. In Section 3, the
problem is reduced to an integro-differential equation with a difference kernel. In Section 4 we solve the
resulting integro-differential equation by Laplace integral transform method. We write out the solution
of the resulting equation in explicit form and formulate the corresponding results on the non-uniqueness
of the solution to the BVP and the solution to the associated integro-differential equation.

1 Preliminaries

We first give some definitions and useful information.
Definition 1 ([6]). Let f(t) € Li[a,b]. Then, the Riemann-Liouville derivative of the order f is
defined as follows

§ ey LAt ) _
TDa,tf(t)_F(n_IB) dt”/a (t—T)ﬁ*"Hdﬂ B,ae R, n—1<f<n. (1)

Definition 2. Let f(t) € AC™[a,b] (i.e. f*~D(t) is an absolutely continuous function). Then, the
Caputo derivative of the order 3 is defined as follows

t o pn)
D2 f(t) = 15)/(tf (7) dr: B, a€R, n—1< B <n, (2)

_ T)ﬂ—n—‘rl
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From formula (1) it follows that

DO f() = f(t), DI f(t)=f™(t), neN.

We study a BVP for the loaded heat equation, when the loaded term is represented in the form
of a fractional derivative. To study the formulated boundary problem, we need a formula for inverting
the differential part of the equation.

It’s known [30; 57| that in the domain @ = {(z,t) |2 >0, ¢ > 0} the following boundary value
problem of heat conduction

Ut = azuxx +F (:Uat) >

U‘t:o :f<l'), Uy ’xzo :g(l'),

has the solution u(z,t) described by the formula

u(m,t)—/OOOG(a:,f,t) f(ﬁ)d§—a/0 G(z, 0, t —7)g(T)dr+
+/O /OOOG(x,é,t—T)F(g,T)dﬁdT, 3)

_ )2 T 2
e N R )}

The following equality holds true for the Green function G (x,&,t)

where

/OOOG(:c,f,t)dle. (4)

It follows from the definitions that for the existence of a derivative of f(¢) in the sense of Riemann-
Liouville (1) it is sufficient that f(¢) belongs to the class of summable functions, for the existence
of a derivative in the sense of Caputo (2) it is sufficient that the n — 1st derivative of the function
f(t) be an absolutely continuous function, where n-1 is the integer part of the derivative order, i.e.
f(t) € AC"[a,b] and there is the next relation formula for these derivatives

n—1 (k) a
D! f(t) = ,Df, !f(t) Sy @ g

— k!
So we assume that the solution u(x,t) belongs to the class
u(z,t) € AC3 (t €[0,T)), (5)
The right side of the BVP equation vanishes at ¢t < 0 and belongs to the class
f(z,1) € Lo (A)NC(B), (6)

where A = {(z,t) |z >0, t € [0,T]}, B={(x,t)|x >0, t >0}, T — const > 0, also we assume

fi(x,t) :/0 /OOOG(x,f,t —7) f (€, 7)dédr € AC3 (t € [0,T)). (7)

The classes in which the problem is studied are determined from the natural requirement for the
existence and convergence of improper integrals that arise in the study.
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2 Statement of the fractionally loaded BVP of heat conduction
In a domain @ = {(z,t) : « > 0,t > 0} we consider a BVP

- Uzzx A C-Da 7t = 7t ) 8
we = o + M oDl 0 f| = f0) ®)
u(z,0) =0, wuy(0,t) =0, (9)
where A is a complex parameter,
1 t Ur3(z,7)
D§, ,t) = ——d
Otu(l‘ ) F(3 _ 6) /(; (t _ T)Q—Q T

is Caputo derivative (2) of an order o, 2 < a < 3, y(¢) is a continuous increasing function, y(0) = 0 or
v(t) is a positive const.

The solution of the problem and the right side of the equation belong to the classes (5) and (6),
respectively.

8 Reducing the problem to a Volterra integro-differential equation of the second kind

Lemma 1. Boundary value problem (8)—(9) is reduced to a Volterra integro-differential equation of
the second kind.
Proof. We invert the differential part of problem (8)—(9) by formula (3):
G(z, &t — 7)dédT+

u(x,t) = =\ /t /OO {CDgtu(x’t)} z=(1)

// Gz, &t —71) f (& 1)dEdr.

Taking into account relation (4) and introducing the notation

(2,1) // (2,61 — 7) f (£, 7) dE dr,

we get the following representation of the solution to problem (8)—(9):

:ct——)\/ Pdr + il 1), (10)

where

ult) = {Dpu(a, ) | . (11)

From representation (10) we take the derivative of the order 2 < av < 3 with respect to the variables
t on both sides and put x = (¢). On the left side, we get the function p (t). We also introduce the
notation according to formula (11).

Then BVP (8)-(9) is reduced to the integro-differential equation:

t) + A/Ot Ko (t,7) @' (r)dr = fo(t), (12)
with conditions (0) = i/(0) = 0, where
Ko (t,7) = 5o (i_ mTE (13)
and
falt) = { DG 0} (14)

Lemma 1 on reducing the BVP to an integro-differential equation is proved.
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4 Study of the integro-differential equation. Main result

Lemma 2. The homogeneous integro-differential equation (12) has a non-trivial solution.
Proof. We denote the Laplace transforms of p(t) and fa(t) as

i) = Liu(t)] = /0 Y erutdt, Ta) = LI ()]

Since

L{ 1 }:F(ii—a)’

ta72 p3fa

then applying Laplace transform to equation (12) with the condition p(0) = 1/(0) = 0, we get

R = (19

Consider equation (15) for fa(p) = 0.

u(p)(1 4+ p* 1) =o. (16)

Let’s solve the equation:
L+ xpt=o0. (17)

For A € C and 2 < a < 3. Then @ — 1 is a real number. Let’s consider cases.
I a € Q. In case for a € @, there can be finite number p1, pa, ..., p, are solutions to equation (17).
Then nonzero solutions to (16) are

px(p) = Crd(p — pr),

here d(x) is the delta function, Cy = const; py are solutions of equation (17), k = 1,...,n, n is a
denominator of the rational number v — 1. Here and below, the numbers are in the left half-plane of
the complex plane, i.e. Re, pp < 0.

1. a € Q. Applying the inverse Laplace transform to the last equation, we get

1 o+i00
pi(t) = Cp=— §(p — pr)eP'dp = CyePr.
2mi T—100

Integral is taken along the line Rep = ¢ and is considered in the form of the main value. That’s
why, if p = py are the solutions of equation (17), then eigenfunctions of equation (12) have the following
form

pk(t) = Cre". (18)

Remark 1. The power of the complex number z with rational power zn is defined as:
= (W2)™.

II. v € R but a € Q. Then a — 1 is an irrational number
Remark 2. Power of the complex number z with real irrational index of power 0 < s < a — 1 is
defined as the limit

s . Qn
z° = lim z8n;
n—oo

Qp
— =,

Bn
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here a,, and f3,, are sequences of natural numbers.

Based on Remark 2 we can claim that equation (17) has at least one solution py for A € C' and
2<a<3.

Then equation (12) has at least one eigenfunction (18). The number of eigenfunctions depends on
the values of parameters o and .

Now let’s find a solution of nonhomogeneous equation (12) (f2(t) # 0).

Equation (15) can be rewritten:

- - pa_l -
= —A— . 1
W) = Folo) ~ A W) (19)
Now we apply the inverse Laplace transform to equation (19)
3 pa—l 1 /6+ioo A(p)
L H— | = — ————dp=R)(t 20
{1 + )\pal} 2700 J5_ino 1+ Ape—1 P At @), (20)

here A(p) = p*~tePt.

The integral in (20) is considered as the main value and the integration is taken along the contour
which doesn’t include py on the left side. Then the solution of equation (12) can be written as: the
solution of equation (12)

u(O) = 2(0)+ - Cet = [ Ryt = mia ol (21)
& 0

here pj, are the roots of equation (17), Cj are arbitrary constants and Ry(t; «) is defined as in (20).
The zeros of the denominator of the integral function in (20) are the numbers py, so that A(py)) # 0.
Therefore n N .

Pk

"€Sp=pi. -1 a2 ZiNa—1)
k 1+ Ap? & (o —1)py % Ma—1)

Then (21) can be rewritten as

a—1

u(t) = 20+ 3 Crent =3 P et py(rya (22)
k k 0

Thus, the following theorem has been proved.

Theorem. Integro-differential equation (12) with kernel and right side defined by the formulas (13)
(2 < a < 3) and (14), respectively, has a solution defined by the formula (22), moreover, the
corresponding homogeneous equation (12) (when fo(t) = 0) has a nonzero solution

ult) =y e,
k

where here pj, are the roots of equation (17) and Re py < 0.
Conclusion

So function (22) is the solution of equation (12). Then the solution of BVP (8)—(9) has the form
of (10)

w(@ 1) = —A /D w(r)dr + fi(z, t),

where the function f;(x,t) is defined by the formula (7).
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In such a way it can be claimed that term with a load in equation for BVP (8)—(9) is considered a
strong perturbation, since according to (22) and (10) the homogeneous BVP (8)—(9) (when f(z,t) = 0)
has non-zero solutions in the form of:

u(z,t) =Y i(epkt -1),

T Dk

here pj, are solutions of equation (17) and Repy < 0.
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M.T. Kocmaxkosa, K.A. :xanosa, A.H. Xamzeesa

Axademur E.A.Borxemos amwndazwr Kapazanov ynusepcumemi, Kapazandwv, Kaszaxcman

Beamniek TybIHABICHI TYPIHIET >KYKTeMeMeH >KbIJTy ©TKI3TimITiKTIiH,
eKapaJibIK, ecebiH 1mernnyaiH Oipereit eMecTiri TypaJbl

Bipiumii kBajipanTTa 66JIIIEKTIK->KYKTEJIreH XKBITyOTKI3MIITIK TeHAeyi VIITiH eKiHII MeTTIK ecell KapacThl-
pelarad. 2Kykreme Kocbuirbimbl 2 < « < 3 perti KamyTo Gesmex Tywraabichl peringe Oepinren. IllerTik
ecern quddEPEHITHAIBIK, OOJITH aybICTHIPY APKBLIBI AffbIpMa 636K Ti HHTErpo-auddhepeHITHAIIBIK, TEeHIeyTe
keJrtipizieni. BiprekTi maTerpo-mauddepeHmanibK, TeHIeyAiH KeM Jierenje 0ip HOJIIK eMmec menriMi 6ap
eKeHi Jpsesaenai. BiprekTi mexkapaJiblk ecenTiy mrenriMi Gipereit emec, aj XKYKTeMe IIeKapaJIbIK, eCeITiH
KaTThI ayBITKYbI OOJIBIT TaOBLIATBIHBI KOPCETIITEH.

Kiam ce3dep: ekiHI METTIK ecem, KYKTeJreH TeHaey, KamyTo GeJsImeKTiK TYBIHIBICH, KO MaFbIHAJIBI
MIEeNTTM, KATThI aybITKY.

M.T. Kocmaxkosa, K.A. Nxanosa, A.H. Xam3eera

Kapazandunckutl yrusepcumem umeny axademura E.A. Byxemosa, Kapazanda, Kaszaxcman

O HeeIMHCTBEHHOCTU peIleHns KPaeBoil 3a/ja9l TEMJIOITPOBOJHOCTHU C
Harpy3Kkoii B Bu/ie JIPOOHOI ITPOU3BOHOIM

B craTpe paccmoTpena Bropast KpaeBasi 33/1a4a /I HArPY?KEHHOT'O YPaBHEHUS TENJIONPOBOIHOCTH B II€p-
BOM KBaJipanTe. Harpy»keHHoe ciraraemMoe COZEp:KUT JPOOHYIO MPOM3BOAHYIO B cMbIcie KamyTo mopsiika
2 < a < 3. KpaeBas 3a7a4ya CBOAUTCS K UHTErpO-audHepeHITNaIbHOMY YPABHEHUIO C PA3HOCTHBIM SIPOM
n3MmeHenus auddepeHnuabHoil yacTu. Jloka3aHo, 9To OJHOPOIHOE UHTErpo-IuddepeHnuaIbHOe ypaBHe-
HPe nMeeT XOoTs ObI O/THO HeHyseBoe pereHue. [TokazaHo, 9T0 pemreHne OHOPOIHOM KPaeBOi 3a/1a9H, COOT-
BETCTBYIOITE MCXOTHOI KPAEBOil 3aja1e, HEeIMHCTBEHHO, & HATPY3Ka BBICTYIAET KAK CHILHOE BO3MYIIEHNE
KpaeBo#l 3aj1a4u.

Karouesvie crosa: BTOpas KpaeBasd 3a1a4a, HarpyKeHHOe ypaBHeHUe, JpobHas npousBogHas KamyTo, Heom-
HO3HaYHAas PA3PEIIUMOCTD, CUJILHOE BO3MYIICHUE.
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