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ABSTRACT. In this work, the formulation and solution of a nonstati-
onary boundary value problem for a fractional-differential analog
(with nonlocality in the temporal and spatial variables) of the well-
known biparabolic evolutionary partial differential equation of the
fourth order are presented. Additionally, the conditions for the exi-
stence of a regular solution to the specified problem are provided.
KEYWORDS: boundary value problems for a finite interval, biparabo-
lic evolution equation, fractional-differential analogues, non-classical
models, Caputo fractional derivatives, regular solutions.
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KJ/IFOYOBI CJIOBA: KpaioBi 3amadi Jj1s CKiHIeHHOro inTepBaJy, Oi-
mapaboJtitine eBOJTIONi{iHe PiBHSIHHS, JPOOOBO-TU(EpEHITiaIbHI aHa-
JIOTH, HEKJIacCU4IHi Mogesi, apobosi noxiaui KamyTo, peryasphi pos-
B’SI3KH.

1. INTRODUCTION

The problems of mathematical and computer modeling of the dynamics of
complex transport processes are among the pressing areas of development in
applied mathematics and cybernetics. A significant focus is placed on studyi-
ng the fundamental principles of the dynamics and control of heat and mass
transfer processes [1-6|. Classical mathematical models of transport process
dynamics are based on linear parabolic equations and assume infinite propagati-
on speed of disturbances, leading to several well-known paradoxes.

In [1], a generalization of the classical Fourier heat conduction equation was
proposed in the form:

Lu = pLyu+ paLou = f, (1)

where Ly = Ly L1, L is the heat conduction (diffusion) operator: Ly = % — KA,
A is the Laplace operator with respect to the spatial variables, u(z,t) is the
temperature, f is the source function, ui, ps are real parameters, and x =
const > 0.

Equation (1) was derived in [1] from the law of energy conservation when
the energy e and flux ¢ are defined by the relations:

e =eg+ c,(u—ug) + ey Lyu,
d= —AVu — 1.¢,kV (L1u) ,

where u = u(x,t) is the temperature, ¢, is the heat capacity, A is the thermal
conductivity coefficient, K = \/¢,, 7, is a real parameter, and V is the Hami-
Itonian operator. It has been proven that the biparabolic equation (1) is invari-
ant with respect to the Galilean group and can therefore be used to describe
thermal and diffusion processes that are independent of the inertial systems in
which they are observed [1]. Compared to the classical linear parabolic equati-
on, equation (1) more accurately describes evolutionary processes and allows for
the investigation of special regimes, including those with a finite propagation
speed of disturbances [1].

The biparabolic equation (1) has been frequently used to model the dynami-
cs of various evolutionary processes [5,6]|. Recent studies have focused on the
features of anomalous transport processes based on the ideas of fractional-
order integro-differentiation |7, 8|. For example, in works [9-11|, a fractional-
differential analog of the biparabolic evolutionary equation was introduced,
and several model boundary value problems accounting for the phenomenon
of temporal nonlocality were solved, including processes of geofiltration in
fractured-porous media and filtration-consolidation processes in water-saturated
soils.
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It is also worth noting that an important area of research concerning the
considered biparabolic mathematical model of heat and mass transfer processes
involves the study of various inverse problems within this framework. These
problems are often ill-posed in the sense of Hadamard, for which various regulari-
zation methods are developed. For instance, in [12], a modified quasi-boundary
method was applied to solve an inverse problem of determining an unknown
source function. In [13]|, a general inverse initial-value problem for the bi-
parabolic differential equation was studied, while in [14], final-value problems
for the biparabolic equation with statistical discrete data were investigated.
Closed-form solutions for certain nonstationary one-dimensional direct and
inverse boundary value problems concerning anomalous filtration dynamics in
a layered geoporous medium of finite thickness, posed as problems for the
fractional-differential generalization of the biparabolic evolutionary equation
with fourth-order partial derivatives with respect to the spatial variable, were
obtained in [15].

This work also presented the formulation and solution of direct and inverse
model boundary value problems in geofiltration dynamics based on a special
combined mathematical filtration model with coupling conditions and establi-
shed the conditions for the existence of regular solutions to the considered
problems.

2. BOUNDARY VALUE PROBLEMS

Taking into account temporal nonlocality, the operator L; is expressed as:
Ly =°D§, — kA

(here © Dg, is the Caputo fractional derivative operator [7] of order o, 0 < o < 1
with respect to t), and the corresponding fractional-differential analog of the
biparabolic equation (1) is written as follows [9]:

prLiu(z,t) + poly Lou(w,t) = f, (2)
where
L1 = CDgtl — H,lA, L2 = CDSCI‘/2 — K/QA, (3)

CDS‘tl , ODS? are the Caputo fractional derivative operators with respect to t of
orders aq, ag, respectively (0 < aq, a9 < 1), and puq, uo are known constants.

Unlike the results of works [9-11,15], this study examines a nonlocal fractional-
differential analog of the classical biparabolic equation (1), both in time and
space. Extending equations (2) and (3) to account not only for memory effects
but also for the anomalous dynamics of the process with respect to the spatial
variable x, we derive the following model equation:

Lyu(z,t) + 7 L1 Lou(w,t) = f, (4)
where
L1 =Dy} —k19Dy,, Ly = “D§? — k2 DY, (0 < 1,00 < 1,1 < 4 < 2). (5)

CDS‘t, CDgx are Caputo fractional derivative operators of orders a and v with
respect to variables t and x, respectively (k1, k2,7, = const > 0).
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Equation (4) (under the conditions of (5)) is a nonlocal model equation
in both time and spatial variables, which generalizes the classical biparabolic
equation (1) and significantly differs from previous fractional-differential analogs
of the biparabolic evolution equation by accounting not only for memory effects
but also for spatial correlations.

We consider the problem of finding the solution in the domain

Q={(z,t):0<2<1,0<t<T < o0}
for the equation
(D} — k1 9Dy,) u(w, t)+ (6)
41, (CDR 11 ©DY,) (D - k2O DY, ) ulat) = f(a),
under the following boundary conditions:
u(0,t) = u(1,t) =0, CDgzu(x,t)‘ze{o’l} =0 (t>0), (7)
u(z,0) = p(z), D2u(x,t =0 (0<z<1), (8)

where (x) is the initial distribution function, f(z) is the source function,
7 = const > 0, and u(x,t) is the sought function.
We introduce a new unknown function

v(x,t) = 1. Lou(x, t) + u(z, t), (9)

where Lo is defined by (5). Then the problem (6)—(8) reduces to solving the
following pair of boundary value problems for the unknown functions v(z,t)
and u(x,t):

M=o

(°D§t = k1 “DY,) v(a,t) = f(2), (10)

v(0,t) =v(1,t) =0 (t>0), (11

v(z,0)=1(x) (0<z<1),  (12)

7 (CD§? — k2 “DY,) u(w, t) +u(z, t) = v(z, 1), (13)
uw(0,t) = u(l,¢ (14)

(15)

where () = @(x) — Trk2 € D¢ (x) is a known function.

3. REGULAR SOLUTION

The solution of the boundary value problem (10)—(12) is sought in the form
of a series

v(x,t) =Y vn(t)Xn(x) (z,t) €Q, (16)
n=1

where X, () = 277 1E, ,(\,27) are the eigenfunctions of the Sturm-Liouville
problem of the form

CDYX(2) = AX (2), X(0) = X(1) = 0, 2 € (0,1), (17)
and E, (z) is the two-parameter Mittag-Leffler function [16].
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The problem (17) was studied in particular in works [17-21|, which showed
that the eigenfunctions X, (z) exist only for eigenvalues \,, which are zeros of
the two-parameter Mittag-Leffler function E, . ()\). These eigenfunctions take
the form {X,(2)}22, = {277 E, (A (1 — 2)7)}52,. This system forms a non-
orthogonal basis in L?(0,1) [18-21].

The system of eigenfunctions for the problem adjoint to (17) is defined as
18,19, 21]:

{Ya(@)}oly = {1 = 2) 7 By (1 = 2)) 32,

The systems {X,,(z)}52; and {Y},(z)}52; form a biorthogonal system of functi-
ons [18,19]. By expanding the initial condition function ¢ (x) and source functi-
on f(x) in a series with respect to the eigenfunctions of (17) as follows:

P(z) = anXn(m)7 f(z) = Z [nXn (), (18)
n=1 n=1
(¢n = W(fU%Yn(JC))B(OJ), Jn = (f(fU)»Yn(x))L?(o,l)) )

we obtain from (10)—(12) the following sequence of Cauchy problems to determi-
ne the unknown functions vy, (t)(n € N) in the series expansion (16):

“Dftun(t) — kidgun(t) = fo  (n €N), (19)
vp(0) =, (neN), (20)
where
Pn = on(1 = Trk2dn),  @n = (0(2), Yu(®))r200) (mEN). (21
The solution to problems (19), (20) based on [7] can be written as
Up (t) = | Yn + In Eo, (R1At™) — n (n € N) (22)
n n . ai n K1, )

where fp(n € N) is defined in accordance with (18), and E,(z) is the one-
parameter Mittag-Leffler function [16].

Similarly, by seeking the solution u(z, t) of problem (13)—(15) as an expansion
in terms of the eigenfunctions X,,(z) of problem (17), specifically,

w(@t) =Y un(t)Xn(@) (2,t) €, (23)
we derive, based on (13)—(15), the following sequence of Cauchy problems:
1
©D3gun (1) + ntin (1) = ~n (1) (n € N), (24)
un(0) = ¢, (n € N), (25)

where wy, = ?1T — koA (n € N), ¢, is given by (21), and the functions v, (t) are
defined according to (22).
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The solution to problems (24), (25), based on [7], is written as
Up, (t) = onLay (—wnt™?)

1 t
+T— /0 (t— 7)0‘2_1 Eoy oy (—wn (t — 7)) vy (1) dT

_ f” e%))
= <‘Pn + >\> Eo, (—wnt*?)

R1TrWnAn
In 1 fn
-+ — n Jn (1), 26
K1TrWnAn + Tr Yn F K1An ®) (26)

where the following notation is introduced:
In (£)
t
_ / (t = 7)°2 L By oy (—wn (£ — 7)%2) Bay (iAem™) dr (n € N). (27)
0

Thus, the formal solution to the considered problem (6)—(8) is defined by
relations (23), (26), (27). It can be shown that under certain additional condi-
tions, this solution is regular. To this end, assume that the initial condition
function p(x) and the source function f(x) satisfy the following constraints:
(), f(z) € C?[0,1], 0(0) = ¢(1) = ¢'(0) = 0, f(0) = f(1) = f(0) = 0.
Then, as is known [22,23],

1 Cy
—, nl < —=
e =

Considering the known property of the two-parameter Mittag-Lefller function
[16]:

|Q0n| < (Cl, CQ > O,TZ c N). (28)

M,y
+ |2|
U

[Eng (2)] < (€0, (29)

1
(0<77<2,u§ larg (2)| < 7, p € (%, min{ﬂ',ﬂ'n}) , £ €R, My = const >0),

and taking into account (28), (29), along with the following inequality for the
eigenfunctions X, (z) [18,20,21]:

C
[ An| 2
we obtain the following estimate for the series terms in (23):
L
|/\n‘3 €z
Since the eigenvalues \,, of problem (17) with Im(\,) > 0 satisfy the properti-
es [18-22]:
a) |Ag| < |Agg1] for k> 1,
b) for sufficiently large n and arg (\,) > %, we have

| Xy (z)] < (C >0,z >0,neN),

[un () Xn (2)] <

(L = const > 0,t >0,z > 0,n € N). (30)

’eAnt

<1, [A[~O@") (1<v<2),

10
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then, considering (30), it follows that the majorant for the series (23) is the
convergent generalized harmonic series

> —30
E n (1<o<2).
n=1

By the Weierstrass test, the series (23) is uniformly convergent on the set
Q, and its sum is a continuous function on this set: u(z,t) € C(Q). The
convergence of all other series with corresponding derivatives of partial solutions
is proven similarly.

Thus, there exists a regular solution to the considered problem, and (taking
into account the completeness of the system of functions {Y,,(z)}, n € N) it is
easy to establish its uniqueness.

4. SPECIAL CASES

Let us briefly discuss some special cases of the considered problem.

In the case a1 = ag = «, the obtained solution to problem (6)—(8) simplifies
significantly and takes the form (23), where w,(t) is defined by the following
relations that do not involve quadratures:

up () = <<pn + fn 3 ) Eq (—wnt®) —

R1TrWnAn K1TrWnAp

W (% + ,JKTL) [Ea(k1AntY) — Eo(—wnt®)] (n€N). (31)

Moreover, under the condition k1 = ke = kK, in the case of nonlocality only
with respect to the time variable (corresponding to v — 2) and in the absence
of sources (f = 0), we obtain from (31) the following relations [9]:

Un (1) = @n (1 = 76Ap) Eqo (KAREY)

7k B, <— (Tl - nAn) t"‘)) (neN), (32)

where )\, = —(nn)2. In this case, the solution to the problem is defined accordi-
ng to (23), (32).

If, in particular, we set & — 1 and v — 2 in relations (32), we obtain
the solution to the corresponding boundary-value problem (6)—(8) within the
framework of the standard (differential) biparabolic model in the form [5,6]:

oo
U (-ﬁ, t) =2 Z Pn <1 + 7'7“55\% (1 - 6_#)> e_’{)\%t sin (S\nI') )
n=1

where ¢, = fé(p (z) sin (:\nx) dz, and A, = nm (n € N).

In the special case when ¢(x) = ug = const, this solution takes the form [6]:

o
u(z,t) = ue (x,t) + 47K (1 - e_ﬁ) Z 5\,216_’0\# sin (:\nx) ,
n=1,3,5,...

11
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where u.(z,t) is the following solution to the corresponding boundary-value
problem for the classical linear diffusion equation:

= 1 —KAnt 3
Ue (z,t) =4 Z —e ”sm()\nfn).

n=1,3,5,... An

It is worth noting that one of the well-known interpretations |5, 6] of the
biparabolic differential equation defines it as a model equation in the theory
of filtration consolidation of water-saturated soil environments (where u(zx,t)
represents the function of excess pressures).

Numerical experiments have shown [5,6,23] that the biparabolic mathemati-
cal model of the filtration-consolidation process is, in some sense, intermediate
between two well-known models: the classical model by K. Terzaghi [6] and the
model considering the creep of the soil skeleton by V.A. Florin [24,25|. Specifi-
cally, the biparabolic model predicts lower pressure values than Florin’s model
but higher values than the classical mathematical model by Terzaghi.

5. CONCLUSION

A nonlocal fractional-differential mathematical model for transport processes
in both time and space has been introduced, generalizing the well-known bi-
parabolic model [1] for describing heat and diffusion processes with finite propa-
gation speed. The formulation of the problem has been performed, and a closed-
form solution to the transient fractional-differential boundary-value problem for
a finite interval along the spatial variable has been obtained. The conditions
for the existence of a regular solution to the problem have been presented, and
some specific cases have been discussed.

The authors declare that there is no conflict of interest concerning the publication of this
article.
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