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Abstract

We study a nonlinear fractional differential equation, defined on a finite and infinite interval.
In the finite interval setting, we attach initial conditions and parameter-dependent boundary
conditions to the problem. We apply a dichotomy approach, coupled with the numerical-
analytic method, to analyze the problem and to construct a sequence of approximations.
Additionally, we study the existence of bounded solutions in the case when the fractional
differential equation is defined on the half-axis and is subject to asymptotic conditions.
Our theoretical results are applied to the Arctic gyre equation in the fractional setting on a
finite interval.

Keywords: fractional differential equations; parameter-dependent boundary conditions;
constructive approximations; asymptotic conditions; Arctic gyre

1. Introduction

In recent years, fractional initial boundary value problems (FIBVPs) have attracted
attention in the field of mathematical modeling due to the ability of fractional operators to
capture nonlocal and memory effects. Such effects are relevant in many physical processes,
thus making fractional differential equations (FDEs) a suitable modeling tool (see, for
instance, [1-5] and the references therein). Examples of applications of fractional calculus
include viscoelasticity, wave propagation through inhomogeneous media, porous media
flow, and anomalous diffusion. In viscoelasticity, fractional models have been employed to
describe the behavior of polymers and elastomers (see discussions in [6,7]), to analyze the
vibrations of materials with viscoelastic damping [8], and to characterize the mechanical
response of magneto-sensitive rubbers [9]. In the context of wave propagation, fractional
derivatives are used to model power-law attenuation phenomena, such as those observed
in acoustic wave transmission through inhomogeneous media [10] and in the attenuation
of seismic waves traveling through the Earth’s interior [11]. Applications in porous me-
dia include modeling groundwater flow [12], the dynamics of unsaturated aquifers [13],
nonlinear infiltration processes [14], and viscoplastic soil compression [15]. Furthermore,
fractional calculus has been instrumental in advancing the understanding of anomalous
diffusion, with applications ranging from modeling random walks on fractal structures [16],
to describing diffusion in complex systems [17], hydrodynamic transport through fracture
networks [18], and anomalous transport processes in porous and fractured media [19].
However, the nonlocal nature of fractional calculus operators poses some challenges. Exact
solutions to FDEs, especially those arising in modeling and engineering applications, are
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rarely obtainable, in particular when they contain nonlinearities. Classical analytical tech-
niques often have limited applicability or require substantial modification for the fractional
setting. Moreover, the computational complexity of numerically solving FDEs is generally
higher than that of their integer-order counterparts. This has prompted the development
of approximation methods that avoid discretization and can be used in the analysis of
FBVPs. One such technique, applicable to FIBVPs, is the numerical-analytic technique. It
has been extensively applied to the investigation of boundary value problems (BVPs) for
ordinary differential equations (see [20-22]), and has subsequently been adapted for the
study of BVPs of fractional order, subject to various types of boundary conditions [23-26].
It combines the construction of closed-form approximations of the solution of the FIBVP
with the numerical solution of a system of algebraic equations.

FBVPs, defined on domains of unknown length arise when both non-local effects and
moving interfaces are present. Some examples include the fractional Stefan problem, which
models phase changes in materials with memory [27], fractional models of American pric-
ing options [28,29], and fluid dynamics in porous media [30,31]. These problems present
significant challenges due to the coupling between the unknown boundary position and
the solution itself, which requires the development of approaches capable of effectively
handling these interactions. The numerical-analytic method has previously been applied to
first-order ODEs with non-fixed right boundaries under two-point conditions [20], but, to
our knowledge, has not yet been extended to FDEs with unknown domain length. This
paper aims to generalize the method to FDEs of order p € (1,2] with three-point boundary
conditions. The novelty in the problem setting consists of the fractional derivative and
the three-point condition. Moreover, the interval-splitting method applied here, which
extends the applicability of the numerical-analytic method and improves its convergence,
has not previously been applied to an FDE with non-fixed boundary. A key advantage of
the method is that it can accommodate various types of boundary conditions and does not
require complete knowledge of the initial data. Additionally, it avoids discretization, reduc-
ing the problem to solving an algebraic equation, which simplifies implementation. It is
worth noting that there exist other techniques for constructing closed-form approximations
to FIBVDPs, subject to different types of boundary constraints. Two well-known approaches
are the Variational Iteration Method (VIM) which uses correction functionals and vari-
ational theory [32], and the Homotopy Perturbation Method (HPM) which constructs a
homotopy with an embedding parameter to build an approximating series [33]. Unlike
these semi-analytical approaches, the numerical-analytic method not only constructs ap-
proximate solutions but also serves as a framework for rigorous analysis of FBVPs, allowing
for the derivation of existence, uniqueness, and solvability results.

In addition to studying FIBVDPs, restricted to finite intervals, one may be interested
in the existence and behavior of solutions to FDEs, where the fractional derivatives are
defined on the half or whole real axis. BVPs for integer order differential equations on
infinite domains arise naturally from the modeling of various physical processes [34-36].
There are also some results for nonlinear FBVPs on infinite intervals [37-40] with fractional
boundary conditions.

In the present paper, we address an FIBVP of the Caputo type on a semi-finite domain.
In particular, we study a nonlinear FDE of the general form

SDPu(t) =f(Lu(t), te o), pe 12,
defined on the half-axis, and subject to asymptotic conditions of the form

lim u(t) = ¢y, tli_glo{etu’(t)} =0.

t—c0
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We use the fixed-point theory to give some conditions for the existence of bounded
solutions. Furthermore, we consider the case when the FDE is restricted to a finite interval of
unknown length A, and coupled with initial and parameter-dependent boundary conditions:

u(0) =19y, u'(0)=yx, Au(0)+ Bu(A)+Cu'(A)=d.

We use an interval-splitting method and the numerical-analytic technique to analyze
the problem, and to construct a sequence of functions that converges to its exact solution.
Finally, our method is applied to the Arctic gyre equation in the fractional setting to
illustrate the validity of our results.

Note that the choice of the Caputo operator in the differential equation of our interest
is motivated by its ability to incorporate boundary conditions of integer order, which
are typically of physical relevance. However, the method presented in this work is not
limited to a specific type of fractional operator and can be extended to a broader class of
operators. Notable examples include the two-scale fractal derivative, which is particularly
effective in modeling multiscale phenomena [41]; He’s fractional derivative, designed for
systems exhibiting weak memory effects [42]; and the Atangana-Baleanu derivative, which
is capable of capturing both short-term dynamics and long-range memory behaviors [43].

The present paper consists of seven sections. Section 2 deals with the existence of
bounded solutions to FDEs with asymptotic conditions. In Section 3, we consider an FDE
defined on an interval of unknown finite length, subject to initial and three-point boundary
conditions. We describe the interval-splitting method used to reduce the original problem
to “model-type” problems and the derivation of the approximating sequence. We show the
uniform convergence of the sequence to the unique solution of the “model-type” problems
and their relation to the original FBVP. In Section 4, the solvability of the FBVP is analyzed.
In Section 5, the numerical-analytic method is applied to the Arctic gyre equation in the
fractional setting. In Section 6, we discuss the presented method and its advantages, and
outline directions for future work. Section 7 gives a summary of the present work.

2. Bounded Solutions of FDEs with Asymptotic Conditions

In this section, we give the problem setting for an FDE on a semi-infinite domain,
subject to asymptotic conditions. We study the existence of bounded solutions to the FDE,
satisfying the given conditions.

Consider a FDE of the form

CDPu(t) = f(t,u(t)), t > to (1)
with the asymptotic conditions

lim u(t) = ¢, tlLr?O{etu’(t)} =0, (2)

t—o0

where p € (1,2], and CD* denotes the Caputo fractional derivative on the half-axis (see [3],
2.4.48).

First, we state the following lemma, which gives the relationship between the fractional
integral and the Caputo fractional derivative on the half-axis.

Lemmal. Let u(t) € C*(R")and p € (n—1,n). Then,

pCHP D k
(IPCDPu)(t) = u(t) + ), Tglg{)lou (OG-t 3)
=0 ©
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The next lemma shows the equivalence between Problems (1) and (2) and the corre-
sponding integral equation.

Lemma 2. Let there exist positive constants k and ¢ > 1, such that

f(tu(t)] < ke~ 4)

Then, Problems (1) and (2) are equivalent to the integral equation

1 © _
u(t) = o+ £ | 6=t (s u(s))ds. (5)

Lemmas 1 and 2 can be proved easily, thus, their proofs are left to the reader.

Let us now prove conditions that assure existence of a unique solution of the integral
Equation (5), which also satisfies the asymptotic constraints (2).

Theorem 1. Assume that there exists a function a : [tg,00] — R, such that

/too sP~la(s)ds < oo, (6)
|f(t,1/l) —f(t,U)‘ < a(t)|u - U’/ t> fo, U,0, € R/ (7)

and the condition in (4) holds. Then, for all ¢g € R, integral Equation (5) has a unique continuous
solution u : [ty, 0o] — R satisfying lim; o u(t) = ¢y.

Proof. Since the improper integral of the positive function a(s) is finite, i.e., (6), for any

positive constant ¢ > 0, there exists a sufficiently large T, such that the integral from Tj is
bounded by c. Thus, we can choose ¢ = I'(p) and find a Ty > ¢y, such that

/To sPLa(s)ds < T(p).

On the Banach space X of continuous and bounded functions u : [Ty, o) — R, endowed
with the norm [|u(t)[| := sup;. 1, |u(t)], define the operator

F@I(0) = o+ 57 [ (5= 07 (s, u(s))ds ®)
for t > Ty. Then, for u € X, we have
F@)(O)] < Igol + \r(lp) s =077 s u(s))s
< ol + [ 110 (s, u(s)lds < o
thatis, F : X — X. Now, let u, v € X and consider

1 * _
E0) = [P < sup s [ (5= 07175, = £(s,2) s
1 © 1 ©
Sts;gr(p)/t sPLa(s)|u —v|ds < ||u—v||ts;1Tp0r(p)/t sP~ta(s)ds

1 R
< ||u—v||W/T sP~la(s)ds < [|u—ol|,
0
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which implies that the operator F is a contraction on X, hence it has a unique fixed point in
X by the contraction principle, and this fixed point is the unique solution to Equation (5)
ont € [Ty, o0) [44].

If Ty = to, we are done. If ty < Ty, u(Ty), and u'(Tp) are determined and the solution
of (1) can be extended from [T, o) to [tp, o). This is because, since a(t) is positive and (6)
holds, a(t) is bounded for ¢ > to, which implies that f(t,u(t)) is Lipschitz continuous in u.
Hence (1) has a unique solution on [Ty, o), which can be continued to [tp, o). Moreover,
condition (4) on f(t,u(t)) prevents the blow up of solutions in finite time. Therefore, the
solutions on [Ty, o) can be extended to [tg, 00). O

3. Analysis of the Parameter-Dependent FIBVP on a Finite Interval

In this section, we consider an FDE on a finite interval whose length is denoted by
the unknown parameter A, and can in principle be extended indefinitely, that is, we can
let A — oo. We attach parameter-dependent boundary conditions to the FDE and use an
interval-splitting method to redefine the original problem as a system of “model” type
problems on smaller domains. The numerical-analytic technique is applied to construct
approximations to the solution of each problem. We establish a connection between the
solutions to the “model” problems and the original FIBVP, and give necessary and sufficient
conditions for the existence of solutions (for details of the technique, see [20]).

3.1. Problem Setting and Interval Splitting
We consider the FIBVP for the FDE of the form:

§Dfu(t) = f(t,u(t), te]=[0A] ©)
for some p € (1,2], subjected to the parameter-dependent boundary conditions
Au(0) + Bu(A) +Cu'(A) =d (10)
and the initial conditions

u(0) = ag, u'(0) = xo. (11)

Here, g Df is the Caputo derivative with lower limit at 0 (see [3], 2.4.15),
u:J]—+DCREe CZ(I,R), f:G—=R,G=]xD,and D is a closed and bounded do-
main. The constants in the boundary and initial conditions A, B, C, d, ag, xo € R are given
scalars, and the end point of the interval | is an unknown parameter A € R.

We aim to find a solution u : | — D of the FDE (9), which satisfies the parameter-dependent
boundary conditions (10), and the given initial conditions (11) in the space C*(],R).

For this purpose, we will construct a sequence of approximate solutions, and as it will
be seen in Theorem 2, the convergence of this sequence is contingent upon the function
f(t,u(t)) satisfying a Lipschitz condition on J. If this fails to hold, the uniform convergence
of the sequence cannot be guaranteed. To deal with this difficulty, we will use a dichotomy-
type approach, similar to [26], but for a more general setting. The interval-splitting method
can also be applied to speed up the convergence of the iterative sequence, and in the case
when the interval of definition of the FBVP (9)—(11) needs to be extended.

Let us decompose the interval | = [0,A] into N subintervals. Without loss of gen-
erality, let each subinterval have length A/N, and denote them by J; = [A;_1,Aj] :=
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[(] - l)A/N,j)\/N] for j = 1,..., N. We denote the solution on each J; by u;(t), and the

values of u;(t) and u;(t) at the end point of the subintervals in the following way:

M](/\]) = u]'H()Lj) = DC]', u;()\]) = M;Jrl ()\]) = Xj/ j= 1,...,N —1. (12)

The solution u(t) to FBVP (9)-(11) on the whole interval t € [0,A] is defined by u;(t)
piece-wise on each J;. Thus, the boundary conditions (12) are chosen in such a way that
they ensure that u(t) is a smooth function. Here, a; and x; are unknown parameters to
be calculated. Note that the boundary condition at the value of u},(Axy = A) is given by
XN = Cil(d — Awng — BD(N).

With this, we split the FBVP (9)—(11) into N “model-type” problems, which read

-1 Ajr1 .
3 SR =1 (1) = s T / syt sy

=fi(t,ur(t), .., ui(t)) = fi(t,u(t)), tej,

(13)

uj(Aj-1) =aj-1, ui(A)) = w,

/ / . (14)
”j()\j—l) =Xj-1, u].()\]-) =Xj, ]= 1,...,N.

The functions uj ]]- — D]- are continuous on D]-, and the domains D]- are such that
Ul,Dj = D.

Remark 1. Due to the nonlocality of the Caputo fractional derivative, after defining a new BVP
(13), (14) on each subinterval, the right-hand side function had to be adjusted accordingly, since
now the Caputo derivative is taken with lower limit A;_q on each ;.

In the following subsection, we give the form of the sequence of successive approxima-
tions to the solution of FBVP (13), (14) and a theorem on the convergence of the sequence.
The proof of Theorem 2 follows the lines of Theorem 1 in [26], so we omit it.

3.2. Successive Approximations

Let us consider FBVP (13), (14) for a fixed j € {1, ..., N}. We connect it with a sequence
{u}”}, m e Ly, fort € J;, u})(t; w,x,A) € Dj, given by

t—Ai_1\P A
0. — , , -1 N ,
u; (o, x,A) = &j—1 +7C]71(t - )\]71) + ( A ) (‘X] — -1 — Xj-1 N)/

t
u}"(t; a,x,A) = u?(t,' o, x,A)+ 1"(1;7) [/ (t— S)Pflfj(s, ”mil(s; &, x,))ds (15)

)\]',1

_ (t —/\)ljl)l’ //\)‘J ()\], — S)p_lfj(szum_l(S;IX,)(,)L))ds‘| ‘

j—1

Here, A; denotes the length of each subinterval. The sequence above is derived by
integrating the modified equation given in (13) and enforcing the boundary conditions (14).

Note that the approximating function u™(t;a, x,A) on the whole interval t € | is
piece-wise given by

u (e, x,A) = ui' (G, x,A), tE . (16)

Assume that for the BVP (13), (14), the following conditions are satisfied:
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(i) The function f;(t, u(t)) is bounded:
fi(tu(t))| < M, (17)
forallt € J;, u; € D; and some non-negative integer M;.
(ii) The function f;(t, u(t)) is Lipschitz continuous in u;(t), i.e.
(b 11 (), e (1)) = (01 (8), e w2())]| < Kl (1) = 20| (18)
forallt €| i u}, u]z €D, and a non-negative Lipschitz constant K;.
(iii) The set
Dy, i={aj 1 € D; : B (2, 1,A)), B7) € Dy V(t,aj,x,0) € x O} (19)
is nonempty, where Q]- = D]- X Xj X A, Xj € X]-, A€ A, and
MjA{
Bi= 2 (p 1) (20)
(iv) The inequality Q; < 1 holds for Q;, which is defined as
KAy 2

Q= 2Ty

The following theorem ensures that if conditions (i)-(iv) hold, for all j € {1,...,N}

there exists a limit function u;?o(t,' a,x,A) Jj x Q; — Dj, which is well defined for all

artificially introduced parameters (a;, x;) € Dj x Xj, and is the unique solution to the FBVP

(13), (14) with corresponding index j. Moreover, letting

Uoo(t;, X, A) i=uf (G, X, A), t € J;

(22)

yields the well-defined smooth function u«(; &, x, A), which satisfies the boundary and

initial conditions in the original FIBVP (9)—(11):

Uoo(0; 00, x, A) =u’(0; 0, x, A) = wo,
(t1eo)" (0; 0, 0, A) = () (03, x, A) = X0,
(o) (A0, 3, A) = (1) (A&, x,A) = C1(d — Axg — Bay).

Theorem 2. Assume that the FBVP (13), (14) satisfies Conditions (17)—(21). Then, for all fixed

(aj, xj, A) € Qj, it holds:
1. Functions of the sequence (15) are continuous and satisfy the boundary condition
m

u]' (/\j—l;a/X//\) :ocj—lr u]m(/\]/ &, X, /\) = 0(]',
(”}")/(/\j—l?“/?(r/\) =Xj-1, (u]m)/()\j; “/X!A) = Xj-

2. The sequence of functions (15) for t € J; converges uniformly as m —» oo to the limit function

(1. J— 3 m .
uit (o, x,A) = Jim (o, x, A).

(23)
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3. The limit function satisfies the boundary conditions

ui(Ajme, X, A) =1, ui (A, x,A) = aj,
W) (A 0, A) =xj-1, (u5°) (A, X, A) = x;e

4. The limit function (23) is a unique solution to the integral equation

E—=Aj_1\P
uj(t) :o‘j—1+7(j—1(t_)\j—1)+< M] ) (aj —aj_1 — xj—1M)
(24)
1 t t_)\fl p )L]
+—/ t— )PV fi(s, u(s))ds — J /x—r’-l', ds|.
T(p)[ AH( )P fj(s,u(s))ds ( " ) AH( i —8)P 1 fi(s,u(s))ds
Le., it is a unique solution on t € J; of the Cauchy problem for the modified FDE:
CHP, () _ f ‘
AHDt u](t) = f](t,u(t)) —l—A](a,)(,)\), o5)

uj(/\]-_l) =1, u;‘(/\j—l) = Xj-1,

where Aj(a, x,A) : Q — R is a mapping defined by

I'(p+1) po[hoiA N
Aj(w,201) = (= =) = B [T (5 =9)" s uts)as. 26
] /\f ] ] ] /\f /\];1 (N ) ]
5. The following error estimate holds:
AY Q'

[u* (o, x, A) — uf' (e, x, A) M;, (27)

<
| T2 1T (p+1)1-Q;
where t € J;, and M; and Q; are defined by (17) and (21).

Next, we state two theorems that establish the connection between the solution to the
Cauchy problem (25) and the original FBVP (9)—(11). We show the connection between (25)
and the FBVP (13), (14), and the connection between the limit function, defined in (22), and
the solution to the original FBVP (9)—(11).

3.3. Connection of the Limit Function to the FIBVP
Consider the Cauchy problem:

\ SDFui(t) = filtw(t) + i, tE

(28)
ui(Aj1) = w1, wi(Ajo1) = xj-1,

where i; € R is referred to as a control parameter.

The following result holds.

Theorem 3. Suppose aj_; € Dg,, («j, xj,A) € Q; and assume the conditions of Theorem 1 hold.
Then, the solution u;(-, &, x, A; ;) of the Cauchy problem (28) also satisfies the boundary conditions
in (14) if and only if

ni=Aj(a,x,A), (29)
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where Aj(a, x, A) is given by (26), and in this case
uj(t o, x, A pj) = ui (G, x, A). (30)
For a proof of Theorem 3, we refer to [26].

Theorem 4. Let the FBVP (13), (14) satisfy Conditions (17)-(21). Then, u;?"(t;oc*,)(*,/\*) isa
solution to (13), (14) if and only if the triple (a*, x*, A*) is a solution to the determining system

A */ *,)L* —_ 0,
](0‘ X ) 31)
Vi(a®, x*, A7) =0,
where Aj(, x, A) is given in (26) and V; : Q — R is a mapping, defined by
d .
Vi(a, x,A) :Euj(/\j; &, X, A) = Xj, for j=1,..,N. (32)

Proof. First, we note that the second equation in the determining system (31) is derived
from the smoothness of the solution u(t) on J. The boundary conditions in (14) prescribe
the derivative value of each u;(t) at the left-end point of the subinterval J;. Equation (32)
requires the derivative of u;(t) at the right end of the interval J; to be equal to the derivative
of uj1(t) at the same point, therefore ensuring that the solution u(t) is smooth.

Now, since the conditions of Theorem 2 hold, we can apply Theorem 3 and note that
the perturbed equation in (25) coincides with the original FDE in (13), and the solution
Uoo (t; &, x*, A*) satisfies the parameter-dependent boundary conditions in (14) if and only
if the pair (a*, x*, A*) satisfies (31). That is, uc (;a*, x*, A*) is a solution to FIBVP (13), (14)
if and only if (31) holds. O

Remark 2. Theorem 4 gives necessary and sufficient conditions for the solvability of the FBVP (13),
(14) and the construction of its solutions. However, a difficulty in its application arises from the fact
that explicit forms of the exact functions A(w, x, A) and V(«, x, A) are unknown. To overcome this
difficulty, in practice, we solve an approximate determining system
{A}" (,x,1) =0, -

V(M) =0,

which depends only on the (m — 1)-th and m-th terms of the sequence (15), and can thus be
constructed explicitly. In particular, the approximate functions A}” : Q) — Rand V]'” : Q) — Rare

given by
I'(p+1
A (e, X, A) = (p)ti”)(“i ~ %1 = XjM)
N 1 (34)
il —
_%/A (Aj = )P fi(s,u™ (s, x, A))ds
1 7%t

and
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VY( A)—dO(A» A) = xj = Aixja+ 5 — a1 — xj M)
]' DC,X, — %u] ]/D(/X/ X] - ]X]*l Ailp lX] 06]71 X]*l 1),
d p
Vit (a, x, A) = ﬁ”}ﬂ(/\j; &, X, A) —Xj = Ajxj-1+ )Tf(aj —aj1 — Xj-1M),
(35)

T [<p ) =9 s A

_E/Aj Aj— )P fi(s,u™ (s, x,A) )d
N AH( i =) fi(s, u™(s;a, x,A))ds |-

In the following section, we analyze the solvability of the “model-type” problems (13),
(14). In particular, we use topological degree theory to show the existence of parameters
(&, x, A) € Q, which determine the solution to each FBVP “model” problem (13) and (14)
(Lemma 3, Theorem 5). We establish bounds on the approximate determining functions (34)
and (35), which are required for the solvability of our problem (Lemma 5, Theorem 6). This
provides the basis for a search algorithm for the parameters («, x, A) € (), see Remark 3. In
addition, we prove two results which estimate the distance between two limit functions
u;?"(t; a,x',A") and u}?"(t; «”,x", A" for two different vectors (a/, X', A'), (&”, X", ") € Q
(Lemma 4) and the deviation between the approximate and exact solutions of each “model”
FBVP (13), (14) (Theorem 7).

4. Solvability Analysis

We begin by estimating the difference between the exact and approximate determining
functions, (26) and (34), and (32) and (35). This will be used along with the Brouwer
topological degree theory in order to show the existence of («, x,A) € Q), which defines the
solution of each (13), (14).

4.1. Sufficient Conditions

Lemma 3. Suppose the conditions of Theorem 2 are satisfied. Then, for arbitrary m > 1 and
(&, X, A) € Q for the exact and approximate determining functions A; : Q — R, A}” 0 — R,
Vi: Q= R, and ij 1 Q) = R, defined by (26), (34), (32), and (35), respectively, the following
inequalities hold:

QM
A (e, x,A) — AT (o, x, A)| < 2,
] 15 (36)
o
Vi, 0, A) = Vi (o, M) < 27 _]QijA’f :

where M;, Kj, and Qj are given in (17), (18), and (21).

Proof. Fix an arbitrary pair («, x,A) € Q). Then, by virtue of the Lipschitz condition (18)
and the estimates (21) and (27), we have

|A]‘(“l X /\) - A]m(“/ X )\)|

K] Aj p=1y,m o
S Tf /)\]'1 (/\] - S) |M] (S/ &, X, A) - Ll]- (S/ &, X, /\)|dS
Kp AP Qr Aj Qm
< Lz 1 / M»/ (A —s)Plds < —L_M..
AP (p+ 1) 1= Qo -Q;
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Similarly,

V(a2 4) = VI, x, M)

K; Aj
<! -1 / A —s)PHul(s; 0, x, A) — uS(s; a0, x, A)|ds
| @ [ = ) — )
+ﬂ/A" (A — )P ul (s, 3, A) — 1 (53, x, A)|ds
)\1 )\];1 ] i 7 /X/ j 7 rX/
K; Al Q' Aj
< ! 1 L _M:|(p—1 /] Ai—s)P1d
ST(p) 2 T(p+1)1-Q; (p—1) )\j—l( j—5) s
m
p /Af' 1 Qj p-1
+ - Ai—s)P7ids| <2 MAT .
Al /\jil(] ) 1_Qj 771

This proves the lemma. [

On the basis of the exact and approximate determining functions (26), (34), (32), and (35),
we introduce the mappings ® : R — R and &, : R — R, defined by

_(®jxA)
cpj(“/)(/ )\) T (q)jz(ﬂé,)(, )\))l (37)
" . CDl.’m(tx,)(,)t)
O (wx A i= (@j?'m(a,x,m)' (38)

with <I>]1- (a,x, M), <I>J2-(o<, X A), @}’m (a, x,A), and ®>™(a, x, A), defined as
A]-(zx, X, A), V]-(oc, X, A), A]’.”(oc, x,A), and V]m (a, x, A), respectively.
The following results hold.

Theorem 5. Suppose the conditions of Theorem 2 hold, and one can find an m > 1 and a set
Q) C R, such that the following relation is true:

maf.(1 _ O.)—1
QI'M;(1-Q)) >, (39)

o >3
|’|JQ@MN—QWﬂ

where dQY; is the boundary of the set (), and the definition of the relation > is given in [22]. If the
Brouwer degree of the mapping &, satisfies

then there exists a triple (uc]*-‘, X]’f, A¥) € Q, such that

u;‘(t) = u;-“(t; a;‘,)(]’-k,)\*) = n%l_l’)Ilo u]’-”(t; uc]*,)(;-‘,/\*) (41)

is the solution to the nonlinear FIBVP (13), (14), defined on J* := [A*

1 /\;?], which satisfies

u]*()\]*) =

‘. 42)
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Proof. We first show that the vector fields ® and ®,, are homotopic. Let us introduce the
family of vector mappings for 6 € [0, 1]

P(0,a, x, 1) = @' (, x, A) + 0[@;(a, x, A) — D" (2, x, A)], (&, x,A) €00, (43)
Then, P(6,a, x, A) is continuous for all (a, x,A) € 9Q), 6 € [0,1]. We have
P(0,a, x,A) = @ (a, x,A), P(La, x,A) = ®j(a, x, A)
and for any («, x,A) € 9Q),

|P(6, e, x, M) =97 (@, x,A) + 0[®j(w, x, A) — D" (a, x, A

" " (44)
2|07 (@, 1) = 92,00 ) = @' (a1, M)
From the other side, by virtue of (37), (38), and the relations in (36), we have
QIM;(1-Qp)~"
‘CD'(OC,X, )\) - qu(“/Xr/\) < / — . (45)
j j 20U M;(1- Q) 1A,

From (39), (44), and (45), it follows that
|[P(6,a,x,A)|>aq 0, 6 €10,1],

which means that P(6,a, x,A) # 0forall 6 € [0,1] and (&, x, A) € (), i.e., the mappings (43)
are nondegenerate, and thus the vector fields ®; and CIDJ’-” are homotopic. Since relation (40)
holds and the Brouwer degree is preserved under homotopies, it follows that

deg(q)]', 0,0) = deg(CD;”, 0,0) £0,

which implies that there exists (oc;‘, )(]’f, A*) € Q) such that CIDj(ocj’f, X;f, A*) = 0 by the classical
topological result in [45].

Hence, the triple (zx;f, )(]’-‘, A*) satisfies the determining system (31).

By Theorem 4, it follows that the function defined in (41) is a solution to the FBVP (13),
(14) and satisfies (42). O

The following lemma gives the “closeness” of the limit functions u°(£;, ', A') and
U (t; A x", A for two different sets of parameters (a/, x', \), (a”, x",A") € Q.

Lemma 4. Suppose that the conditions of Theorem 2 are satisfied for an FIBVP (13), (14) with
parameter-dependent boundary conditions. Then, for arbitrary pairs

(“//X// )\/), (“N/XN/ )\//) €0,

the limit functions u}”(t; o, x',\') and u}”(t; a”, x", A" of the sequences
uf' (£ o, x', ') and ' (t; a”, x", A" of the form (15) satisfy the inequality

1 (L], 4M]‘(7\’1)P>,

uqo t,'tX/, /’/\/ _uqo t,'UC//, //,A// S

(46)
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where Q is defined in (21), and

L] :_L]( j— 1]1X] 1’A 0‘] 1]’X] 17/\//)
=laj g —ai |+ A X = xa L+ P (e — afoq = XM+ ] — ey — AT,
Amax :=max (A, A").

Proof. Let us first estimate the difference |u;.”(t; o, XA — u}"(t; «”,x",A")|. Consider
first m = 0:

(050,20, A) = 60 A < [y = 4+t =

t p
+ () 18] = 60 =X M+ e =y = AV
Assume without loss of generality that A,x = A’. Then,

|”§')(t/‘ o, X A = “?(t/‘ ', x| < |"‘;>1 - “;‘L1| + A/|X;' 1 X/ 1

# (37) (1 =y =i+l = s = oD = L @

Next, using (17), (18), (47), and the results of Lemmas 1 and 2 in [23], we obtain for m = 1:
Juj (£ IX/X A) —uj(ta”, X AN < [ud (Gl ), A) —ul (80, X, A7)

t
/ (t—s)P HuO(s; o, x/, A) — uO(s;a”, X", A" |ds
)\

-1

t—/\/_ p A
7( ] 1) / j 1(/\] S)p_1|uo(s}0€/,)(,,/\/) _ uO(s;“//’X//’/\//”ds

1"

AR [ -

A t
—l—(jl, )/]( —splds+/ s)P~lds
Al )‘],‘71

(M)? AM; (M) 4M;(A1)P
<Li+LiK; =L;+L 7.
AR T(p+1) T(p+1) L0+ T(p+1)

We will use induction to show that the following estimate holds for m:

TR AR ////< 14M/\/pm i
|uj(t,oc,7(,/\) (tvc,)( A LZQ ZQ. (48)

Assume that (48) holds for m — 1, i.e.

) Mol AM(A)P e
! Y, X N )—ul" N, X A" < L Z Qi+ (p+1 Z Ql,
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and consider

|M;n(t; a/rX/r )\/) _ M;-n(t,' D(H, X/// A”)| S |l/l?(t, 06/,)(// )\/> _ M?(t,’ a//rX//r /\//)I

K: ot
+1“(;,) // (t _ s)p_1|um_1(s; D‘//X// /\/) _ um_l(s; IX//,X”,A”)MS
-1
t— AL A,
_( )L’]ﬂ )F’ /,] (/\; . S)p71|um71 (s; o« x, )\/) _yml (s; "X, )\“)]ds
1 -1
M; [, t—=A" Y
v j—1 " p—1
) l( ) 0 o
t—A_y\p Y Ny
—i—( A’] ) /’-, (A] — )P lds + /A;/] (t—s)P~lds
- 4M /\’ m=2 (A})P AM;(A")F)
< L L i i ]
* ZQ ZQ 12p= 1T(p+1)+F(p+l)NP

4M )\’ pom=

that is, (48) holds. Passing to the limit m — oo in (48) and using (21) yields (46), as required. [

4.2. Necessary Conditions

Next, we prove the following Lemma which will be used to establish an upper bound
for (26) and (32), required for the existence of parameters («, x,A) € (), which determines
the solution u;(t;a, x, A) of each of the problems (13), (14).

Lemma 5. Suppose the conditions of Theorem 2 are satisfied. Then, the functions A : ) — R and
V : Q) — R satisfy the following estimates for arbitrary pairs (', x', A"), (a”, x",A") € Qu:

T'(p+1
8y 1 A1) — Ay, 2 A < DAY wa

o (49)
2K; 4M;(AL)P
/Y R/ B/ ek AMA)P ‘
Hlajog — a7 — XA + -0, (L]—I- T+ 1) ) +2M;
and
Ve, A1) = Vi 2 A < L = A
p

o (1 = iy = Ml laf = 4y = xlaAT ) (50)

41<j<»v1>ﬂl( L AM)?
]

"\Np=1arg.
-q r(p+1))+4<w M

Proof. By virtue of the definition of A(z,A) in (26), the boundedness and Lipschitz-
continuity of f(t,u(t)) (17), (18), and the estimate in Lemma 4, we obtain

|Aj(a/,X/lA/) _ A]‘(DC//,XH /\//)‘
|a}71—a}—7(}71)\’1| |zx] 1—¢x —X] 1)\”|1

A AL oy

g7 o = s A — (s (s 1 A s
1

j—1
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1 /\//

+ (/\//)p /,, ()\U )pfl[fj(sl M]O*O(S,‘DC//,X//,)\H)) —f]'(S,u?o(S,'OC//,XU,)\N))]dS
1

+

1 [
(A’)p //V/ ( ;-*S)P_lf]-(s,u?(s;oc”,)(”,/\”))ds
1

j—1

1y _ w0
i T /”1 ()\}/—S)p 1fj(5/u]‘ (s;a", x", \"))ds
1 j—1

I'(p+1)
W(W;’—l — o — Xjq A gy — e = XA

2K AM;(AL)P
1_Q](L‘+ (p+1))+2M‘

]’

as required in (49).
Now, from the definition of V(«, x, A), (32), we derive:

Vi, 2, N) = Vi, X, A">|<|]A1x;,1+%<a;—a;,l—x;,wl)

_])‘/Z/Xjﬂl /5/(“ —"‘] 1 X;‘/—l}vl/”
+I-(p) [(P ) /)\,] ()L;7S)P—Z[]cj(slu]qo(s;a/’xlr/\/)) fj(S,M;?O(S;lX”,X”,/\H))]‘
j—1
A
D [T = 9P 2 s, sl N) — il (s, 2 A">>]|
1 -1
'A}, " p—2 ) Y o0 AR
+(P* ) //\” (/\j *S) [fj(s/”j (S/"X X /A ))7fj(sr”j (S;“/X 1)\))]
j—1
Al
+)‘£,1, /)\//] (A —s)P*Z[f]-(s,u?(s;a”,x",/\”)) —ﬁ(s,u?(s;zx’,x’,/\/))]|
-1

Al
+p- 1)' [ =9 2w (s 1 A1)
S

A/
/f, /] (/\;—s)pfz[f]-(s,u}”(s;o/,x’,)\’))ds
-1
P fyy O =9 (s A
p A n p—2 o noim oA
+F /N (/\ s) [f]-(s,uj (s;a”, X", A"))ds
1

j
SNM,X] 1= Ax |+A//(|‘X — iy — Xjq M|+ e — el = X AT

e oy
1-Q; (] T(p+1)

This proves the lemma. O

) 4Pt

Theorem 6. Suppose the conditions of Theorem 2 are satisfied. Then, in order for the domain ()

to contain a pair of parameters (a*, x*, A*), it is necessary that for allm > 1, (&, %, A) € Q. the
following inequalities hold:
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— I'(p+1) - 8
|AT (&, %, A)| < sup (| — &1 — %11
] /\P
(x,A)eQ 1
2K: /. 4M;(Aq)P Q' M,;
. o ] . ] . ]
+Hay = 8 = ) + T (L],2+7r<p+1)) M+, 6D
VP& A < sup § SRRt — Axjil
j N
(a,x,A)€Q
+)%(|5éj — &1 — R+ o — a1 — xj—1M)
4K (A)P~Y o AM(Aq)P < " <
! ] -1 j -1
_Jr 7 . __Jr 7 4(\1)P . 2 (AP 2
g (Lt Ty 4 M o+ 2=l M) 52)

where

7. . ~ = 3 % * *
L] '7Lj(aj—1,jlxj—1lAl ‘xj_],]'/X]'_]//\ )/

Ljn :=Li(&-1j Xj-1, A &j—1j, Xj-1,A)-

Proof. Assume that the determining functions vanish at « = a*, x = x*,A = A", that s,
Aj(a®, x*,A*) = 0 and V;(a*, x*,A*) = 0. Applying Lemma 5 with (', X', \) = (&% A)

and (a”, x",A") = (a*, x*, A*) yields

|Aj(& %, A) = Aj(, X%, A%)| = [Aj(&, &, A)]
F(p+1) ZK]' <~' 4M]'(/\1)p
j

~ ~ ~ 3 * k3 * *
< W(Mj — &1 — XM+ |"‘j —a = XM )+ l—iQ]

From Lemma 3, we know that

Hence,

I'(p+1), _ . o a
< sup {(p)ﬂ“j — &1 — XM+ e — a1 — xjaMl)
(a,x,A)€Q

2K; /. 4M;(Aq)P Qi'M;
v B AN Vil e e
oG (L2 + T 1) )}—l—ZM]—I— o

as stated in (51). Applying again Lemma 5, now to V;(«, x, A), we have

I(p+1)

) +2M;.
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IVj(ﬁc,X,i) Vi(a, X, A)| = |Vi(& X))

< QM1 = A 0 = 81 = Akl ]~ 6= A )
41<»(/\1)P—1 _ AM;(A)P -
] . ] p=1xar.
=G (Lj+ r(p+1)>+4(’\) M,
From Lemma 3, we know that
Qm
Vi@, % &) — V(@ %, 4)| < 21_7’(2ij(;\);9—1,

thus, combining the two yields

V" (@ & M| < Vi@ %, M)+ 1V (@ % A) = Vi@ 3, A)]

< QA1 = A 08 = 81— Fab ] ] — e = A )
4K (A)P—1 4M‘(/~\1)F’ < Q <
] ] -1 ] -1
L; +4(A)PIM; +2—L_M;(R;)P
1-Q; (1 r(p+1)) (M) I T1-Q; i)

< sup {Zil'j\le AXj- 1|+ (|"<] &1 — Fj-1M]
(a,x,A)EQ

4K (A)P~1 . AM(Aq)P .
+aj — —Xj-1Ml) + i(—lc)gj <L1'+ r(;;(+11)) ) +4(A1)p1M]}
+21 — Q] M;(Aq)P~

This proves the theorem. [

Remark 3. On the basis of Theorem 6, we can establish an algorithm of approximate search for
the set of 2N parameters (a7, ..., &}y, X7, - Xn_1, "), which define the solution u(-) of the FBVP
(9)—~(11). Let Q) = U]-Iile and let us represent the product of open sets 3 C R x R x R as the
finite union of subsets QF (OF = D' x X! x A):

a=uN 0, (53)

In each subset Q)F, we pigk a sgt (ali,..., aé\],xa,...,x’}vfl,)\i) and calculate the approximate
solution Uj m(t; ocl, . ;-, X\ ...,X}, M) on each subinterval Ji using‘ the r'ecu‘rrence' Folrmula
(15). Then we find the values of the determining functions A}”(lel,..., zx;,;(ll,...,)(}, ALY and
ij(rxil,..., oc;'.,x"l,...,)(;'., A1), according to (34) and (35), and exclude from (53) subsets Q' for
which the inequality does not hold. According to Theorem 6, these subsets cannot contain a set
(ocﬁ, .y txﬁ'\f,xg, ...,)(5\,_1, /\i) that determines the solution u(;). The remaining subsets Qi Qs
form a set Q™K such that only (&1,...,&N, X1, XN-1,A) € Q™K can determine u(-). As
k,m — oo, the set Q"k “follows” the set (3, which may contain a set (fq‘, s 0 X7 oo XN—17 A¥)
and defines a solution to (13), (14). Each set (&1, ..., &N, X1,---» XN—1,A) can be seen as an approx-
imation of (&, ..., &3, X3, s X5_1,A"), which determines solution of the FBVP (13), (14). It is
clear that

|&; —aj| < sup [& —a;l, |Xj—xj| < sup |X] Xil, 1A =A"[ < sup [A -4l
acDmk xEXmk AEAmK



Fractal Fract. 2025, 9, 462

18 of 23

and the function u,,(t;&, %, A), given by (16), where each uj "(t;&, %, ) is calculated using the
iterative formula (15), can be seen as an approximate solution to the FIBVP (9)—(11).

Finally, we estimate the deviation between the exact solution to the FBVP (13), (14),
u;"’(t; a*, x*,A*), and its approximate solution Uj L,k A).

Theorem 7. Suppose the conditions of Theorem 2 hold, and the pair (a*, x*, A*) € Q) is a solution
to the exact determining system (31), and (&, %, A) is an arbitrary point in Q, n. Then, the
following estimate holds

A3 Qf

(AP M,
22p— 1F(p +1)1- Q]

4M (A1)
1 ZQl

™ (6%, X7 A" —uf (68, %, A)| <
(54)
+ sup |L; ZQl

(OL,X,/\) EOm,N i=

Proof. From the estimates in (27) and (48), we have

% A)| < Juf (et X7 AT) — ! (a7, X, A7)

R (0, 17, A7) — w5
(a5, AT) — (8

K)I
)y & AM; ()P
< M;+ L
ST 1o ;QJ P+1 Z 9
(AT)P Q' mo 4M (Aq)P m=
< M;+  sup L
220~ 1F(p+l)1—Q] (6010 E T(p+1) ;

This proves the theorem. [

5. Example
In this section, we apply the numerical-analytic method from Section 3 to a model

example in a finite interval setting.

Let us consider the differential equation

D) =) — ey (= fEu(®), te0AL, 65

for two values of p, p = 2, 3/2, and subject to parameter-dependent boundary conditions

u(0) = 1000, u'(0) = 1500,

(56)
u(0) +u(A) +u' (1) = 1000,

ie,A=B=C=1,d=1000, xg = 1000, xo = 1500, and w is given.

Remark 4. The function f(t,u(t)) in Equation (55) is an example of a nonlinear function satisfying
the conditions of Theorem 1.

Let the nonlinearity in Equation (55) be F(u(t)) = sin(u(t))/10. For simplicity of
computations, we construct an approximating sequence directly on the entire interval [0, A].
However, it is possible to apply the interval-splitting method.

When p = 2, Equation (55), coupled with asymptotic conditions of the type (2), is
derived as a mathematical model of Arctic gyres with a vanishing azimuthal velocity
and oceanic vorticity F(u(t)). Then, w = 4649.56 is taken as the dimensionless Coriolis
parameter [36], and u(t) is a stream function representing radially symmetric solutions.
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The first boundary condition in (2) can be interpreted as assigning some constant ¢ to the
stream function at the North Pole, and the second boundary condition means that the flow
is stagnant at the North Pole, see [46,47] for details.

In this case, the FIBVP (55), (56) is considered on the domain

D := {530 < u(t) <1952}, t € [0,A].

The right-hand side function f (¢, u(t)) satisfies the Lipschitz condition (18) with constant
K=0.1

Implementing (15) and solving the corresponding system of approximate determining
equations for six iterations yields the parameter values shown in Table 1.

Table 1. Computed parameter values of af* and Ay, form =0,...,5, p = 2.

m oy’ Am

0 1182.4028437371185 1.148642801991218
1 1331.576257823826 1.0473603198657913
2 1331.5762578223805 1.0473603198648302
3 1331.57625782238 1.0473603198648305
4 1331.5762578223798 1.0473603198648311
5 1331.57625782238 1.0473603198648307

It is clear from these calculations that the values we obtain for zx’1" and A, converge to
the exact parameter values. With the computed value of A ~ 1.05, we find that Q ~ 0.01, i.e.,
the inequality in (21) is satisfied, which guarantees the convergence of the approximating
sequence. Plots of the first 6 terms of the sequence are shown in the left panel of Figure 1.

The right panel of the same figure shows a comparison between the left- and right-
hand sides of Equation (55) with us5(t; a1, A) plugged in. From this comparison we see that
the left- and right-hand sides of Equation (55) are in good agreement for m = 5. The error
between the last two iterations, defined as

E= |M5(t,’ 0‘1/)\) - M4(t; X1, )\>|/ (57)

is E = 5.2 x 1072, If necessary, the iteration process can be continued until the desired
precision of computation is obtained.

1600 — 5DPus(t; s, As))

1500 se{ N\ e fit, s £ X3, 2))

1000
1400

-1500
— ualfi xa Aa)

1300

----- it xu Au) —2000

1200 = uzl Xz As)
== ust xa As)
= uslt; ya As)

Ut ¥ As) —-3500

—2500

1100 -3000

1000

0.0 02 04 06 08 10 00 02 04 06 08 10

Figure 1. Plots of the first 6 terms of the sequence in (15) (left panel) and of the left- and right-hand
sides of Equation (55) with the last term u5(¢; a1, A) plugged in (right panel) for p = 2.
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When p = 3/2, we consider the FIBVP (55), (56) on the domain
D :={-29073.12 < u(t) < 33187.76}, t € [0,A].

As before, the sequence (15) is implemented and the corresponding system of approximate
determining equations is solved for six iterations. The obtained parameter values shown in
Table 2, from which it is clear that a]" and A, converge to the exact values.

Table 2. Computed parameter values of af* and Ay, form = 0,...,5, p = 3/2.

m OC-T Am

0 909.1619919658109 0.8560901404160095
1 —546.1015115169015 8.602557635546512
2 —546.101514252212 8.60255774462411
3 —546.1015142479218 8.602557744453811
4 —546.1015142479329 8.602557744454153
5 —546.1015142479316 8.602557744454158

Plots of the first six terms of the sequence are shown in the left panel of Figure 2 and
the right panel of the same figure shows a comparison between the left- and right-hand
sides of Equation (55) with us(t; a1, A) plugged in. From this, we see that the left- and
right-hand sides of Equation (55) are in good agreement for m = 5. The error between the
last two iterations, defined as

E = [us(t;a1,A) — us(t; a1, A)], (58)

isE=17x10"".

1500

1000 _500

500
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Figure 2. Plots of the first 6 terms of the sequence in (15) (left panel) and of the left- and right-hand
sides of Equation (55), with the last term u5(t; a1, A) plugged in (right panel) for p = 3/2.

6. Discussion

The numerical-analytic method discussed in this paper facilitates the analysis of
the existence of solutions to FBVPs with parameter-dependent boundary conditions over
intervals of arbitrary length. It also provides a practical framework for the construction
of approximations to their solutions, enabling their visualization, which is valuable for
gaining qualitative insights. Compared to numerical methods and other approximation
approaches, such as, for instance, series expansion and Griinwald-Lentikov methods
(see [1,48]), the technique presented here has several advantages. While purely numerical
methods rely on discretizations that introduce numerical errors, the numerical-analytic
scheme uses a closed-form approximating sequence. This eliminates the discretization error,
thus improving accuracy. In addition, the numerical-analytic method serves as a tool for
analyzing FBVPs, addressing the existence and uniqueness of solutions and the solvability
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of the problem. Moreover, the method is computationally efficient since it only requires
the numerical solution of a system of algebraic equations. Another advantage is its ability
to accommodate various types of boundary constraints. In contrast to classical numerical
approaches, the numerical-analytic does not require explicit knowledge or estimation of
the initial conditions. When such data is unavailable, it is instead determined as the root
of an algebraic equation at each iteration. Furthermore, the method’s applicability can be
extended beyond the three-point parameter-dependent boundary conditions considered
here, encompassing Dirichlet, multipoint, nonlinear, and integral boundary conditions
through a suitable parametrization.

The generalized dichotomy-based approach discussed here allows for the extension
of the interval of definition of the problem and broadens the applicability of the numeri-
cal-analytic technique. While Lipschitz continuity of the right-hand side function in the
FDE is required for convergence, the ability to split the interval of definition enables the
method to be applied to problems where the convergence conditions are not satisfied on
the entire domain. Furthermore, the interval-splitting technique can be used to enhance the
speed of convergence, which depends on the length of the interval, as evidenced by the
estimate in (27). This interval partitioning method also allows for extending the interval
of definition of the BVP, making it well-suited for studying the long-term or asymptotic
behavior of solutions to fractional-order boundary value problems, which are crucial in
modeling complex physical, biological, and engineering systems.

Future work will focus on conducting a detailed comparative study of classical nu-
merical and numerical-analytic techniques applied to differential equations involving
generalized fractional-order operators. This investigation aims to assess the accuracy,
efficiency, and robustness of the methods. A comprehensive report on this comparative
analysis is ongoing work. For further details, the reader is referred to [49].

7. Conclusions

In this paper, we study FIBVPs in two different settings. First, we consider an FDE
defined on a semi-infinite domain, subject to asymptotic conditions, in order to establish
conditions for the existence of bounded solutions to the problem. In the second problem
setting, we consider an FDE defined on a domain of unknown finite length, subject to
initial and three-point boundary conditions. We use the numerical-analytic method in
combination with an interval splitting technique to construct a sequence of approximations
and prove the existence and uniqueness of solutions to the FIBVP. Furthermore, we give a
detailed analysis of the solvability of the problem.

The method presented in this paper is well-suited for the analysis and approxima-
tion of solutions to nonlinear fractional boundary value problems (FBVPs) with nonfixed
boundaries, which arise in various applied contexts. It is adaptable to a range of fractional
operators and can accommodate various types of boundary conditions. The BVP under
consideration is inherently complex due to the nonlinearity in the right-hand side function,
the unknown domain length, and the parameter-dependent boundary conditions—even
when classical derivatives are used. Given that the numerical-analytic technique is also
applicable to the integer-order case, and that the system’s behavior can vary depending on
the order of the derivative, it is therefore natural to to compare the method’s performance
across different orders, such as p € (0,1] and p € (1,2] in future works.

Author Contributions: Conceptualization, K M. and D.P.; methodology, KM. and D.P,; valida-
tion, D.P.; formal analysis, D.P,; investigation, K.M. and D.P,; writing—original draft preparation,
D.P,; writing—review and editing, KM. and D.P.; visualization, D.P.; supervision, K.M.; project
administration, D.P. All authors have read and agreed to the published version of the manuscript.



Fractal Fract. 2025, 9, 462 22 of 23

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: Authors are grateful to the reviewers for their comments that helped to improve
the paper.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Podlubny, 1. Fractional Differential Equations; Academic Press: New York, NY, USA, 1999.

Samko, S; Kilbas, A; Marichev, O. Fractional Integrals and Derivatives: Theory and Applications; Gordon and Breach Science Publishers:
Philladelphia, PA, USA, 1993.

Kilbas, A; Srivastava, H; Trujillo, J. Theory and Applications of Fractional Differential Equations; Elsevier: Amsterdam, The Nether-
lands, 2006.

Lakshmikantham, V; Leela, S; Devi, J. Theory of Fractional Dynamical Systems; Cambridge Scientific Publishers: Cambridge,
UK, 2009.

Stinga, P. Fractional derivatives: Fourier, elephants, memory effects, viscoelastic materials, and anomalous diffusions. Not. Am.
Math. Soc. 2023, 70, 576-587. https://doi.org/10.48550/ arXiv.2212.02279.

Adolfsson, K.; Enelund, M.; Olsson, P. On the fractional order model of viscoelasticity. Mech. Time-Depend. Mater. 2005, 9, 15-34.
https://doi.org/10.1007 /s11043-005-3442-1.

Sasso, M.; Palmieri, G.; Amodio, D. Application of fractional derivative models in linear viscoelastic problems. Mech. Time-Depend.
Mater. 2011, 5, 367-387. https:/ /doi.org/10.1007/s11043-011-9153-x.

Zhou, X.Q.; Yu, D.Y,; Shao, X.Y.; Zhang, S.Q.; Wang, S. Research and applications of viscoelastic vibration damping materials: A
review. Compos. Struct. 2016, 136, 460—480. https:/ /doi.org/10.1016/j.compstruct.2015.10.014.

Wang, B.; Kari, L. A nonlinear constitutive model by spring, fractional derivative and modified bounding surface model to
represent the amplitude, frequency and the magnetic dependency for magneto-sensitive rubber. J. Sound Vib. 2019, 438, 344-352.
https://doi.org/10.1016/].jsv.2018.09.028.

Straka, P.; Meerschaert, M.M.; McGough, R.J.; Zhou, Y. Fractional wave equations with attenuation. Fract. Calc. Appl. Anal. 2013,
16, 262-272. https:/ /doi.org/10.2478 /s13540-013-0016-9.

Xing, G.; Zhu, T. Modeling frequency-independent Q viscoacoustic wave propagation in heterogeneous media. J. Geophys. Res.
Solid Earth 2019, 124, 11568-11584. https:/ /doi.org/10.1029/2019]B017985.

Abdon, A.; Necdet, B. The use of fractional order derivative to predict the groundwater flow. Math. Probl. Eng. 2013, 2013, 543026.
https://doi.org/10.1155/2013/543026.

Feulefack, P; Djida, J. A new model of groundwater flow within an unconfined aquifer: Application of Caputo-Fabrizio fractional
derivative. Discret. Contin. Dyn. Syst.-B 2019, 24, 3227-3247. https:/ /doi.org/10.3934/dcdsb.2018317.

Gerolymatou, E.; Vardoulakis, I.; Hilfer, R. Modelling infiltration by means of a nonlinear fractional diffusion model. J. Phys. D
Appl. Phys. 2006, 39, 4104. https://doi.org/10.1088/0022-3727/39/18 /022.

Sun, Y.; Sumelka, W. Fractional viscoplastic model for soils under compression. Acta Mech. 2019, 230, 3365-3377.
https:/ /doi.org/10.1007 /s00707-019-02466-z.

Metzler, R.; Glockle, W.; Nonnenmacher, T. Fractional model equation for anomalous diffusion. Phys. A Stat. Mech. Appl. 1994,
211,13-24. https:/ /doi.org/10.1016/0378-4371(94)90064-7.

Tateishi, A.; Ribeiro, H.; Lenzi, E. The role of fractional time-derivative operators on anomalous diffusion. Front. Phys. 2017, 5, 52.
https:/ /doi.org/10.3389/fphy.2017.00052.

Dentz, M.; Hyman, ]J.H. The hidden structure of hydrodynamic transport in random fracture networks. J. Fluid Mech. 2023, 977,
A38. https:/ /doi.org/10.1017/jfm.2023.973.

Sherman, T.; Engdahl, N.B.; Porta, G.; Bolster, D. A review of spatial Markov models for predicting pre-asymptotic and anomalous
transport in porous and fractured media. J. Contam. Hydrol. 2021, 236, 103734. https://doi.org/10.1016/j.jconhyd.2020.103734.
Ronto, M.; Samoilenko, A. Numerical-Analytic Methods in the Theory of Boundary Value Problems; World Scientific Publishing Co.:
River Edge, NJ, USA, 2000.

Ronto, M.; Marynets, K. Parametrization of non-linear problems with integral boundary conditions. Electron. J. Qual. Theory
Differ. Equ. 2012, 99, 1-23. https://doi.org/10.14232 / ejqtde.2012.1.99.

Ronto, M.L; Marynets, K. On the parametrization of boundary-value problems with two-point nonlinear boundary conditions.
Nonlinear Oscil. 2012, 14, 379-413. https:/ /doi.org/10.1007 /s11072-012-0165-5.



Fractal Fract. 2025, 9, 462 23 of 23

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Marynets, K. On the Cauchy-Nicoletti type two-point boundary value problem for fractional differential systems. Differ. Equ.
Dyn. Syst. 2023, 31, 847-867. https:/ /doi.org/10.1007 /s12591-020-00539-3.

Feckan, M.; Marynets, K.; Wang, J. Periodic boundary value problems for higher order fractional differential systems. Math.
Methods Appl. Sci. 2019, 42, 3616-3632. https:/ /doi.org/10.1002/mma.5601.

Marynets, K.; Pantova, D. Approximation approach to the fractional BVP with the Dirichlet type boundary conditions. Differ. Equ.
Dyn. Syst. 2022, 32, 1047-1066. https:/ /doi.org/10.1007 /s12591-022-00613-y.

Marynets, K.; Pantova, D. Successive approximations and interval halving for fractional BVPs with integral boundary conditions.
J. Comp. Appl. Math. 2023, 436, 115361. https://doi.org/10.1016/j.cam.2023.115361.

Voller, V. Fractional Stefan Problems. Int. J. Heat Mass Transf. 2014, 74, 269-277.

Zhou, Y.; Gao, X. Laplace transform methods for a free boundary problem of time-fractional PDE system. Discret. Dyn. Nat. Soc.
2017, 2017, 1-9.

Chen, W.; Du, K,; Qiu, X. Analytic properties of American option prices under a modified Black-Scholes equation with spatial
fractional derivatives. Phys. A Stat. Mech. Appl. 2018, 491, 37—-44.

Plociniczak, L.; Switala, M. Existence and uniqueness results for a time-fractional nonlinear diffusion equation. J. Math. Anal.
Appl. 2018, 462, 1425-1434.

Plociniczak, L.; Switala, M. Analytic solution of the free boundary problem for porous media flow using a conformal map
validated by the boundary element method. Eng. Anal. Bound. Elem. 2024, 166, 105806.

Wazwaz, A. The variational iteration method for analytic treatment for linear and nonlinear ODEs. Comput. Appl. Math. 2009, 212,
120-134. https://doi.org/10.1016/j.amc.2009.02.003.

He, J. Homotopy perturbation technique. Comput. Methods Appl. Mech. Eng. 1999, 178, 257-262. https://doi.org/10.1016/50045-
7825(99)00018-3.

Agarwal, R.; O'Regan, D. Infinite interval problems arising in non-linear mechanics and non-Newtonian fluid flows. Int. ].
Non-Linear Mech. 2003, 38, 1369-1376.

Agarwal, R.; Mustafa, O.; Rogovchenko, Y. Existence and asymptotic behavior of solutions of a boundary value problem on an
infinite interval. Math. Comput. Model. 2005, 41, 135-157. https:/ /doi.org/10.1016/j.mcm.2004.08.002.

Chu, J.; Liang, Z. Bounded solutions of a nonlinear second order differential equation with asymptotic conditions modeling ocean
flows. Nonlinear Anal. Real World Appl. 2018, 41, 538-548. https:/ /doi.org/10.1016/j.nonrwa.2017.11.008.

Arara, A.; Benchohra, M.; Hamidi, N.; Nieto, ].J. Fractional order differential equations on an unbounded domain. Nonlinear Anal.
Theory Methods Appl. 2010, 72, 580-586. https:/ /doi.org/10.1016/j.na.2009.06.106.

Wang, G.; Cabada, A.; Zhang, L. An integral boundary value problem for nonlinear differential equations of fractional order on
an unbounded domain. J. Integral Equ. Appl. 2014, 26, 117-129. https://doi.org/10.1216/JIE-2014-26-1-117.

Su, X. Solutions to boundary value problem of fractional order on unbounded domains in a Banach space. Nonlinear Anal. Theory
Methods Appl. 2011, 74, 2844-2852. https://doi.org/10.1016/j.na.2011.01.006.

Liang, S.; Shi, S. Existence of multiple positive solutions for m-point fractional boundary value problems with p-Laplacian
operator on infinite interval. J. Appl. Math. Comput. 2012, 38, 687-707. https:/ /doi.org/10.1007 /s12190-011-0505-0.

He, J.; El-Dib, Y. O. A Tutorial Introduction To The Two-Scale Fractal Calculus And Its Application To The Fractal Zhiber-Shabat
Oscillator. Fractals 2021, 29, 2150268. https://doi.org/10.1142/50218348X21502686.

He, J. H.; Ain, Q.T. New promises and future challenges of fractal calculus: from two-scale thermodynamics to fractal variational
principle. Therm. Sci. 2020, 24, 659-681. https:/ /doi.org/10.2298 /TSCI200127065H

Atangana, A; Baleanu, D. New fractional derivatives with nonlocal and non-singular kernel: Theory and applica- tion to heat
transfer model. Therm. Sci. 2016, 20, 763-769. https:/ /doi.org/10.2298 /TSCI160111018A.

Zeidler, E. Nonlinear Functional Analysis and Its Applications, I. Fixed-Point Theorems; Springer: New York, NY, USA, 1986.

Farkas, M. Periodic Motions; Springer New York: New York, USA, 1994.

Chu, J. On a differential equation arising in geophysics. Monatsh. Math. 2018, 187, 499-508. https:/ /doi.org/10.1007 /s00605-017-1087-1.
Constantin, A.; Johnson, R.S. The dynamics of waves interacting with the Equatorial Undercurrent. Geophys. Astrophys. Fluid Dyn.
2015, 109, 311-358.

Baleanu, D. Fractional Calculus Models and Numerical Methods, Series on Complexity, Nonlinearity and Chaos; World Scientific: Boston,
MA, USA, 2012.

Goedegebure, N.; Marynets, K. A numerical Bernstein splines approach for nonlinear initial value problems with Hilfer fractional
derivative. arXiv 2025. https://doi.org/10.48550/arXiv.2503.22335.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction
	Bounded Solutions of FDEs with Asymptotic Conditions
	Analysis of the Parameter-Dependent FIBVP on a Finite Interval
	Problem Setting and Interval Splitting
	Successive Approximations
	Connection of the Limit Function to the FIBVP

	Solvability Analysis
	Sufficient Conditions
	Necessary Conditions

	Example
	Discussion
	Conclusions
	References

