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Abstract

We generalize the concept of diffusion equations on weighted graphs, which is also known as w-diffusion equations,
to study fractional order diffusion equations on weighted graphs. More precisely, we replace the ordinary first order
derivative in time by a fractional derivative of order « in the sense of Riemann-Liouville and Caputo fractional
derivatives. We prove the existence of solutions of fractional order diffusion equations on graphs using the concept of
a-exponential matrix and illustrate the solutions through numerical simulation in various examples.
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1 Introduction

Differential equation is a very important tool in applied science, especially in modelling of dynamic processes.

Diffusion equation [23], which is a partial differential equation of the form

0%u _ Ou

ox2  ot’
is one of the main type of differential equation that has extensive applications. Physically, the term u(x,t) represents
the density of the diffusing material. The equation is used to describe the behavior of motion of particles associated
with the random movement in a material. Diffusion equation can be found in various application such as the Markov
process and applied to many fields, such as biology and chemistry. In particular, it is used for the diffusion of pollution
in the atmosphere, cell diffusion, network traffic, the spread of contaminants in underground water, the transmission
of signal through strong magnetic fields, etc. However, there are some complex systems that cannot be identified by
classical differential equations. Therefore, fractional integral and derivative was developed for solving these problems
[13, [15], 16, [18].

Fractional calculus has triggered research interests in modelling of dynamical systems since some behavior can
be reflected and described better than the models based on integer order derivatives. Indeed, it is observed that

*Corresponding author
Email addresses: 13lingz@hotmail.com (Kaninpat Wattanagul), parinya.san@kmutt.ac.th ( Parinya Sa Ngiamsunthorn)

Received: April 2021  Accepted: October 2021


http://dx.doi.org/10.22075/ijnaa.2021.23258.2511

2220 Wattanagul, Sa Ngiamsunthorn

fractional calculus provides more realistic models to describe systems with memory effects. There are several types
of fractional derivatives and fractional integrals found in the literature based on various kernels including Riemann-
Liouville, Caputo, Hilfer, Riesz, Erdelyi-Kober, Hadamard, Atangana—Baleanu (see for example, [3] [15] 16}, 21]). The
common definitions that have been used in the literature are Riemann-Liouville and Caputo fractional calculus. Apart
from the study of new type of fractional derivative and integral, there is also a research focus on integral inequalities
arising from new fractional operators [IJ.

Based on the development of fractional calculus, there have been extensively studied on fractional diffusion equa-
tions that generalize the diffusion equations with classical derivative. In 2007, [5] formalized the systems of linear
fractional differential equations using Riemann-Liouville and Caputo derivative operators to solve homogeneous and
non-homogeneous with constant coefficients. In 2011, [22] introduced a space fractional derivative with parameter
B in the heat equation. They used this new fractional model to generalize properties of medium, and Fourier law.
Moreover, they applied it into the second law of thermodynamics to find cases that verify and do not verify. In
2017, [2] presented maximum principle, uniqueness and stability of solutions for fractional diffusion equations with
the Caputo fractional derivative of non-singular kernel. Moreover, [20] presented the well-posedness of sub-diffusion
equations with can be reduced to Ginzburg-Landau equations and Burger equations. Also, in [19], authors studied the
final value problem for nonlinear time fractional reaction—diffusion equation by considering the problem as discrete
data from grid points of the domain.

While there have been extensive studied on fractional diffusion equations, there is also some investigation of
discrete structure that could affect the diffusion based on connected graph and network. In 2007, diffusion equations
was generalized on graph by Chung et al. [9]. They discussed discrete version of the heat equations which are called
the w-diffusion equations. It is assumed that the diffusion occurs on network from one vertex to another adjacent
vertex through an edge with the rate of change of the energy flow proportional to the difference of the quantity of the
material of two vertices and the conductivity of the adjacent edges. They solved the w-diffusion equations under three
conditions including no boundary condition, the initial condition and the Dirichlet boundary condition. Moreover,
they derived some properties on the w-diffusion equations such as the minimum and maximum principles, Huygens
property and uniqueness with energy methods. Moreover, the various problems on graph, solving direct and inverse
problems of an equation, called w-Laplace equations on graphs which can be interpreted as a diffusion equation on
graphs has been studied by [7, [8, 10} 1T}, 12| [14].

Motivated by the development of fractional calculus and the discrete structure on networks, we generalize w-
diffusion equation on graphs to consider homogeneous and non-homogeneous fractional order w-diffusion equations
using Riemann-Liouville and Caputo derivative. This generalization would explain diffusion process that reflects
discrete structure through connected edges and the memory effects from fractional derivatives, which contributes a
new aspect to the literature. The purpose of this paper is to find solutions of fractional order system of diffusion
equation on graphs and illustrate the behavior of solution from numerical simulation.

2 Preliminaries

In this section, we give some preliminary background on fractional calculus and calculus on weighted graphs.

2.1 Fractional Order Differential Equations

Definition 2.1. [I7] The Riemann-Liouville’s fractional derivative of order « for a continuous function f(t) is
definded by

1 d

Def(t) = F(l—a)dt/o (t—s)"“f(s)ds for a € (0,1]

where I' is the Gamma function.

Definition 2.2. [6] The Caputo’s fractional derivative of order o for a continuous function f(t) is defined by

Cpefr) = ﬁA (t— s)=f (s)ds for o € (0,1]

where I' is the Gamma function.
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Remark 2.3. [5] There is a relationship between the Caputo and the Riemann-Liouville derivatives given by

(J)
Do f(t) Z f ey U

7=0

For fractional order linear system, we can guarantee the existence of solution from the result of [5] as stated the
next theorem.

Theorem 2.4. [5] Consider the systems of linear differential equations of fractional order

Def(t) = A(t)f(t) + B(t) (2.1)
where D is the Riemann-Liouville fractional derivative of order o (0 < o < 1), and
a11(t) aa(t) ... aia(t) b1 (t)
At) = a21:(t) a22:(t) agn:(t) B = bg'(t)
(8 ama() . am(®) b ()

are matrices of real functions. The system (2.1)) has the general solution of the form

ft) = et + / t =9 B(&)de, (2.2)

0

ka
A _ a1 ot
where e, =t Af—
= A ar T
A(t)

the function e, satisfies the following properties:

is a fundamental solution and C' is an arbitrary constant matrix. In addition,

(k—1)a—1
L IE 4] = maxi laggl, - then [eAO= < 3 A where (030)
2. eAt. Ct;«éeAJrC) where « # 0

3. DA™ = Aef® | where A,C € M, (R), and a € (0,1].

2.2 Graph Theory and Calculus on Weighted Graph

In this section, we introduce some basic background of graph theory and calculus on weighted graphs [4].

Definition 2.5. For a graph G = G(V, E), we refer to a finite set V' of vertices with a set E of two element-subsets
of V' (whose element are called edges). We denote either z € V or € G when z is a vertex of G.

Definition 2.6. A graph G is called simple if has neither multiple edges nor loops.

Definition 2.7. A graph G is called connected if for every pair of vetices x and y there exist a sequence of vertices
T =To~T1~Ta...~ Typ_1 ~ Tp, =y such that z;_; and z; are connected by an edge for j = 1,2,...,n, where
x ~ y means that two vertices x and y are connected by an edge in E.

Definition 2.8. A graph S = S(V',E') is called subgraph of G = G(V,E)if V' C V and E' C E.

Definition 2.9. A graph S = S(V', E') is called induced subgraph of G = G(V, E) if S is a subgraph of G and E’
consists of all the edges from E which connected the vertices of V.

Definition 2.10. Weighted Graph is a graph G = G(V, E) is associated with a weight function w : V x V — [0, c0)
satisfying

1. w(z,y) =w(y,x), for x,y € V,
2. w(x,y) =0if and only if z,y ¢ E.
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Definition 2.11. The degree d,x of a vertex z is defined by

dyx = Z w(z,y). (2.3)

yev
Definition 2.12. [9] The directional derivative of a function f: V(G) — R, is given by
Do, f(2) = [f(y) = [@)Vw(z,y)  zyeV. (2.4)
Definition 2.13. [9] The gradient V., of a function f is defined by

Vo f(x) = (Dyyf(z))yecv. (2.5)

Note: All the subgraphs in our concern are assumed to be induced, simple and connected subgraphs of a weighted
graph.

Definition 2.14. [9] The w-Laplacian A, of a function f: V(G) — R on a graph G is defined by

Auf(@) ==Y Diwy)(Dwy f ()

yev

=" 1fy) = f(@)] w(z,y).

yeVv

(2.6)

Definition 2.15. [9] (w-Laplacian Matrix)
For a function f : V(G) — R, with |V| = N. The w-Laplacian operator A, also can be considered as matrix defined
by

_dwxv r=1y,
Ny(z,y) = 2.7
«(®9) {w(ac, y), otherwise. @7)
Definition 2.16. [9] Symmetric normalized w-Laplacian matrix is defined as
L, = DY?A,D71/?, (2.8)

where D denotes the diagonal matrix with (z,x)-th entry having the value d,z for each x € V.

Definition 2.17. [9] (w-Diffusion Equation)
Let a graph G = G(V, E) and a weight w be given. Let F': V(G) x [0,T) — R with T a given positive real number or
00. The w-diffusion equation is defined by

O F(x,t) — Ay F(x,t) = H(z,t),x € V,t € (0,T), (2.9)
where H(x,t) is a given function in V(G) x [0,T).

3 Existence of Solutions of Fractional Order Diffusion Equations on Weighted Graphs

The main result presented in this section is the existence of solutions of fractional order diffusion equations on
weighted graphs. The existence result is proved for homogeneous and non-homogeneous linear diffusion equations
which can be extended to other types such as semilinear or perturbation, etc.

Theorem 3.1. (Homogeneous w-diffusion on graphs by using Riemann-Liouville’s derivative)
Let G(V, E) be a graph with a weigh w.Then, every solution F(z,t) of the equation

O F(x,t) — AyF(z,t) =0, x€V,tel0,T) (3.1)
is represented by
N
F(z,t) = Zciéi(x)e;Ait, xeV,te|0,T) (3.2)
i=1

for some ¢y, ca, ..., cy € Rywhere N = |V|.
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Proof . From (3.1)),we have

O F = AL F,
where A, defined by
—d,1 w(zi,x2) ... w(x1,2N)
w(ze, 1) —d,,To v w(xe,xN)
Aw(xiaxj) =
w(xy, 1) wl@n,zz) ... —d,TN

By applying the Theorem [2.4] we obtain that
F(x,t) =eltC

where A = A, C = [C(z1),C(z2),...,C(zN)]T and x1,22,..., 25 € V.
Since —/A\, is a non negative definite symmetric matrix, it has eigenvalues 0 < A\; < Ay < --- < Ay and the
corresponding eigenfunction @1, ®,,..., ®x. Then, for x € V we can express

N
F(xz,t) = Zci@(x)e;’\it
i=1
where ¢; is a constant. [
Theorem 3.2. (Non-homogeneous w-diffusion on graphs by using Riemann-Liouville’s derivative)

Let G(V, E) be a graph with a weigh w and H(z,t) € C°(V x (0,T)) N L*(V x (0,T)).Then, every solution F(z,t) of
the equation

Of F(x,t) — A F(z,t) = H(x,t), xze€V,tel0,T) (3.3)
is represented by
t
Fla,t) =Y (ea + / ex 1NN Hy, m)@i(y)dr) D) (3.4)
i=1 0 yev

for x € V and t € (0,T), where N = |V]|.

Proof . First, we consider the expansion

for (x,t) € V x (0,T),where

ai(t)=> Fy,H)®:(y) ,i=1,2,...,N.
yev

Since —A,P; = \;P; ,we have

yev
= ;F(yi)(—ki‘ﬁi(y))

= %F(y,t)Aw@(ﬁy)

- y; [(0F Fy, 1) — H(y,1))®i(y)]

- J%;agF(y,t)@(y) - %;H(y,t)q%(y)

— ata( %:/ F(y, t)fbi(y)) - ;H(y, t)®i(y)

= O a;(t) = Y H(y, )®i(y).

yev
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It follows that
0P ai(t) = —Niai(t) + Y H(y.t)®

yev
Applying Theorem [2.4] and Theorem [3.1] ,we obtain

i) = i+ [ N Y H(r
yev
for some real constants ¢;. Hence,
N
= Z (cie;A / 7(t T ZH Y, T )@i(x).
i=1 yeVv

O

Corollary 3.3. (Homogeneous w-diffusion on graphs by using Caputo derivative) Let G(V, E) be a graph with a
weigh w.Then, every solution F(z,t) of the equation

CONF (x,t) — N F(x,t) =0, x€V,te[0,T) (3.5)
F(z,0) = Fo(x), z€V (3.6)
is represented by
F(x,t) = Fy(z) + Z / Z A Fo(y)®;(y)es dr | ®(x) (3.7)
yeVv

Proof . Set

F(z,t) = F(x,t) — Fo(z).

Then, we have

N1 07 f(y g)ima

C qa 17 It T
Of F(x,t) = + 0y F(x,t)
! = F(l +j—a) '
N—1
3tJ (‘T 0) 1o o

= R ——— F — 07 F{
= F(]. +,7 o ) + 875 (.’I},t) at 0(.’13)

= Ay F(z,t)

= A F(x,t) + A, Folx)

Applying the previous theorem, we get
Z( —)\t / —(t—7)A; ZA FO ) )@Z(x)
i=1 yeVv
Since F(z,0) = 0, we obtain
N
Zciq)i(x)e;’\it =0.
i=1
It follows that

F(x,t) = F(z,t) + Fy(x)

+Z / Y LuFo)@i(y)el " TNdr | i(x)

yev
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Figure 1:

4 Examples and Numerical simulation

In this section, we provide examples of homogeneous fractional order diffusion equations (3.1)) on graphs in Example
1-4 and also non-homogeneous fractional order diffusion equations (3.3) in Example 5. First we provide example of
graph with uniform weight.

Example 4.1. Let G be a graph with weight w as Figure 1.

From the graph, we can write down the w-Laplacian matrix:

—-0.2 0.1 0.1
A,=101 =02 0.1
0.1 0.1 -0.2

which —A,, has the eigenvalues A\; = 0, Ay = 0.3 and A3 = 0.3, with corresponding eigenvectors:

—0.5774 0.4894 —0.6536
Dy (z) = [—0.5774| , Dy(x) = |—0.8107| and P3(x) = | —0.0970
—0.5774 0.3214 0.7506

Then the solution when the initial values at ¢y = 0.01 given by F(x1,t0) = 0.1, F(x2,%0) = 0.2 and F(z3,t9) = 0.3 are
shown in Figure 2. Figure 2 shows the solution at each vertex in graph when fractional order derivative varies from
a = 0.2, 0.5, 0.9 and 1. It can be seen that the value on each vertex increase. When fractional order derivative is
closed to 1, the trend becomes linear and the magnitude of the energy increases faster.

In the next example, we consider non-complete graph with equal weight.

Example 4.2. Let G be a graph with weight w as Figure 3.
From the graph, we can write down the w-Laplacian matrix:

—0.1 0.1 0
A,=101 =02 0.1
0 0.1 —-0.1

which —A, has the eigenvalues A\ = 0, Ao = 1 and A3 = 3, with corresponding eigenvectors:

—0.5774 —0.7071 0.4082
Oy (z) = |—0.5774| ,Dy(x)=| O and ®3(z) = |—0.8165
—0.5774 0.7071 0.4082

Then the solution when the intial values at ¢ty = 0.1181 given by F(x1,tp) = 0.1, F(z2,t9) = 0.2 and F(x3,t9) = 0.3
are shown in Figure 4. The behavior of solution is similar to example 1. Figure 4 shows the solution at each vertex
in graph when fractional order derivative varies from a = 0.2, 0.5, 0.9 and 1. It can be seen that the value on each
vertex increase. When fractional order derivative is closed to 1, the trend becomes linear and the magnitude of the
energy increases faster.
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Figure 2: Solution of fractional order diffusion equation on complete graph with 3 vertices and same weight.
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Figure 4: Solution of fractional order diffusion equation on connected graph with 3 vertices and same weight.
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Figure 6: Solution of fractional order diffusion equation on complete graph with 4 vertices and same weight.

Example 4.3. Let G be a graph with weight w as Figure 5.
From the graph, we can write down the w-Laplacian matrix:

-03 0.1 0.1 0.1
0.1 -03 0.1 0.1
0.1 0.1 -03 0.1
0.1 0.1 0.1 -0.3

AVRES

which —A,, has eigenvalues A\ = 0, Ao = 0.4, A3 = 0.4 and A4 = 0.4, with corresponding eigenvectors:

0.5 ~0.2113 —0.2887 0.7887
0.5 0.7887 —0.2887 —0.2113

Cu(z) = |o5| P2@) = | ngpg | ®3(2) = | _goggy| and Palw) =1 orry
0.5 0 0.8660 0

Then the solution when the intial values at to = 0.01 given by F(x1,t9) = 0.1, F(za,t9) = 0.2, F(z3,t9) = 0.2 and
F(xz4,t9) = 0.1 are shown in Figure 6. Figure 6 shows the solution at each vertex in graph when fractional order
derivative varies from o = 0.2, 0.5, 0.9 and 1. It can be seen that the value on each vertex increase. When fractional
order derivative is closed to 1, the trend becomes linear and the magnitude of the solution increases faster. Moreover,
there is a symmetry in the solution on vertices x1 and x4, and the solution on vertices x5 and x3. It can be seen that
the solution on vetices x; and x4 is less than the solution on vertices o and x3.

Example 4.4. Let G be a graph with weight w as Figure 7.
From the graph, we can write down the w-Laplacian matrix:
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1 0.2 T2
0.3 0.4
0.2 0.1
) T4
0.3

Figure 7:

—-0.6 0.2 0.3 0.1
02 -08 0.2 0.4
0.3 02 -08 03
0.1 0.4 0.3 0.8

DNy =

which —A,, has the eigenvalues \; = 0, Ao = 1.7222, A3 = 1.0289 and A\, = 1.2489, with corresponding eigenvectors:

0.5 —0.7751 0.3033 0.2393
0.5 0.3648 0.5501 —0.5606
Ci(r) = | 5] - P2@) = | 0966 | P3(*) = | _g7730| 2nd Palw) =1 376y
0.5 0.5068 —0.0795 0.6977

Then solution when the intial values at ¢, = 0.01 given by F(x1,t9) = 0.1, F(z2,tp) = 0.1, F(x3,t9) = 0.1 and
F(z4,t9) = 0.2 are shown in Figure 8. Figure 8 shows the solution at each vertex in graph when fractional order
derivative varies from o = 0.2, 0.5, 0.9 and 1. It can be seen that the solution on each vertex increase. When fractional
order derivative is closed to 1, the trend becomes linear and the magnitude of the solution increases faster. However,
the solution on each vertex is different due to the rate of diffusion term resulted from unequal weight.

Next, we consider non-homogeneous fractional diffusion equations on graphs in ([3.3)).

Example 4.5. Consider the graph G is in Example 1 and non-homogeneous fractional diffusion equations with
source term at x1, 2o and x3 given by H(z1,t) = 0.8, H(x9,t) = 0.3 and H(z3,t) = 0 respectively. We obtain the
solutions as shown in Figure 9. Figure 9 shows the solution at each vertex in graph when fractional order derivative
varies from o = 0.2, 0.5, 0.9 and 1. It can be seen that the solution on each vertex increase. When fractional order
derivative is closed to 1, the trend becomes linear and the magnitude of the solution increases faster. However, the
solutions on each vertex which has source term increase faster.

5 Conclusions

In conclusion, we generalize diffusion equation on graphs to fractional order diffusion equations on graphs (2.9)
using Riemann-Lioville’s derivative and Caputo’s derivative. It can be seen from numerical simulation that the solution
of fractional order diffusion equations on graphs exhibit blow up behavior. In particular, the solution increase over
the time. When order of fractional derivative is closed to 1, the solution becomes more linear. The effect of non-
homogenous source term accelerates the magnitude of solution to blow up faster.
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Figure 8: Solution of fractional order diffusion equation on complete graph with 4 vertices but unequal weight.
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