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Abstract

This study presents a monotone finite-difference scheme designed to approximate the initial-
boundary value problem for a time-fractional quasilinear parabolic equation. The maximum princi-
ple for the corresponding differential problem is established, and two-sided estimates of the numer-
ical solution are derived directly from the input data, without any assumptions on their signs. A
priori estimates in the C-norm are also obtained for both the exact and the approximate solutions.
In particular, these estimates are in perfect agreement with the corresponding ones for the exact so-
lution of the original differential problem, indicating that the proposed difference scheme preserves
the qualitative properties of the continuous problem. The convergence of the scheme in the grid
Lo-norm is proven using the energy inequality method combined with a Gronwall-type inequality.
In addition, a convergence criterion is employed to evaluate the stability of the proposed scheme.

Keywords: Monotone finite-difference scheme, two-sides estimates, maximum principle, mini-
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1 Introduction

The maximum principle is a fundamental concept in the theory of partial differential equations (PDEs),
traditionally applied to linear elliptic and parabolic equations. This principle provides crucial insights
into the behavior of solutions, particularly in terms of their extrema, which can be useful for proving
uniqueness, existence, and stability of solutions. In recent years, the extension of the maximum
principle to fractional partial differential equations (FPDEs) has gained significant attention due to
their increasing applications in various fields, such as physics, finance, and biology.

Fractional derivatives, characterized by non-integer orders, introduce memory and non-local effects
into the equations, making them more suitable for modeling complex phenomena, such as anomalous
diffusion and long-range interactions. The study of FPDEs is a rapidly growing area of research
[3,/5k1244|125,130H33,, (52}, 53158, and developing a maximum principle for these equations is essential for
understanding the qualitative behavior of their solutions. Proofs of various versions of the maximum
principle for time-space FPDEs and their applications can be found in many works [2}{7,/10,2627,37-39)].

In the theory of finite-difference schemes (FDSs), the maximum principle plays an important role in
ensuring that the finite-difference solution is consistent with the input data and converges when study-
ing the uniform norm. Monotonicity is well-known for being a property of finite-difference methods
that satisfy the grid maximum principle [56]. The well-conditioning of the algebraic equation sys-
tems resulting from monotone schemes has made them very important in computational practice [17].
Monotone schemes also enable numerical approximations that avoid oscillations, even for solutions
that are not smooth (including those with discontinuities) |[16]. Many studies focus on the develop-
ment and analysis of monotone FDSs for integer linear PDEs in mathematical physics, considering
various boundary conditions, as discussed in books [56,57] and articles [20,40,{43,/50]. For nonlinear
cases, notable studies on monotone FDSs include articles [15}16},19,21,42,/44|46-49]. Regarding frac-
tional derivatives, Jiang’s work [22] demonstrates the monotone properties of numerical solutions for
the time-fractional Fokker—Planck equation, specifically with respect to initial values and truncation
errors. Based on this, he proved the stability and convergence of the solution under the discrete
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Li-norm. In a later study [23], Jiang and colleagues introduced a monotone finite volume method
for time-fractional Fokker-Planck equations and proved its unconditional stability. They also showed
that the convergence rate of this method is first-order in space, which can improve to second-order if
the spatial grid is sufficiently fine. A key feature of their method is that it preserves the monotonicity
of physical variables like density and concentration. Additionally, in [11], Li and Wang’s work on
complete monotonicity-preserving schemes [35] is extended, showing that these schemes satisfy the
discrete comparison principle for time-fractional differential equations with variable coefficients. Fur-
thermore, the works of Shkhanukov et al. on monotone difference schemes for FPDEs [4,[819,[29] are
worth noting.

The nonstandard grid maximum principle serves as a key tool for deriving two-sided bounds on
the approximate solutions of FDSs. Nevertheless, as shown in [13], the sharpness of these estimates
in the discrete setting is generally inferior to that of their counterparts in the continuous differential
framework [28]. Faragé and collaborators extended this line of research by establishing analogous
estimates for the finite element method, particularly in the context of linear problems and nonlinear
problems with bounded nonlinearities (see, e.g., [12,/14]). Traditionally, the application of the grid
maximum principle relies on the assumption that the input data maintain a constant sign. However,
more refined two-sided estimates that do not impose this restriction have been developed and employed
in [45,51] to construct a generalized FDS in canonical form. To the best of our knowledge, no such
two-sided estimates have previously been established for difference schemes associated with time-
fractional quasilinear parabolic equations (TFQPEs). This work aims to fill that gap by introducing
a theoretical framework for such estimates. Remarkably, the resulting bounds for the approximate
solution are shown to be fully consistent with those for the exact solution.

The mathematical foundation of difference schemes is built upon three fundamental concepts:
consistency, stability, and convergence. These notions are closely related and are formally unified by
the Filippov—Ryaben’kii theorem [6,/55], commonly referred to in the literature as the Lax equivalence
theorem [54]. This classical result states that, for a well-posed linear initial-boundary value problem
(IBVP), any consistent FDS is convergent if and only if it is stable. In this framework, consistency
ensures that the discrete scheme faithfully approximates the continuous differential problem. However,
the situation becomes more intricate in the nonlinear setting. In particular, convergence alone is not
sufficient to guarantee stability, as highlighted in [18]. To address this, the work in [41] generalizes the
Lax equivalence theorem to encompass abstract nonlinear difference problems, where the underlying
operators act in finite-dimensional Banach spaces. Within this extended theory, the convergence
criterion remains valid, but only for numerical methods that exhibit unconditional stability.

The main contributions of the present study are as follows. This paper focuses on a monotone
FDS that approximates the IBVP for a TFQPE. Interestingly, this scheme preserves the qualitative
properties of the original differential problem. The maximum principle for the differential problem is
established, and a two-sided estimate of the difference solution is derived using the input data, with
no assumptions made about their signs. An a priori estimate in the uniform norm for the approximate
solution is found to coincide exactly with the corresponding estimate for the exact solution. Moreover,
it provides a sharper bound compared to the results obtained in the linear case, as presented in [30H32].
Using the energy inequality method and a Gronwall-type inequality, the convergence of the difference
scheme in the grid Lo-norm is proven. Based on this, the convergence criterion in [41] is applied to
assess the stability of the scheme.

The paper is organized as follows. Section 2 introduces the IBVP for a TFQPE and the maximum
principle for its classical solution. Section 3 presents the nonstandard maximum principle for the FDS
in the canonical form and its important corollary. Section 4 focuses on constructing a second order
monotone FDS for the given problem, proving the two-sided estimates of the approximate solution,
and obtaining the a priori estimate based on the input data. Section 5 and Section 6 present the
evaluation of stability and convergence of the proposed scheme in the discrete Ls-norm.



2 Statement of the problem and maximum principle

In the domain Qp = {(z,t): 2 € Q,t € [0,T]}, @ ={z: 0 <z <1} = QU {0,{} we study numerical
solutions of the IBVP for a TFQPE with bounded nonlinearity [33]

Diu = 68 (k( )gZ) + f(z,t), (x,t) € Qx(0,T], (1)

with the initial and boundary conditions, given by

u(x,0) = up(z), =z €Q, @)
w(0,t) = pa(t), w(l,t) = pa(t), t>0.

We assume that the nonlinear diffusion coefficient k(u) satisfies 0 < k1 < k(u) < ko, Vu € R,
where ki, ko are positive constants. Moreover, k € C?(R) and k is globally Lipschitz continuous, i.e.,
there exists a constant L > 0 such that

\k:(ul) — k(U2)| < L|u1 — U2|, VUl,uQ c R. (3)

The Caputo fractional derivative Df* is defined as [53]

t
Dyl t) = [y = /a“(”; t—s)ds, 0<a<l. (4)
0

Here T'(-) denotes the usual gamma function.

In the paper, we assume that there exits a unique solution of problem (I)—(2). Notation W} ((0,T))
is defined as the space of functions g € C*((0,7]) such that ¢’ € L((0,T)), where L((0,T)) denotes
the set of Lebesgue integrable functions on (0,7).

Lemma 1 ([1,38]). Let a function g(t) € WL((0,7))NC([0,T)) attain its mazimum (minimum) over
the interval [0,T] at the point t = tg € (0,T]. Then the Caputo fractional derivative of the function
g(t) is non-negative (non-positive) at the point to for any o, 0 < a < 1

Diglt)) >0 (Diglty) <0), 0<a<1. (5)
The maximum principle for the TFQPE is given by the following theorem.

Theorem 1. Let a function u € CWr(Q) := C(Qr) N WA((0,T)) N C2(Q) be a classical solution of
the TFQPE in the domain Qr and f(x,t) <0, (x,t) € Qr. Then either u(z,t) <0, (z,t) € Qr
or the function u attains its positive maximum on the bottom or two-side parts 0Qr = (Q X {0}) U
({0,1} x [0,T)) of the boundary of the domain Qr, i.e.

u(z,t) < max{O, max  {up(x), ul(t),ug(t)}}, V(z,t) € Qr. (6)

(x,t)€0QT

Proof. This theorem is proved using the technique in [38]. Assume that the conclusion of the theorem
is false. In this case, there exists (xo, tp), where xy € Q and 0 < tg < T, such that

o t0) > max {0, {ua(o), (0, a0} ) = 0 > 0.
(z,t)€dQT

We now define the quantity e := u(xg, t9) — mo > 0 and introduce the auxiliary function

e(T —t)

T ) (.I‘,t) € QT-

w(z,t) == u(x,t) +

Based on the definition of the function w and the assumptions of the theorem, we can conclude that
w satisfies the following properties

w(z,t) <u(z,t)+ =, (z,t) € Qr,
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w(zg, to) > u(xo,to) =+ mo > e +u(x,t) > e+ w(x,t) — % = % +w(z,t), (z,t) €0Qr.

The final property implies that the function w cannot attain its maximum value on the portion 0Qr
of the boundary of the domain Q7. Suppose that the global maximum of w over the closure Q7 is
achieved at the point (z1,¢1). Then it must hold that 1 € 2, 0 < ¢; < T, and

w(ml,tl) > w(l‘o,to) >e+mg > €.

By applying Lemma [l together with the necessary conditions for a function to attain its maximum
within an open domain ), we arrive at the following relations

ow 0w
Dtaw(tl) ZO, 87(1‘1,151) :0, 8 2(x1,t1) 0. (7)
According to the construction of the function w, the function w is subject to the following relation
T—1 ~
U(l‘,t) :w(w,t)—u, (Ji,t) S QT-
2T
The well-known formula
L(1+p8) 5
DM = L fm 0<a<l, B>0
¢ I(1—a+pB) - b
for the Caputo fractional derivative leads to
Etl_a
Diu = Dy —_, 8
=Pt e — o) ®)

Applying formulas 7, we obtain a sequence of equalities and inequalities evaluated at the point
(ZEl, tl)

Deutan,tn) — 5 (MG ) (@) = flont)

2u u(z 2
= Diu(z1,t1) — k(u )g 5 (71,t1) — k’(u)(a(a;’tl)> — f(z1,t1)

ety @ 0w " <8w(x1,t1)

2
= Diwlent) + g~ K0 G o) - K@ (PR ) )

ety
> - 00
~2TT(2 — «)
which contradicts the theorem’s assumption that the function u is a solution of equation . This

contradiction implies that the initial assumption made at the beginning of the proof is invalid, and
hence, the theorem is established. O

> 0,

By similar reasoning as above, the minimum principle can be obtained.

Theorem 2. Let a function w € CWr(S2) be a classical solution of the TFQPE in the domain Qr
and f(z,t) >0, (x,t) € Qr. Then either u(x,t) > 0, (x,t) € Qr or the function u attains its negative
minimum on the bottom or two-side parts 0Qr of the boundary of the domain Qr, i.e.

o) > min {0, win fuole) ()} b V(o) € Qr. ©
(z,t)€0QT

Theorem 3. Let u be a classical solution of the problem f. Then the following estimate in

C-norm holds valid

(e}

||UHC(QT) S max {MO, Ml, MQ} =+ mM, (10)
where
M = =\ = max z,t)], Mpy=|u 5 = max |ug(x)|,
£ legar) = max 170l Mo= ol o) = max uo(a)
My = HMIHC 0,7) = Hﬁ?);ﬁ i (@)], My = HMzHC(o,T) = Hf(?)T{ lua(t)] -



Proof. To prove the theorem, we first introduce an auxiliary function w

M _

w(z,t) == u(x,t) — mto‘, (x,t) € Qr.

Obviously, the function w is a classical solution of the following problem

0 Mt 0
Dfw = p <k <w+f‘(1j—a)> w) + f(z,t) — M, (z,t) € Qx (0,77,

ox
w(z,0) =ug(x), x€Q,
w(0,8) = 1 () — F(Jl‘Ta) w(l, 1) = pa(t) — % £ 0.

Since f(z,t) — M < 0, (z,t) € Qr, then the maximum principle applied to the classical solution w
leads to the estimate
’U)(IL‘,t) < maX{Mo,Ml,Mg}, (I’,t) S QT.

For the function u, we get

T~ _
u(z,t) = w(z,t) + t* < max{ My, My, My} + T M, (x,t) € Qr. (11)

I'l+a) (14 )

The minimum principle from Theorem [2| applied to the auxiliary function

M _

w(z,t) :=u(x,t) + mt”, (x,t) € Qr

leads to the estimate

T« ~
u(l‘,t) Z _maX{MO7M17M2} — mM, (x, t) c QT,

that together with the estimate finishes the proof of the theorem. O

3 The nonstandard maximum principle for difference schemes with
variable sign input data

Let in the n-dimensional Fuclidian space a finite number of points of the grid €2, is given. To each
point z € €, we associate one and only one stencil M(x) - a subset of Qj,, containing this point. The
set M'(z) = M(x) \ z is called neighborhood of the point x. Let the functions A(z), B(z,£), F(x) be
given at z € Qp, & € Qp and they take real values. Next, to each point x € 0}, corresponds one and
only one equation of the form [56]

A@@)y@) = Y. B@Oy@)+F(x), ze, (12)

geM/(z)

which is called the canonical form of the FDS. According to [56], the point x is called a boundary grid
node, if Dirichlet condition is posed

y(z) = p(z), ze9, (13)

where 7 is the set of the boundary nodes, Q5 = Q U~. We will assume the fulfilment of the usual
positivity conditions for the coefficients

A(z) >0, B(z,§)>0 foral ¢eM (), (14)
D(z)=A(x)— > B(z,¢>0. (15)
geM/(z)
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Lemma 2 (|45]). Suppose that the positivity conditions for coefficients f are fulfilled. Then
the maximum and minimum values of the solution of the FDS belong to the range of the input

data F () F (@)
X X
i < <
min 5y Sv@) s max e

x € Q. (16)

Corollary 1 ([56]). Assume that conditions of the Lemma [2| are satisfied. Then in the grid analog of
the C-norm, the solution of finite-difference problem satisfies the estimate

(17)

= <
ol = o o) < | 3

Remark 1. The estimates . . are at the interior nodes x € Q. If the boundary nodes are also
considered, i.e. x € Qy,, then instead of . . for the solution of difference problem (|12} . ) the
following estimates hold

i i o) mip 503 | <0 (0) < s { o) s 1 o€

et

» o lvllg = maxv (z)].
ey,

Il < max {

where

IWllc, = max v (z)

4 Finite-difference scheme

In the domain Q7 we define the usual uniform grid in space and time

W = Whp X Wr, @h:{xi:ih,iZO,N,hN:l}, @h:th{$0:O,$N:l},

wT:{tn:nT7n:07N07TNO:T}7 (DT:WTU{tO:O}

A widespread difference approximation of fractional derivative is the so-called L1 method
[36,52,/59] which is defined as follows

xl) n U (i, tn—j —«
Deu(xi, tny1) = 2_{¥§:b +1-4) —ul J)+0(¥ ), (18)

where
b=+ 1= i=0,1,...,n

It is direct to check that

b >0, j=0,1,...,n,

n—o0

1=by>by>...>b,, b, ——0,

n (19)
bn+2(bj,1*bj):1, n > 1.

Let us define the discrete fractional differential operator A¢* as a difference analog of the Caputo
derivative of the order o (0 < a < 1)

Ato‘u = A?u(l‘i,tn+1) Zb xz,tn—i-l—j) — U (l‘i,tn_j)).

TO‘I‘

Then from ([18]) we have
DY@, tns1) = Afu(r, tns1) + O (777%). (20)



For the numerical solution y(z,t) ~ u(z,t) of the problem (I))-(2) we construct the FDS

Aty = (a(y)iz), + ¢, (21)
y(z,0) = up(x), =€ wy, (22)
y6L+1 = lu’l(thrl)a y]r\bf+1 = ,u2(tn+1)- (23)
The functional
a(y) = 0.5(k(yi-1) + k(y;)), (24)

is as usually chosen from the second-order approximation condition for the elliptic operator [56]

mmm@x—ax<umgi>zom?+ﬂ‘

Here and further we use the usual notations of the theory of FDSs [56]

y=y" =y(zi,tn), ve=G—-y)/7, §=y"",
vz = (Vi —vi—1)/h, vz = (Vig1 —vi)/h, @ = f(Ti,tnt1)-

It is easy to show that the difference scheme f has the second order of approximation with
respect to the spatial variable and the first order with respect to the time variable.
This difference scheme f is written in the canonical form

Ayttt — eyt 4 Byt = —FP i=1,2,...,N — 1, (25)
Z/gﬂ = Ml(tn—i-l)a yXf—H = M2(tn+1)v (26)
with coefficients defined as follows
7] (&7]
A7 =Ba(), B ="%a@), ao=rT(2-a) (27)

CP=1+A+B, Df=Cp'— A}~ B} =1,

n
F) =y +aoe), F'=buy +Y (b1 =)y +aeeft, n>1
j=1
The scheme f is monotone if the positivity conditions of the coefficients f are satisfied
[56], i.e.
Al >0, B'>0, D!=C"—-A}!—-B>0.
From it follows that a(y) > 0 for all y and thus, the coefficients A7, B} in are positive, i.e.
the scheme f is unconditionally monotone.
To get two-sided estimates for the solution of the difference scheme 7, we first present two
useful lemmas.

Lemma 3 ([34]). Let {pn} be a sequence defined by

n

po=1, pn=> (bj1—bj)pny, n=>1 (28)
=1
Then it holds that .
na
(2 - i < . 2
( O‘)jz;p J_F(1+O£) ( 9)



Lemma 4. The solution of the difference scheme f satisfies

n+1
y:‘“ min  wug; + oo E DPn_k+1 Min fz-k, (30)
1<i<N—1 1<i<N-—1
k=1
n+1
yn'H < max ug; + E Pn—k+1 mMmax fl-k (31)
v 1<i<N-1 — 1<i<N-1

fori=1,2,....N—1,n=0,1,...,Ng — 1, where p, is defined by .

Proof. By the lemma [2] based on estimate , for arbitrary t =t, € wr and forallt=1,...,N —1
we have

min  F' <y < max F
1<i<N—1 1<i<N-1
From that we can deduce

n
>y mm bj—1—bj) min y'~ Iy min ntl 32
Vi <i<N-— 1yl+z_:( -1 1<<N Ui oo, N i (82)

n
ntl < max bj—1 —bj) max Ity hg max  ftL 33
Vi =0 Gdna Y +z_:( -1 1<<N 1yZ * 0 1<i<h- 1f (33)

We prove inequality below. The proof of is similar. For n = 0, estimate yields

. 1
>  min + oo mn S = min uo + agpg  min
yl 1<i<N— 1y 1<i§N—1fZ 1<i<N—1 P 1<i<N— 1f

Thus, is valid for n = 0. Assume that, for an arbitrary n, inequality is also true, i.e.
> _ i L 4
vz | _min (u0i + 00 ) pn b0 f (34)

Using again, from , we get

n n—j+1
yZH_l >b, min wug+ag min fl-n—H—i- E (bj_l—bj) min ug; + ap E DPn—j—k+1 . _in flk
1<i<N-1 1<i<N-1 - 1<i<N-1 =1 1<i<N-1

n—j+1
= min wy +ap min f”“—i—aoz _1—by) ( Z Pn—j—k+1 _Min ff)

1<i<N-1 1<i<N-1 1<i<N-1
n—k+1
_ ; +1 k
= min wug -+ min M 4+« E min : E bic1 —b:)pp_i_
1<ien—1 0T T cicn 1f 0 < 1<i<N- 1 — (b; 3Pkt
J:
n+1
. . k
= min Uy + « _ min o
(2m | voi 0 E Pn—k+1 o fi
k=1
So the estimate (30)) is correct for n + 1. By the principle of induction, the lemma is proved. O

With the help of lemmas [ [4, we obtain two-sided estimates for the solution of the difference
scheme f through the input data without the assumption that the input data are of definite
sign.



Theorem 4. The FDS f is unconditionally monotone (without constraints on the steps T and
h) and its solution satisfies the following two-sided estimates

my <yt

(2

<ms, i=0,N, n=0,No— 1, (35)

where m1, my are constants defined as follow

Ta
= i N t, t i 0’ .7 ’t )
mr=_min - fuo(o). i (0 ) + g g min {0, min foo)]

TO{
M9 =  max uo(x), n1(t), t)} + ——— max< 0, max z,t) o .
o= L) (0)) + gy max {0, max (o]
Proof. If the minimum of the solution y(x,t) of the difference problem f is reached at the

boundary nodes, then we get

it > min{pft pstty > zmin o (1), r2(1))- (36)

On the other hand, assuming that the minimum of the solution y(x,t) occurs at internal grid nodes,
inequality together with implies that

n+1
1> min x—|—< min $,t>TaF2—Oé _
v 2 minuo(e) + | min (1) ( );pn -

. (n+1)%r% | { . }
> min ug(x) + ~——————min {0, min x,t (37)
T ey, ol@) I(1+a) (x,t)eQTf( )

TOL
> mi ——— _min{0, mi ) e
2 o)+ T ™ % B, 1)

From , we obtain the left inequality . The right inequality is derived by similar
reasoning. Thus the theorem is proved. O

Remark 2. The two-sided estimates obtained in are completely consistent with the mazximum-
minimum principles @, @ for the exact solution of the differential problem —, and in this
sense, one can say that the FDSs inherit the properties of the differential problem.

Based on the corollary of the difference maximum principle, we in a standard way obtain the
important a priori estimate in the strong C-norm. We first present the following supporting lemma.

Lemma 5. The solution of the difference scheme f satisfies

n+1
lv" | < luolle + a0 > prrsallFFlle, (38)
k=1
where
lolle = maxo(@)l, lolle, = maxfo(@)l,  olle = max o))

Proof. Based on corollary [1} from we conclude that

n
ly" e < [1bay + D (bj—1 = bj)y™ 7 + age”™ e,
=1

which leads to .
Iy e < balluolle + > (Bj—1 = b)ly" 7o + aol e (39)
j=1
For n = 0 we have
Iyt le < lluolle + aopoll -



This means that is true for n = 0. Suppose that, the estimate is also true for an arbitrary n
(n=1,2,...,Ng—1), i.e.

n
ly" e < lluollc + a0 Y pailfFle. (40)
k=1

Now we need to prove that is true for n + 1. Indeed, from , it follows that

n n—j+1
ly" e < balluollc + aoll f* e + > (bj-1 = bj) (IIUoHc +ag Y pn—j—k—i—l”kaC)

j=1 k=1

n n—j+1
= Jluollc + aoll f" Ml + a0 D (bj—1 — by) ( > pn—j—k+1|!fkllc)
k=1

j=1
n n—k+1
= lluollc + aoll /e +ao D 14 e | D (bj1 = bj)pn—jki
k=1 j=1
n+1
= [luollc + a0 an—kHkaHC-
k=1
By the principle of induction, the lemma is proved. O

Theorem 5. For the solution of the difference scheme f for any t,, € w; the following a priori
estimate is valid

", < max{uuouc, max {u(0)]. \uz(t)!}} F e s 17Ol (41)

te[0,T] I'l+a) te[O T]

Proof. Obviously, for the boundary grid nodes we have

ly" e, < max {|p1(tnsn)], [p2(tas)]} < mas {lm (@), [u2(t)]}- (42)

On the other hand, for the internal grid nodes, using estimate of lemma 5| in conjunction with
inequality of lemma [3] we obtain the following series of inequalities

n+1
94 e < olle + ( mas 170l ) T2 = @) 3 pacs
’ k=1

(n+1)*r¢
I'l+a) t€[0 T

e —

x f®)le (43)

< Jluolle +

< _ -
< lluolle + I(1+ «) te] OT]

From and , the required relation follows. This completes the proof. O

Remark 3. Inequality provides an a priori estimate for the solution of the difference method,
derived from the original problem’s input data. It is fully consistent with the corresponding estimate
for the solution of the differential problem. Notably, this estimate is more accurate than those
obtained for the linear case, as presented in the works of A.V. Lapin and colleagues [30-32].

However, due to the nonlinearity of the original problem, classical stability of the difference scheme
cannot be inferred directly from estimate . Using a convergence criterion, we will discuss the
stability of the difference scheme f in the next section, based on the results in [41].
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5 Convergence in the grid L;-norm

In this section, we additionally assume that the exact solution of problem f is sufficiently smooth,
namely, u(x,t) € C*?(Qr). We use the energy inequality method to obtain estimates of the error and
convergence results in the discrete Lso-norm. Defining the approximation error 7]) in the interior nodes
as R

¥ =—Afu+ (a(w)iz), + ¢,

the grid-function error z = y — w is the solution of the discrete problem
Az = (a(y)ia), — (a(w)iz), + 1, (44)
with initial and boundary conditions
z(x,0) =0, x € wp, (45)
2(0,t) =z(l,t) =0, tE€w,. (46)

It is easy to see that 1[1 =0 (h2 + 7') in all the nodes. We now define the following inner products and

the corresponding norms
(w,0) = D hu@)o(z), |lu] = v/(u,w),

(u o] = Y hu(@)o(@), || = v/(u,u],

where w;f = wp, U {l}. The following results will be useful to prove the convergence of the scheme.

With this purpose, we will use the formula of summation by parts [56], and Gronwall type inequality
[34].

Lemma 6 (Summation by parts). For any grid functions u, v defined in wy, vanishing on the boundary
points x € {0,1}, the following identity holds:

(Uz,v) = —(u,vz]. (47)
Lemma 7 ([3]). For every function v(t) defined on the grid W, one has the inequality
1
VHARY > gﬁf(y)? (48)
Lemma 8 (Gronwall type inequality). Suppose that the nonnegative sequences {w™}, {g"}, n =

0,1,2,... satisfy
Afw" < \w" + Xow" L4 g", n>1,

where A1, Ay = const > 0. Then, there exists a positive constant 7™ such that, when T < 7%,

te .
n < 0 n j a < <
w _2<w +7F(1—|—a) Org]agcng>Ea(2)\tn), 1 <n< N, (49)
00 Uk .
here E = —— is the Mittag-L ti dA= A\ Ao/(2 —2°79).
where Eq(v) kz::() T+ ko) is the Mittag-Leffler function an 1+ A/( )

The following assertion holds.

Theorem 6. The solution of the FDS f converges to the exact solution of differential problem
—, and the following estimate of the method accuracy holds

12| < C (h* +7), (50)

C being a positive constant independent of the discretization parameters.
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Proof. Taking the inner product of Eq. by Z, we obtain
(Afz,2) = (2, (a(y)dz), — (a(w)iz),) + (£,9). (51)
Taking into account the fact that
(a(y)iz), — (a(w)iz), = (a(y)Zz), + ((aly) — a(u)) 4z),,

and applying the summation by parts formula to the first term on the right-hand side in , we
obtain
RHS := (%, (a(y

)iz), — (a(u)iz),) = (2, (a(y)Zz),) + (2, ((aly) — a(u)) dz),)
= — (2, a(y)2] — (22, (a(y) — a(w) @] = = ((32)",aly)| — (zz, (aly) — a(w)) ia)
Because the coefficient a(y) > k1 > 0, Yy € R the following evaluation is satisfied
()2 0w)] = hall2:]
Therefore,
— ()% aly)] < —allz]
By assumption (3)), we obtain |a(y) — a(u)| < L|z| .5, where |z o 5 = 0.5 (|zi| + |zi-1]). From this it
follows that
— (2, (a(y) — a()) iiz) < L (1231, il 0.5 ]| -

The solution of problem f is sufficiently smooth, and hence

1 U
=] < = -
izl < h / ’83:
Ti—1

Then, applying the e-inequality, we obtain the estimate

dr < c.

. . . Lc
— (22, (a(y) — a(w)) iG] < e1Lel|Z:]* + EHZHQ-
Therefore, for the first term on the right-hand side in , we have
~ 112 Le 2
RHS < —(k1 — e1Lo)||Z&]|” + 47_1||2|| ; (52)

and the second term satisfies the following estimate

2112 2
7y < LEIT A [19]]
5 .

(2,9) < (53)

On the other hand, using the inequality of the lemma (7, we get the estimate for the left-hand
side of the equality as follows

1
(Af'z,2) = §A?HZHZ~ (54)
Thus, from the results f we derive the estimate

1 . Lc 1, . 1. -
§A1‘E‘IIZII2 + (k1 — e1Lo)||2] | < 471IIZII2 + §||Z|!2 + §||w||2.

We take the value €1 sufficiently small, namely, such that the inequality k1 — e1Lc > 0 is satisfied.
Then we arrive at the final estimate

Le 0 Lc
2 N2 2 12 9
BFIEI? < 21+ o2l + 191 < 217 + 25 + Ca(h2 + )2

Applying the finite-difference analog of the Gronwall lemma to the last inequality, we obtain the
desired estimate. The proof of the theorem is complete. O
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6 Stability of difference scheme

The criterion for the convergence of nonlinear difference schemes proved in [41] allows one to prove
the unconditional stability of difference methods for which convergence has already been proved.

In the sequel, we assume that problem f is Hadamard well-posed, i.e., the following conditions
are satisfied

(a) There exits a unique solution u(z,t) € C*?(Qr) for all input data;

(b) The solution is stable in the Lo-norm for all u, @ € C*?(Qr) with respect to small disturbances

in the initial data
021%)2[ o — UHLQ(Q) < colltio — UOHLQ(Q)a

where ¢y = const > 0, @ is the solution of problem f with the perturbed initial condition
Ug.

Obviously, a similar estimate holds for the perturbed difference scheme
|5~ < C (K +7). (55)
Based on the above, from , we conclude that

Sl < _ - _
max |[§ -yl < max |y — ul| + max |§ — al| + max||a — ul]
<2C (h*+7) + max [|i — ul|.
0<t<T
Since we do not perturb the boundary conditions, we see that
(R(w)] = [J[ul] = lull | < e1hy e = const > 0.
Obviously, for sufficiently small h < hg and 7 < 7y satisfying the inequality
2C (h* + 1) < ealiio — uollp, @), c2 = const >0,

the difference scheme f is unconditionally stable in the Lo-norm with respect to the initial
data, and one has the inequality

?EI%XHQ(t) —y)| < esllao — UOHLQ(Q)a cg = const > 0.

7 Conclusions

In conclusion, this paper presents a monotone FDS for approximating the IBVP of a TFQPE. The
maximum principle for the differential problem has been established, and a two-sided estimate of
the solution has been derived directly from the input data, without making any assumptions about
their signs. Notably, the nonstandard maximum principle for the difference solution is fully consistent
with the maximum principle of the original differential problem, meaning that the proposed scheme
preserves the properties of the original equation. The convergence of the scheme in the grid Ls-norm
has been rigorously proven using the energy inequality method and a Gronwall-type inequality. Ad-
ditionally, the convergence criterion from [41] was successfully applied to assess the scheme’s stability.
These findings lay a strong foundation for the further development and analysis of numerical methods
for nonlinear FPDEs with unbounded nonlinearity.
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