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Abstract

Compartmental models based on coupled differential equations of fractional order have been
widely employed in the literature for modeling. An abstraction of these models is given
by a system with polynomial vector field. We investigate the use of power series for solving
generic polynomial differential equations in any dimension, with Caputo fractional derivative.
As is well known, power series convert a continuous formulation into a discrete system of
difference equations, which are easily solved by recursion. The novelty of this paper is that
we rigorously prove that the series converge on a neighborhood of the initial instant, which
is an analogue of the Cauchy—Kovalevskaya theorem. Besides, these series are proved to be
continuous with respect to the fractional index. For applications, a general-purpose symbolic
implementation of truncated power series is developed, and its execution is illustrated for the
fractional SIR epidemiological model.

Keywords Compartmental differential equation system - Caputo fractional derivative -
Convergent power-series solution - Discrete equation - Symbolic computation - Fractional
SIR model

Mathematics Subject Classification 34A08 - 40A05 - 39A60 - 68W30

1 Introduction

When modeling the dynamics of a phenomenon in a population, the interaction between the
elements must be considered. For example, when an epidemic is happening in a region (flu,
COVID-19, etc.), contacts between susceptible and infected citizens are crucial, because they
cause the transmission of the virus (Lotfi et al. 2020). For social behaviors, such as market
choices, ideology, criminality, or health habits, contacts with peers are also important, due
to attitudes of imitation, stimulation, pressure, persuasion, etc. Harkins et al. (2017), Esiri
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(2016), and Blanchower et al. (2009). Elements in the population could be other than persons;
for example, for an ill patient undergoing a clinical follow-up, the dynamics of the disease in
the body and the interaction between the virus and uninfected cells are of relevance (Masenga
et al. 2023).

Compartmental models consider that a population is divided into different subgroups,
according to certain conditions. Elements interact and move between the compartments.
Since rates of flow need to be described, differential equations play a key role for com-
partmental modeling. Interactions are formulated by nonlinear terms, specifically products
(multiplications). Simulation of the differential equations, for certain input values, permits
understanding the dynamics of the phenomenon under investigation. Some examples of ordi-
nary differential equation models with division into compartments are Brauer et al. (2008),
Cooper et al. (2020), Santonja et al. (2010), Acedo et al. (2010a), Cervello et al. (2014),
Sanchezetal. (2011), and Calatayud and Jornet (2020). These works deal with Epidemiology,
COVID-19, alcohol consumption, respiratory syncytial virus, mobile telecommunications,
cocaine use, and excess weight, respectively.

The word “ordinary” refers to the standard derivative. There are operators of fractional
order, that extend the integer-order derivative. The literature is vast and many definitions of
fractional derivatives have been given (De Oliveira and Tenreiro Machado 2014; Ortigueira
and Machado 2015). In general, the operators are based on a convolution with respect to
a kernel, so that history effects appear in the model. Some sort of continuous past delay
is incorporated. There are a lot of contributions in the literature on compartmental models
based on fractional differential equations; some examples are Carvalho et al. (2020), Carvalho
et al. (2018), Martinez et al. (2021), Pinto and Carvalho (2017), Biala and Khaliq (2021),
Alshomrani et al. (2021), Ndairou et al. (2021), and Area et al. (2015), for HIV, COVID-19
and Ebola dynamics, respectively.

Thus, this exposition motivates the study of fractional-order compartmental models, to
extend the integer-order counterpart. Specifically, in this paper, we aim at investigating sys-
tems of fractional differential equations with polynomial vector field, in the Caputo-derivative
sense. The polynomial is multivariate and depends on the state variable (autonomous equa-
tion). Polynomial expressions arise in many compartmental models, because nonlinearities
are products (i.e., monomials) to account for contacts that occur homogeneously in the region.
Thus, the problem proposed in this article is an abstraction of usual compartmental systems.

A great deal of research work in applied mathematics consists in the investigation of
explicit, semi-explicit, and numerical solutions to physical models. Our research in this paper
is focused on power-series solutions (i.e., analytic solutions). Power series possess appealing
properties in terms of algebraic manipulations. When a power series is put into a fractional or
ordinary differential equation, one derives an associated discrete model for the coefficients
of the expansion. The difference equations can easily be solved by recursion, explicitly
or in the computer, so that a simple functional representation of the model’s response is
obtained. Although in practice the method works, a difficult issue is to establish convergence
theoretically, at least around the initial condition.

Of course, the use of power series for differential equations is not new (Teschl 2012,
Chapter 4). Many linear ordinary differential equations, such as Airy, Hermite, Legendre,
etc. in mathematical physics, have solutions expressed in terms of power series (Frobenius
method) (Koekoek etal. 2010). Even when stochastic effects are incorporated (Calatayud Gre-
gori et al. 2020; Jornet 2021). Nonlinear ordinary differential equations may be solved with
power series too Srivastava et al. (2021). The old Cauchy—Kovalevskaya theorem (Himonas
and Petronilho 2020) ensures, essentially, that analytic inputs imply analytic output. This
theorem applies for a certain class of partial differential equations as well. For fractional
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differential equations, specific applications of power series are available in the literature;
for example, Area and Nieto (2021, 2023), Jornet (2023) for fractional logistic equations,
and Villafuerte (2023) for random linear equations.

To the best of my knowledge, the generic fractional model and the mathematical method-
ology of this paper have not previously been considered in the literature. Only particular
cases have been addressed before (Srivastava et al. 2021; Area and Nieto 2021, 2023; Jornet
2023), which are the bases for this submitted contribution. For systems of fractional differ-
ential equations with polynomial vector field, we rigorously investigate the convergence of
the power series. This provides a foundation for applications. Besides, the continuity of the
model with respect to the fractional order is studied. Finally, a general-purpose symbolic
implementation of the method is tackled.

The novelties of this work are the following:

— The mathematical proof of the convergence of the power series for generic Caputo frac-
tional differential equations with polynomial input function. This is an analogue of the
Cauchy—Kovalevskaya theorem. In the literature, only applications without a rigorous
analysis of convergence (Area and Nieto 2023), or specific models (such as logistic)
with an analysis of convergence (Area and Nieto 2021), have been addressed. Hence, the
present paper is an advance in the mathematical analysis of fractional systems.

— The generic implementation of the power-series solutions to compartmental models.
Hence, the present paper is an advance in the computational analysis of fractional systems.

The paper is organized as follows. In Sect. 2, the fractional system of study is introduced.
The notation is given and some examples provide the link with compartmental models. In
Sect. 3, the formal power-series solution of the system is derived, by obtaining the discrete
model for the expansion coefficients. These parts are a preparation (concepts, notation, etc.)
for Sect. 4, where convergence of the power series is proved. This is the main novelty of the
paper. Later, in Sect.5, continuity with respect to the fractional index is proved. In Sect. 6,
a computer code for the methodology is implemented, with some examples of execution.
Finally, in Sect. 7, a summary with the main aspects of the article and possible extensions are
presented.

2 Context

We work with a fractional-order differential equation model of the form
Dx = p(x). ey

The state variable of the system (1) is x, which is a function of time r > 0 over the
temporal range 7 = [0, T'], where T > 0 is a time horizon. Its image takes vector values,
on R?, for dimensiond > 1. By components, it is expressed as x = (xp, ..., xg). The scalar
case corresponds tod = 1.

The differential present in (1) is of fractional order, through the Caputo operator D
(Gerasimov 1948; De Oliveira and Tenreiro Machado 2014; Ortigueira and Machado 2015;
Caputo 1967). For order 0 < o < 1, it is defined as

DY f (1) = F© 4 2)

—a) Jo (t—71 )"‘
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where f is an absolutely continuous function with the first-order derivative f’ and I is the
gamma function. It extends classical differentiation, which is retrieved for « — 1. The
convolution in (2) includes memory effects somehow, because f’ depends on T < .

The autonomous vector field in (1), p, is of polynomial type, with multivariate evaluation,
from R¥ to R?. Its coordinates are p = (p1, ..., pa). Componentwise, model (1) reads as

D% =p;(x), Yj=1,....d. 3)

The data in (1) are the initial state, x (0), and the real coefficients of p. For Caputo fractional
differential equations, initial conditions can be handled analogously to the classical integer-
order counterpart.

To express p, we use multi-index notation (Dunkl and Xu 2014). A multi-index is a vector
of the form I = (i1, ..., ig), formed by integer elements iy, ..., iy > 0. Associated notation
is

i'
v! :l_[vj’, veR?,
j=1

to compactly denote monomials, and

d
1=y i
j=1
to compute its degree. In consequence, each coordinate of p may be expressed as
3
pix) =Y ajx’, @)
11]1=0

where a; ; € R are the coefficients, x! are the monomials, 8 ;j is the degree, and the sum runs
over all multi-indices / with associated degree from O to §;. The number of multi-indices /

is (d"fj) = (d +6;)!/(d!5;"). In vector notation, if a; = (ay, ..., aq,r), then
max./- 5/'
px) = Z arx’.
[1=0

Although clear in the formulation, the multi-index notation is cumbersome in practice.
For clarity, one may use the graded lexicographic order: given two multi-indices / and
L of length d, I > L if and only if |/| > |L| and the first nonzero entry in the dif-
ference, I — L, is positive. For example, when d = 4, the multi-indices in ascending
order are (0, 0, 0, 0), (0, 0,0, 1), (0,0, 1, 0), (0, 1, 0, 0), (1, 0, 0, 0), (0, 0, 0, 2), (0,0, 1, 1),
0,0,2,0),(0,1,0,1),(0,1,1,0),(0,2,0,0),(1,0,0, 1),(1,0, 1,0), (1, 1, 0,0), (2, 0, 0, 0),
etc. In terms of monomials, these multi-indices translate into 1, x4, x3, x2, X1, xf, X3X4, x32,
X2X4, X2X3, x22, X1X4, X1X3, X1X2, xlz, etc.

The investigation of (1) relies on its widespread use in the literature for modeling. Many
models have polynomial vector fields, to account for interactions between a finite number of
dynamic subgroups.

Example 1 The fractional logistic equation (Area and Nieto 2021)

D% =x(1 —x) =x — x>
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is a particular case of (1), for dimensiond = 1 and p(x) = x — x2. The degree is § = 2,
and the coefficients are ap = 0, a; = 1 and ap = —1. Logistic growth can be generalized by
incorporating the Allee effect (Area and Nieto 2023)

D% =x(1 —x)(@ —x) = —x°> + (6 + x> — Ox,

where 6 € (0, 1). The parameters ared = 1,8 = 3,a0 = 0,a; = —0,a = 6 + 1, and
ay = —1.

Example 2 The fractional SIR (susceptible-infected-recovered) model (Alshomrani et al.
2021; Area et al. 2015)

DUS(1) = — BUSOHI ).

DYI(1) = S0 (1) — y*1(1),

DYR(t) = y“I(1).
The parameters are positive and are raised to the power of o for dimensional consistency (the
units are time™%). Another approach to be consistent with dimensionality would consist in

introducing an artificial constant,d/dt — (1/o I—ayper (Gomez-Aguilar et al. 2014; Popovié
et al. 2010). The written SIR model is a particular case of (1) for dimension d = 3

x = (x1,x2,x3) = (S, 1, R)

and

p(x1, x2,x3) = (—B%x1x2, B¥x1x2 — y¥x3, ¥ x3).
The degrees are §; = 2,6, = 2and §3 = 1, and the nonzero coefficients are ay (1,1,0) = —B%,
az (1,1,0y = ﬂa,az,(o,(),l) = —)/a anda3’(o,0,1) = y“.The first subscriptdenotesj e{l,2,3}

and the second subscript is the multi-index I = (i, i, i3).

Example 3 A fractional model for HIV (human immunodeficiency virus) is Pinto and Car-
valho (2017)

DYU(t) =s* —ujU —k{VU,

DYL(t) =kinVU —afL —pJL,

DYF(t) =k{(1 —mVU +ajL — 8% F —k3FZ,

DM(t) = sy —kiyMV — 8y M,

'DaMF(l‘) = kﬁ,[MV — 5%1MF — kgMFZ,

DUV (t) =q*F + gy Mp — c*V,

DYZ(t) =s¢ +k{FZ+kiMpZ — §(Z.
Exceptn € (0, 1), the parameters are positive and are raised to the power of « for dimensional
consistency (the units are time™*). For the details on the formulation, there reader is referred
to Pinto and Carvalho (2017). Essentially, there are seven compartments for a patient under
clinical follow-up: the uninfected CD 4* T cells, the latently infected CD 47 T cells, the

productively infected CD 47 T cells, the uninfected macrophages, the infected macrophages,
the virus, and the CTLs. In our notation

x = (x1, X2, X3, X4, X5, X6, x7) = (U, L, F,M,Mp,V,Z)
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and

p(x1, X2, X3, X4, X5, X6, X7) = (8% — ugx1 — ki x1x6,
kinxixe —ajxs — puxa,
kY (1 — n)xixe + afxy — 8%x3 — k§x3x7,
sy — k§xaxe — 85y x4,
kfyxaxe — 84yxs — k5 xsx7,
q%x3 + qyyxs — % xe,
S¢ + kg x3x7 + kS x5x7 — 8¢x7).

The degrees are §1 = 2,68, = 2,83 = 2,684 = 2,85 = 2, §¢ = 1, and §7 = 2. The nonzero

coefficients are ai,(0,0,0,0,0,0,00 = $%, @1,(1,0,0,0,0,0,00 = —M{;» 41,(1,0,0,0,0,1,00 = —kY,
a2,(1,0,0,0,0,1,0) = kM, a2,0,1,0,0,0,0,00 = —aj — Ky, a3,1,0,0,00,1,00 = k71 — 1),
a3,0,1,0,0,0,0,00 = a¥, a3,0,0,1,0,0,0,00 = —08%, etc. The first subscript denotes j e

{1,2,3,4,5, 6,7} and the second subscript is the multi-index I = (i, i2, i3, i, i5, ic, i7)-

3 Formal power series: from continuous to discrete

As widely studied in the literature, to solve (1), a power series at % is proposed

xX(0) =Y by (1) = b, Q)
n=0

n=0

where t € J and b, € RZ. If we denote b, = b1,y -+ bayn), then (5) is given by
components as

oo
xj(t) =Y bj 1" (6)

n=0
For now, the series (5) is formal, meaning that one uses the operations associated with power
series, but ignoring whether convergence holds on an interval [0, €) € 7, for some € > 0.
See Area and Nieto (2021, 2023) for the algebra associated with fractional power series. The
aim of this paper is to show that (5), indeed, converges on a relative neighborhood of 0 in
J. To solve (1) and analyze the convergence of (5), we need to see how the coefficients b,

behave.
With the fractional differentiation of powers

Doy LD
'y —a+1)

the power series is differentiated, term by term, as

Yy > —1,

I'((n+ Do+ l)tom

DUx(t) = ) _buD (") = ) but — o oo

n=0 n=0

)

When (5) converges on [0, €), the identity (7) is not merely formal, but holds with convergence
on [0, €) too.
On the other hand, the power series of p(x) is required. Taking the form (4) into account,

we calculate x;i () and x’(¢). Recall the expression of the Cauchy product, defined by a
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discrete convolution. Some examples are the following:

o0 n
=Y (Z b,,-,mb,,-,nm> e,

no:oO mn:O .
HOEDY [Z (Z bj,kbj,m—k> bj,n—m} "
n=0 Lm=0 \k=0

etc. For an arbitrary power i j, we have

) 00 n n Mij—1
L — . . . . an
X (1= Z Z Z Z bJ,niij,nijfl—ni_,- "'bj,nz—ﬂsbj-n—nz . ®)

n=0 \ no=0n3=0 ni; =0

We employ the shorthand notation

n  n Mij—1
Cj,ij (bj,O’ R bj»") = Z Z T Z bj,nii/- ij"ij—l—nij T bj.nz—n,%bj,n—nz’ )

ny=0n3=0 n,-,,=0

so that (8) becomes

o
x}j(t) = ch,ij(bjso’ .‘.,bj,n)l‘om. (10)

n=0

For a multi-index power, by applying (10)

@)y =x' @) x4 @)
nd—1

_Z > Z Y Caiy(ba0- - - bany)

n=0 | np,=0n3=0 ng=0
“Ca—1,ig_yba=1,01 -+ s ba—1,ny_1-ny)
- C2,iy (02,0, - - - b2,y —n3)Ciy (B1,0, - . o, D1n—ny) | 1" (11)
If

nd—1

n ny
Crbros - ban) =Y > Y Caigbao, - bing)

ny=0n3=0 ng=0
“Ca—1,ig_y(ba-1,0, -+ ba—1,n4_1-ny)
< Ciy (02,05 - -y D20y —n3)C1Li (D10, -+ - D1 n—ns), (12)

we can express (11) as

o
X'y =) Crbio, ... ban)t™". (13)

n=0

If (5) converges on [0, €), it is well known that the Cauchy product (13) converges on [0, €),
as well.
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With (7) and (13), we equate

F'((n+Da+1)
§ :bj,nHWﬂm = E aj.1 E Ci(b1,0, ..., ban)t™
n=0 |1]=0 n=0

00 ]
=> | > ajiCilbio.....ban) | 1™
n=0 | |11=0

Then, the coefficients of the power series must be equal. After isolating b; ,, 11, we arrive at
the following scalar recursive equations:

Fa+1) &
b; = i1C1(b1.0, ..., ban), 14
IS T+ Da D ‘;Oa”’ 100 ) (o
forj=1,...,dandn =0, 1, 2, ..., withinitial datab; o = x;(0). For each n, one runs (14)
forall j = 1,...,d, before moving to n + 1. That is, the loop over j is nested in the loop

over n. Recall that Cy is defined by (12) and (9). Given (14), the main question is whether (5)
converges around 0. Under convergence, the previous series manipulations are rigorous and
we obtain the proper solution to (1).

4 Convergence of the power series

The aim is to prove that (5) converges around 0. We first need to upper bound the absolute
value of the coefficients, [b; ,11[, given by (14). These depend on (12) and (9).
By the triangular inequality on (9)

n ny

;-1
|Cj,ij(bj,0""’bj,n)| = Z Z Z bja”ijbj»ni./—l—"ij “bjny—n3bjn—n,

no=0n3=0 ni; =0

n np

”ij—l
= Z Z Z |bj,nij||bj,n,'j_1fn,'j|"'|bj,)127n3||bj,nfn2|

n2=0n3=0 nij =0
=Cji;Ubjol, ... 1bjnl).
As a consequence, by the triangular inequality on (12)

[C1(b1,0, -2 ban)l
n ny ng—1

=YY > Caig®ao: - ban)Catiy Ba1.0:- - ba—1ny—ny)

ny=0n3=0 ng=0

< Co iy (02,05 .oy b2 1y—n3)Criy (B10s - - s bl,n7n2)|

nd—1

n ny
<Y Y D Caig a0 - Baa)NCa g (Ba-1.05 - Ba-1ng )]

n2=0n3=0 ng=0

t |C2,iz(b2,0a BRI b2,n2—113)||C1,i| (bl,O, ceey bl,n—nz)l
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n ny nd—1

<> > CaigUbaols - bang)

n2=0n3=0 ng=0

“Ca—t,ig_ Uba—1,015 - s 1ba—1,ng_1—ng|)
- Coiy(1b2.0ls - - - b2,y =3 DC iy (1101, - - 1By )]
= Cr(b1ol, - ... banl). (15)

On the other hand, from a certain n > 0 (no need to specify it for easiness of notation),
the monotone condition
I'ha+1)<TI'(n+Da—+1) (16)

holds (Kershaw 1983). In fact

I'(na +1) 1 n—o0
~ — 0,
I'(n+ Da+1) (na + 1)~

because it is well known that I'(y + «) ~ I'(y)y® when y — oo.
By (15) and (16), the coefficients in (14) are upper bounded as follows:

8j

1Djny1] < Z laj 11Cr(b1ol, ..., 1banl). (17
[71=0

From (17), we build a “majorizing” series for Z;‘;O [Dj nlt*". Let

hjo=1bjol
and
]
Rjnt1 = laj (ICr(hi,0, ..., han) (18)
|11=0
be new coefficients, for j = 1,...,d and n > 0. Again, for each n, one runs (18) for all
j=1,...,d,before advancing to n + 1. By induction on n, it is trivially justified that
|bj,n| = hj,n (19)
for all subscripts. Let
o0
Vi) =) hjaz", (20)
n=0
and with vector notation N
V(@) =Y had", @0
n=0

where v = (Y1,....¥q), z € Rand h, = (h1n, ..., han) € R?. For now, the power
series (20) is formal. We need to check its convergence on a neighborhood of 0. In such a
case, the power series (5), with coefficients (14), will be well defined around 0, by (19), as
wanted.
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Notice that, by (20), (18) and the Cauchy product for multi-indices [as in (13)], it holds

o0
Vi@ =hjo+z) hjnpi"

n=0
00 3
=hjo+z) | D lajalCr(hio. ... han) | 2"
n=0 | |I|=0
3; 00
=hjo+z Y lajil |:Z Ci(hio, ..., hd,n)Z"]
|7]=0 n=0
]
=hjo+z Y lajlv@". (22)
111=0

Viewing this identity (22) for ¥ as a functional root, we consider the maps
3

I
¢j(z,w)y=w; —hjo—z E laj rlw”",
111=0

for j = 1,...,d, which are the coordinates of a map
¢ =(1,...,00):RxR! > R?.

By (22), ¥ in (21) and its coefficients (18) are characterized by 1 (0) = ho and ¢ (z, ¥ (2)) =
0. We have

¢(0,hp) =0
and the Jacobian

é%(z, w) %%(z, w) é’%(z, w)
Sz, w) 522 (z, w) =24 (2, w)
0 ’ d ’ kil ’

Jud(z, w) = det | ° "2 2
001 . 062 . [
Tug @ w) g2 (2 w) Tur (@, w)
1l —z-% —Z - % —Z %
—Z % l—z-% ... —Z %

= det . . . . ,

—Z -k —Z % 1 —z-x%

with

Juw¥ (0, hp) = det(Idy) =1 #0.
Here, * denotes any expression and Id, is the identity matrix of size d x d. By the analytic
version of the implicit-function theorem (Kaup and Kaup 2011, Section 8, Chapter 0), there
exists a unique analytic function w = w(z) on a neighborhood (—u, n) of zero, u > 0,
w:(—p, u) —> R4, such that w(0) = dy and ¢(z, w(z)) = 0. Then, ¢y = w is convergent
on (—p, ). By (19)

o0 o0
Db alt™ <Y hjat™" =) < oo

n=0 n=0
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for ¢ € [0, /). In conclusion, the power series (5), with coefficients (14), is well defined
around O and defines a suitable solution to (1).

5 Consistency with the integer-order model

When o = 1, problem (1) is no more fractional, since Dlx(r) = x'(1). Let us denote the
coefficients in (5) and (14) as b ,|q, that is, we make the fractional-order explicit. The aim
is to prove consistency, namely

00 00
li bj = lim b; t"
m J, nlat® Z |:aiH11* ],n|oc:|

"
“> =0 n=0

o
= bjnla=it". (23)
n=0

This last series is the classical integer-order power-series solution.
We distinguish two situations, taking into account the role of «:

Case 1 The coefficients a; j of pj, see (4) for j =1, ..., d, do not depend on «; that is,
they do not change with variations of «.

The coefficients b; | satisfy (19),1.e., |b; yla| < hj , where the terms £ ,, are defined
by (18) and are independent of «. Independence holds due to (16).

On the other hand, t*” < " if t > 1, and t*" < (V)" ift <l and o > 1/2.

In consequence, if (21) converges on (—u, ) and t, \/t € (—u, @), then |b,||t]*" is
upper bounded by summable «-independent terms. By the dominated convergence theorem
(Rudin 1976, result 11.32, page 321), which permits interchanging lim,,_, ;- and ) ., (23)
holds.

Case 2 The coefficientsa; jof p;,see (4)for j =1,...,d,dependonw,asa; ; = a] I8
this is often the case when dimensional consistency is sought, where a; ; > O is
independent of «.

The proof is very similar to Case 1. Actually, we proceed to reduce Case 2 to Case 1.

We start by [bj plo| < hj n, see (19), but now the terms & ; , defined by (18) are functions
of a. Webound |a; ;| < a; ; forall subindices, where the coefficients ; ; are independent of
a. This can be done by setting a;,; = max{a; ;, \/a; s}, considering & > 1/2 and whether
ajj <lora;; > 1. Define new fz.,-,,, (independent of o), as (18) but with a; ; instead

hjo=1bjol,
5

Jn—H Za] ICI(hl 07-~-’hd,n)-
111=0

The inequalities |b;j ylo| < hj, < h j.n hold, by induction on n. The previous case and
calculations then apply, with the “majorizing” series 1/~/ (@) = ZZOZO h j.n2" (i.e., with tildes).
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6 Symbolic implementation

We implement the computation of a truncated sum of (5)

N
Ny = Z bpt®". (24)
n=0

We use computer algebra to obtain the function t +— x[V¥1(r), where the variable ¢ is symbolic.
If a numerical value is required, then 7 is substituted accordingly.

Symbolic or algebraic computation is concerned with exact operations and expressions,
with variables that have no given value (symbols) or are fractions (no decimal numbers).

A general-purpose algorithm is developed in Mathematica® (Wolfram Research, Inc.
2020) and illustrated here. The function is expansionFractionalCompartmentODE,
with inputs:

— d: The dimension d > 1 of the system. It has to be a number.
— NN: The truncation index N, which is repeated in writing to distinguish from a built-in
command N of the software. It has to be a number.

— p:The polynomial p, as a function of vectors in R?, defined throughp [v_]:=..., ..., ....

In the dots, one writes the equations of the compartments, in terms of the components
v[[11]1,v[[2]1],etc. The coefficients in p can be symbolic or numeric.

— alpha: The fractional order @ € (0, 1]. It can be symbolic or numeric.

— x0: The initial condition x(0) € R¥. It can be symbolic or numeric.

The output is x!V1(¢), in terms of the symbolic variable ¢.
The code is the following:

expansionFractionalCompartmentODE[d_, NN_, p_, alpha_, x0_] :=
Module[{coeffList, b, x, list, field, j, n, value, expansion},

Clear@t;
coefflList([y_] := If[SameQ[y, 0], {0}, CoefficientListl[y, tl];
b = ConstantArray[0, {d, NN + 1}1];
Do[bl[3j, 111 = x0[[311, {3, d}1;
Do [
x[t_] = Table[Total[b[[j, 1 ;; nll*t"Range[0, n - 111, {j, d}l;
field([t_] = plxI[t]];
Do [

list = coeffList[field[t][[j]] // Expand];
If[Length@list < n, value = 0, value = list[[n]]];

bl[j, n + 1]] = Gamma[(n - 1)*alpha + 1]/Gamma[n*alpha + 1]*value,
{3, 1, da
1,
{n, 1, NN}
1:
expansion =
Table[Total[b[[j, 1 ;; NN + 1]1]1*t” (alpha*Range[0, NN])1, {3j, d}l:;

Return[expansion] ;

1;

We show some executions for the SIR model of Example 2. This is a very important
compartmental system, originated in the work (Kermack and McKendrick 1927), and closed-
form solutions are being investigated for it and its extensions (Srivastava et al. 2021; Harko
et al. 2014; Heng and Althaus 2020; Acedo et al. 2010b).

Example 4 Set the following variables:
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d =3; NN = 5; beta = 1/2; gamma = 1/3; s0 = 99/100; i0
1/100; r0O = 0; alpha = 1;

plv_] := {-beta”alpha*v[[1]]*v[[2]],
beta”alpha*v[[1]1]1*v[[2]] - gamma”alpha*v[[2]],
gamma "~ alpha*v[[2]]}

x0 = {s0, 10, r0};

‘We have
5 82574471 26671714
ey = sPla) = -
1 864000000000000 720000000000
4209713 155172 99¢ N 99
2400000000 4000000 20000 100’
22942178970 20221+* 28481973
SNy =18 = - + +
2 23328000000000000 4860000000000 64800000000
N 425942 N 97¢ L L
36000000 60000 ' 100’
0y = RISy = 202217° N 284819 N 42591
3 72900000000000 777600000000 324000000
97¢2 t

360000 © 300"
This example for integer order was conducted in Srivastava et al. (2021) too.

Example 5 Set the following variables:

d = 3; NN = 5; beta = 1/2; gamma = 1/9; s0 = 99/100; i0 =
1/100; r0 = 0; alpha = 1/2;

plv_] := {-beta”alpha*v[[1]]*v[[2]],
beta”alpha*v[[1]1]1*v[[2]] - gamma”alpha*v[[2]],
gamma”~alpha*v[[2]]}

x0 = {s0, 10, r0};

We have
By = 9 = 16 (150170999 48963666719
15/7 \ 80000000000  18000000000000+/2
3267 1080299 30614837

125000000072 187500000000+/2772 1800000000005

405649211 ) 52
1
1500000000000+/27
N 3 Ve 160083 539 77378257

S _ _

8 1250000000732 6250000+/273/2 15000000000/
6066269 )ﬂ

+ -
900000000~/ 27

4< 6501 292699 33 9801 ) 3/2
2000000 500000002 5000007 " 50000000+/27
37
1 33 4851 99/t 99
+ovm < - ) - N +
5000+/27 5000007 5000427 100
5 16 54683730391 72183319219
ey = 18@) = - +
2 157 19440000000000  18000000000000+/2
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3267 N 1080299 N 34156331
125000000072 187500000000/272 1800000000007
438154211 ) 52
— t
1500000000000+/27¢

N 3 JE 590249 N 2167
S/l -
8 375000000073/2 "~ 12500000+/273/2

9096088817 9287861 ) 2

+ 1215000000000./7 - 900000000/ 27

4<_ 56569 4 402699 4 33 9801 )3/2
10800000 " 5000000042 © 5000007 50000000+/27

3w

53659 33 2 (o2 —w0) V1
45000007 2500427 ) ' JT * o0’
16 9096088817 9287861
157 (9720000000000 B 7200000000+/2

590249 2167 3 1
~ 300000000007 T 100000000[27,) o e (375000713/*2
1089 56569 134233 )

T 1250000002232 243000007 | 37500000020 )t

4 <z75§o6osogoo - Soééﬁ) 2y 33 1

N v <5000J271 - 450ﬁ> '

+%«/E<

o)y = R¥ @) =

Vi

+ 1507

We report some timings. The computer is an Intel® Core™ i7 CPU 2.9 GHz, in Win-
dows 10. For order N = 20, if beta = 1/2,gamma = 1/9,s0 = 99/100, 10 =
1/100,r0 = 0and alpha = 1/2 are specified with symbolic fractions, then 4.5 s are
required to calculate the three-coordinates function x2%(r). However, if those parameters
are specified with decimals, numerically, then the time is 0.02 s. With decimal numbers,
other timings are 0.08 s for N = 50, 0.35 s for N = 100, 2.2 s for N = 200, and 4.5 s for
N = 250. Once the symbolic expression x[25%(¢) is computed, the evaluation at a specific
numerical value of 7 lasts around 0.0005 s.

Example 6 Set the following variables:

d = 3; NN = 2;

plv_] := {-beta”alpha*v[[1]1]1*v[[2]],
beta”alpha*v[[1]]1*v[[2]] - gamma”alpha*v[[2]],
gamma”alpha*v[[2]]}

x0 = {s0, 10, r0};
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We have
5 ]/al S, ,Ba 1250'3201 IOSZﬁZDL
170 (e + 1)< Tt T @D — TesD
210y — g2y —
0 =590 = rQa+1)
IoSoB%t“
_ 1oSoB LS.
Ta+1)
2 20 1pSoB%  I3SoB* | 1oSEB*™ el
(a4 1) (‘ Tath- ~ Tah T Tern T Ta+h
21 — 20 —
T2 () =170 = Qo+ 1)
t* (1pSoBY — y*1
(IoSoB* — y*1p) s

Fa+1)
a a 2
tzaF(O{ +1) (M r—l ) Y Iot®

21\ pl2le Ta+D) — T(a+D
t) =RY (1) = Ry.
x50 ® rQa+1) T Tern 7O

We report some timings, with the previous computer’s specifications. Compared to the
earlier example, the calculations are more costly, because all of the variables are symbolic.
For N = 8, the code runs in 25 s; for N = 7,in 2.6 s; and for N = 6, in 0.5 s.

7 Conclusions

Compartmental models, based on coupled differential equations, have been used in a lot
of contributions for dynamical modeling. The fields of application include Epidemiology,
Ecology and Sociology, for example, because individuals or species interact (nonlinear terms)
and transmit diseases, behaviors, etc. This paper is a contribution to the study of this type of
models, with fractional derivatives incorporated. We used the Caputo definition.

We investigated the use of power-series expansions to find closed-form expressions for the
solution. Of course, the applications of power series for differential equations, even nonlinear,
are well known. However, to my knowledge, there is no study in the literature that conducts
the presented mathematical treatment for a generic fractional model of the form (1), in any
state dimensionality.

The coefficients of the formal power series, for the candidate solution, satisfy difference
equations. This process may be viewed as a conversion from a continuous into a discrete
model, as is well known in the literature. After introducing the necessary concepts and nota-
tion, we rigorously proved that the power series converge on a neighborhood of the initial
instant zero. We based on “majorizing” series and the analytic implicit-function theorem,
dealing with the cumbersome notation from the Cauchy products. Key facts were the mono-
tone condition of the gamma function and the absolute-value inequality met by the Cauchy
products. On the other hand, continuity with respect to the fractional order was established, by
applying the dominated convergence theorem. Two scenarios were distinguished, depending
on whether the coefficients of the polynomial were related to the fractional parameter or not.
This result showed consistency between the fractional- and the integer-order formulations.

The series, which must be truncated sums for applications, were implemented in a
computer-algebra software. The code was explicitly given in the article. The output of our
developed function depends on the symbolic time variable. Some executions were exhib-
ited and commented for the SIR epidemiological model of fractional order, with different
symbolic and numeric parameters (force of infection, recovery rate, initial conditions, and
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fractional index). Explicit sums and CPU times were reported. Other examples, with other
inputs, would be analogous.
Some extensions of this paper could be the following:

— The estimation of the radius of convergence for the power-series solution (5). The analytic
version of the implicit-function theorem only provides the existence of a neighborhood
of analyticity. The estimation would likely require obtaining more information about the
“majorizing” series v, through the identity (22). For example, the scalar case d = 1 of
polynomial degree 6 = 2, which corresponds to a logistic equation, gives an explicit
root ¥ (z) in (22), and the largest interval of convergence for { could be calculated or
estimated.

— The estimation of the rate of convergence for the power-series solution (5). Also, the
rate of convergence as the fractional order tends to integer-order one. Both the implicit-
function theorem and the dominated convergence theorem do not give that information.
Probably, a proof with specific inequalities would be required.

— A more efficient implementation of the symbolic code presented for the truncated power
series (24).

— The analysis of other problems (1) with a general fractional order & € (0, oo) or with
alternative fractional derivatives.

— The analysis of problems D*x = f(x), where f is any analytic function. If f is not a
polynomial, then one could use a polynomial approximation f & p and solve D*X =
p(X), by truncating the Taylor series, but the new analytic solution X would be biased.
The methodology of the paper does not directly apply to D*x = f(x).

— The investigation of the corresponding stochastic problem, where x (0) and/or coefficients
of the polynomial p are random variables. The power series may be of use for uncertainty-
propagation computations, but mean-square convergence should be established to ensure
convergence for the second-order statistics.
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