Journal homepage http://revistas.unitru.edu.pe/index.php/SSMM

SELECCIONES MATEMATICAS
Universidad Nacional de Trujillo
ISSN: 2411-1783 (Online)

2024; Vol.11(2):236-248.

The SIRD epidemiological model using Caputo fractional derivatives
applied to study the spread of the COVID-19 in the Peruvian region of
Tacna

Edson A. Coayla-Teran®, Angel J. Calsin-Cari® ¢ Guido Alvarez-Jauregui®
Received, Jul. 05, 2024; Accepted, Dec. 09, 2024; Published, Dec. 27, 2024

(SMOoM
How to cite this article:

Coayla-Teran EA. et al. The SIRD epidemiological model using Caputo fractional derivatives applied to
study the spread of the COVID-19 in the Peruvian region of Tacna. Selecciones Matematicas. 2024;11(2):236—
248. http://dx.doi.org/10.17268/sel.mat.2024.02.03

Abstract

Mathematical models are widely used to study the spreading dynamics of infectious diseases.
In particular, the “Susceptibles-Infecteds-Recovereds-Deceases” (SIRD) model provides a frame-
work that can be adapted to describe the core spreading dynamics of several human and wildlife
infectious diseases. The present work uses a SIRD model using Caputo fractional derivative. In
this investigation, the existence and uniqueness of solutions for the model were established. Nu-
merical solutions were obtained using the Adams-Bashforth method. To illustrate the model’s
utility, we made forecasts for the spread of the virus SARS-Cov-2 in the region of Tacna in Peri.
It is well known that these models can help to forecast the number of infected people, understand
the disease dynamics and evaluate potential control strategies.

Keywords . Fractional ordinary differential equations; Fractional derivatives and integrals; Caputo
fractional derivative; SIRD model for infectious diseases

1. Introduction. Infectious diseases have affected several times humankind, and it is worth
citing here the second plague pandemic (The Black Death). For roughly six years, between 1346
and 1352, it annihilated some 60% of Europe’s population [1].

Recently, infectious disease outbreaks such as SARS, Ebola and Zika have risen in different
parts of the world, although these inflicted specific regions and received the attention of the World
Health Organization (WHO), the last COVID-19 outbreak was the most sinister of the 21st cen-
tury until the present. On January 30, 2020, the WHO issued an official statement declaring the
COVID-19 epidemic a public health emergency of global importance. The pandemic classifica-
tion indicates that the disease has spread to multiple countries, continents and even worldwide,
affecting many people. The WHO expressed deep concern about the rapid spread of the virus and
the severity of its effects, as well as the insufficiency of the actions taken up to that point.

Intending to understand the spreading dynamics of infectious diseases, some authors proposed
mathematical models. It is important to cite the pioneering work of Kermack and McKendrick
[2], which gave origin to the Susceptibles-Infecteds-Removeds (SIR) model, which is a system
of ordinary differential equations on the variables S, I and R. Since then, several other works
have risen, intending to improve that model. For example, the SIRD model incorporates the
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class of deceased people to show the impact of the epidemic disease on the population. In the
literature, the models SIR, SIRD or others that divide the population into compartments are called
“compartmental models for infectious diseases”.

On the other hand, some authors proposed SIRD models using delayed differential equations
(see [3] for example). Authors such as [4] use fractional derivatives for the model with Caputo
derivative for the case of COVID-19, [5] study a SEIR model (here E corresponds to the exposed
people) for the case of COVID-19 using Caputo derivative, SIR epidemiological model proposes
to analyse real case data in Pakistan in [6] with Caputo derivative.

In the present work, we study a fractional SIRD mathematical model with Caputo derivative
of the variables S, I, R and D with respect to time. So, we consider the following SIRD model
initial value problem

“py, [5(0) =~
“Dp, [1(1)] :51(75?\75@)_ (v + K)I(2), (1.1)
“Dp L [R(t)] = 7I(t),
D¢, [D)] = kI(t), t€ (to,T),
along with the initial conditions
S(to) = So, I(to) = Io, R(to) = Ro, D(to) = Do, (1.2)

where T' > 0 is areal number and CD%"’JF denotes the Caputo fractional derivative with0 < ar < 1.

Here, we need to remark that the constants /3, v and x have the same meaning, so in the
classical SIRD model

ds(t) () - I(t)
d;h(j) i _f( ) év( )
t t)-S(t
i =p N — (v + &) I(t) 13
(0
4D
T kI(t),

where the constants 3, 1, and p are the mean infection rate, recovery rate and death rate, respec-
tively. Moreover, N is the total population and satisfies the assumption N =S + I + R+ D for
0<t<T.

Firstly, we demonstrate the existence and uniqueness of the solution to the initial value prob-
lem (1.1)-(1.2). To do this, we use a fixed point theorem and following the arguments from [7],
our argument used here is slightly different than the one used in [4]. Afterwards, we used the
Adams—Bashforth numerical method to obtain the approximate solution of the proposed model as
in [4].

To illustrate the model’s utility, we apply the numerical method to the case of the spread
of COVID-19 in the region of Tacna in Pertd during December 2021. Some authors studied the
dynamics of COVID-19 in the same region ([3], [8] and [9]), but they used models involving
ordinary derivatives.

The rest of the paper is organised as follows: Section 2 is devoted to notation and definitions
used throughout the text. In Section 3, we demonstrated the existence and uniqueness of the so-
Iution for the initial value problem (1.1)-(1.2). In Section 4, we developed the numerical solution
used to do the forecasts. Section 5 is devoted to applying the tools developed in the previous
section, which will make some forecasts for the Peruvian region of Tacna. Finally, section 6 is
dedicated to conclusions.

2. Preliminaries. We need the following definitions of fractional integral and fractional
derivative; more details can be found in [7]. Let [a,b] be a finite interval of R, we will denote
by C([a, b]) the space of the continuous functions with norm || f||c = maxc(q 5| f(2)]-

Definition 2.1. Let [a, b] be a finite interval of R and f : [a,b] — R a function. The left-sided
Riemann-Liouville fractional integral of f, I3, f, of order o € C (R(«) > 0) is given by

N0 = i [ e (>0) e

whenever the integral in (2.1) exists and is finite. Moreover, I is the Gamma function.
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Definition 2.2. Let [a, b] be a finite interval of R and f : [a,b] — R a function. The Riemann-
Liowville fractional derivative of f, D, f, of order o € C (R(«) > 0) is given by

d " n—o«
=(%) @wenm

1 d\" [t d
:F(n—a)<dt> /a“_f(ga_iﬂa (n=[R(a2)] +1;t > a).

Definition 2.3. Let [a, b] be a finite interval of R and f : [a,b] — R a function. The left-sided
Caputo fractional derivative of f, © D2, f, on [a,b] of order oo € C (R(«x) > 0) is given by

(D3 (@)
(2.2)

3

1) (g
@Dm>aw:( &[mm—}jykf%x—@1>ux @3)

k=0
where n = [R ()] + 1 for a ¢ No; n = afor o € Np.
Remark 2.1. In particular, when 0 < R(«) < 1, we have
(“Dgy )(t) = (Dgy [f () = f@))().

The following consequence of Theorem 3.24 (page 199) from [7] will be important to demonstrate
the existence of the solution of the SIRD model using the Caputo derivative.

Lemma 2.1. Let o be a number such that 0 < o < 1. Let G be an open set in R and
f:(a,b] x G — R such that, forany y € G, f [z,y] € C'la,b].

Ify(xz) € Cla,b], then y(x) satisfies

(“Dy) (z) = flz.y(x)], y(a) =by € R

if and only if, y(x) satisfies the Volterra integral equation

€T
1 [ty ()]
x)=b dt a<z<hbh). 2.4
y(z) 0+r(a)/(x—t)1‘°‘  asosd) -
a
Proof: We will use the Theorem 3.24 from [7], G C R and for a real-valued function f.
Also, we will take v = 0. Therefore, the space C,, [a, b] used in that theorem becomes C'[a, ] .
The conclusion follows from that theorem. 0
The following Banach fixed point theorem will be used to demonstrate the existence of a
solution for the initial value problem (1.1)-(1.2).
Theorem 2.1. Let (U,d) be a nonempty complete metric space, let 0 < k < 1, and let
T :U — U be the map such that, for every u, v € U is satisfied

d(Tu, Tv) < kd(u,v)

Then, the operator T has a unique fixed point u* € U.
Furthermore, if T™ (n = 1,2, ...) is the sequence of operators defined by

T =T, and TP =TT" ', n=2,3,....
Then, for any ug € U, the sequence {T"ug},- | converges to the above fixed point u*.

3. Modelo SIRD with Caputo fractional derivative. This section is devoted to studying in
more detail the SIRD model (1.1). In this model, the following assumptions are implicit:

e The number of susceptible (S) and contagious infective (I) individuals is very high. So,
the random differences between individuals can be neglected.

The disease spreads through contact from individual to individual.

Some infected individuals can be deceased (denoted by (D)).

Recovered individuals (R) become immune.

The population is closed with no migration.
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Lemma 3.1. Let T > 0 be a fixed real number. Let (S,I,R,D) € C[ty,T] x C[tg,T] x
Clto, T)x Clto, T). Then, the initial value problem (1.1)-(1.2) is equivalent to the following system
of integral Volterra equations

500 =00 + s [ -5 P g,

110 = 10) + 5 [ =02 8200~ 1),
i 3.1)
R(t) = Rito) + 7 [ (¢ =) 91w,
1 ! a—1
D) = D(t) + s [ (=) I,

fort e [ty,T.

Proof: Since (S,I,R,D) € Clto,T] x C[to,T] x C[to,T] x Clto,T], we can apply the
Lemma 2.1 to each equation in (1.1). For example, the first equation in (3.1) was obtained by

S
taking a = to, b =T, G = (0, N) and f(¢,S) = _ﬁW’ analogously for each of the equations

in (3.1) using the same a, b and G. But the function f changes for each equation. Thus, we
conclude the proof. U

The demonstration of the existence of a solution for the initial value problem (1.1)-(1.2) is
given in the following theorem. The proof uses the arguments shown in the proof of Theorem
3.25 [7] (page 202).

We will use the following notation X = C([to, T] x C([to,T] x C([to, T] x C([to,T]), with
norm |[(S, 1, R, D)|lx = |ISTe + |Zllc + | Bllc + | Dlc

Theorem 3.1. There is a unique solution for the initial value problem (1.1)-(1.2) in the space
X.

Proof: First, we need to remark that from the Lemma 3.1, to find a solution for the initial value
problem (1.1)-(1.2) it is equivalent to finding maps S, I, R and D and satisfying (3.1). So, to find
S, I, R and D, let us consider the space X1 = C([to, 1:1] x C([to, 1] x C([to, z1] % C([to,xl])
with norm ||(S I,R,D)|x, = HSHc—i-HIHC—FHRHC—FHDHC, where z7 is such that tp < 7 < T

nd
‘ 2ﬂ(x1 — to)a n 2(’)/ + H)(m‘l — to)a
MNa+1) I'a+1)

Let F' : X; — X be a map such that for ¢ € X1, F(p) = (Fi(p), Fa(p), F3(p), Fi(v)),
where

< 1. (3.2)

S0) 1),

t
F(S,1, R, D)(t) :Sﬁ”la)/t (- 13 .

N

F3(S,1,R,D)(t) = Io+ g /t (t— fy)alg(]'gvf(p) _

. (3.3)
BSLRD)O) = Ro+ly [ (-9 3 10)dp
to

t
F(S,LRD)) = Do+ [ (6= n1(p)dp.
to

By using the Lemma 2.8 (a) from [7], the map F' is well defined.
Furthermore, we will demonstrate that the map F' is a contraction under the condition (3.2).

|E (S1, 11, R1,D1) —F (Sy,12,Re,D9)|x, =
| F1(S1, 11, R1, D1) — F1(S2, I2, Ro, Do) ||
+|| F2(S1, [1, R1, D1) — F»(Se, I, R, Do) ||
+||F3(S1, 11, R1, D1) — F3(S2, Iz, Ra, Do) ||
+||F4(S1, I1, R1, D1) — F4(So, I3, Ra, D2)||c-
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We need to calculate each term above. Observe that because S, I, R and D belong to
C([to, z1]) we get
| F1(S1, I, Ry, D1)  —F1(S2, 12, Ro, Da)lc <
t

—I1(p)S1(p) + I2(p)Sa(p)
N

SUDPtelty 4] ré)/ (t—p)* ' |dp <

B(x1 —t)® ’

F(a + 1) (HII - IQHC + HSl — 52H0>7

|Fo(S1, 11, R1,D1) —F5(S2, 12, R, Do)l <

Bz —t)®
— (|| = L S1 — S
Mot D) (11 = Ia2lle + (151 — Salle)+
F(Oéz—l—l) ’
[ F5(S1, [1, R, D1)  —F3(S2, I2, Ra, Da)llc <
v(z1 — )
— 2 || — [
T(a+ 1) I — L2,

and
|Fs(S1, I, R1,D1) —Fy(S2, Iz, Re, Da)|c <
K(x1 —to)®
—— |1 — [ .
T(a+1) 111 — L2llc

From the four inequalities above, we obtain

||F(Sl 7llaRlaDl) - F(S23127R2aD2) ||X1 —
(,3($1 — to)a ﬁ(a:l — to)a (’)/ + H)(xl — to)o‘
I'a+1) I'a+1) Fa+1)
y(z1 —t0)* | K(z1 —t0)* B B
T(a+ 1) T(a+1) Y1 — Llc + 1St = Salc
+[|R1 = Rallc + D1 — Dallc)-

Hence and from the Theorem (2.1), there is a unique solution y for the initial value problem
(1.1)-(1.2) on the interval [¢o, z1]. The rest of the demonstration is done by using the arguments
from the demonstration of Theorem 3.3 from [7] (page 148). Replacing x; by x2 in the condition
(3.2) with 1 < 22 < T and using the same procedure, we can find a unique solution y on the
interval [x1, xo] for the following system

S(t>:S(x1)+F(la)/t _(t_p)a—lﬁs(p?vf(p)dp,

1) = 1)+ o [ €= 820 k01 d,

1 . (3.4)
R(1) = Rl + s / (t — p)* "4 I(p) dp.

D(t) = D(a) + P(la) / (t — p)*LeI(p) dp.

t € [x1,x2]. Repeating this procedure, we can conclude that there is a unique solution
S,I,R,D) € X for the equation (3.1). This completes the demonstration of Theorem 3.1.

4. Numerical solution. Now, we will develop the numerical solution for the initial value
problem (1.1)-(1.2). We will use the Adams-Bashforth method [4].

T
Let us define ¢, := rh, r =0,1,2, ..., J, where h = Wi is the step size and J > 0 is a integer
number.
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Replacing t = t,41 and ¢ = ¢, in the first equation of (3.1) we get

S(tr11) — So = F(la) /0 " _p)alﬁs(p])Vm dp, @.1)
e e 150 10)
5(t) = 50 = o5 /D (ty —p)r1p2RI0) g 4.2)

respectively. Doing the equation (4.2) minus the equation (4.1) we obtain

S(tr+1):S<tr)+1/0T+1 _(tr+1 )Oé 15 ( )I( )dp,

L S0 1(9) -
" - p)L{p
- = —(t, — p)* 1= ap.
We will use the Lagrange polynomial P(¢) to approximate it to the function —f3 S(p?vl(p)’
given by
t—t S(tr) I(ty) t—t, S(tr—1)I(tr—1)
Pt)=—— (B )+t (5 N )
Replacing ¢, — t,—1 = rh — (r — 1)h = hin P(t) we obtain
S(ty) I(t,) S(tr—1) I(ty—1)
TN R
P(t) = T(t —tr—1) — i (t —tr). (4.4)

Replacing (4.4) by (4.3) we obtain an approximation of the integral terms. Calculating the
integrals and after replacing t,1 = (r + 1)h, t, = rh, we get

S(terl) ~ S(t ) 55(753)(&()%) (ho‘) <(3+1O)éa_304
(s + 1)otL — gotl
- a+1 L
BS(ts—l)I(ts—l) o (3+1)a _ g (s—}—l)a
! NT(e) " < a+1 o >

4.5)

Using the same procedure for the second, third and fourth equations in (3.1), we get

Htn) =100+ (1980 ) () 0 =
2(s+1)*—=s*  (s+ 1)"‘+1 — gotl
o} a a+1 >

+ (ﬁl(ts‘li\f(%‘l) —(v+ H)I(ts_1)> (@) (h) x

<(s SR e A Gl 1)a> |

(4.6)

a+1 o

~ ’YI(ts) a 2(5 + 1)0‘ — 5@ (S + 1)@4_1 _ gotl
Rltenr) = Blts) + gy (1) < o - at1 >

M (ha) ((8 + 1)o¢+1 _ gotl (8 + 1)a> 4.7

a+1 «

and

o « o+

h) ((SH)::I—sa“ _ (321)a>

rI(t, o s o _go s atl__gatl
D(ts+1) ~ D(ts) + F[((t)) (h ) (2( +1) (51D - )
t 4.8)

—
—~
e
Nl
-
—
—~

respectively.
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5. Rates estimation. Set

A = =S(t) (k) (h) (A= <r+1>a*”a+l)

a a+1
1)t —patl r+1)
*S(trfl)l(trfl) (ha) <( +1)a+1 ! —2‘1) )

Thus, from (4.5) we obtain

[S(tr1) = S(t)] NT(a)

Br = .
Let us denote 53; for ¢ = 1,2, ..., n; we will use the following infection rate
n .
= Zi:l@, i=1,2,...,n.
n

Set

B = I(tr) (ha) 2(r+1)>—re  (r4l)tt_patl

a a+1
r atl_patl ra1)e
—I—I(tr,ﬂ (ha) (( +1)a+1 _( Jral) )

From (4.7), we get

[R(tr1) = Rt T()

Y

B
For: = 1,2, ...,n; we will use the following recovered rate
n .
Yy = 72":1%, 1=1,2,...,n.
n

Set

C = ](tT) (ha) 2(7"‘!‘1)@—7’0‘ N (T+1)a+l—’r’o‘+1

o a+1
a r 1 u+1_,’,u+1 r 1 o
+I(tr71) (h ) (( - )a—i-l — —;) )

From (4.8), we obtain

[D(tr+1) = D(t,)] ()

Koy o2 G
Fori = 1,2, ...,n; we will use the following death rate
n .
DY Y N
n

S.D

5.2)

(5.3)

6. Forecasts for the region of Tacna. In this section, we forecast the COVID-19 trend using
the numerical scheme in section 4 and the rates in section 5. To use the approximations (4.6), (4.7),
(4.8) and calculate the rates given by (5.1), (5.2) and (5.3) we take the step size h = 1. To do this,
we will use the Software Scilab 2024.1.0.

6.1. Dataset. The data was obtained from September 01 to December 31 of 2021 from the
official Facebook page of the Tacna region Health Directory (DIRESA) [10]. We chose this
interval because the data is complete during this period.

Table 6.1: Data for the period between September 1 and 30.

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
I 2804 12 4 4 3 5 6 5 6 2 4 5 3 8 13
R 26 8 10 12 8 6 9 11 10 8 6 6 S5 7 5 8
D o o o o o000 0 0 O o o o o 1 1
Day 17 18 19 20 21 22 23 24 25 26 27 28 29 30

I 4 2 2 8 9 8 6 4 2 3 3 4 10

R m1m 6 4 5 6 7 8 5 7 7 7T 6 S5 8

D o o o0 o o0 o o0 o o 1 1 1 0 O
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Table 6.2: Data for the period between October 1 and 31.

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
I 7 2 9 4 7 7 5 11 11 17 2 7 14 14 22 17
R 7 10 6 57 6 5 6 6 6 9 8 10 8 10 9
D o o0 oo0OO0OOOO O O O O O o o o

Day 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

I 12 21 13 21 26 15 13 9 9 19 28 13 37 29 21
R & 10 9 11 9 o9 10 8 7 & 9 10 9 14 18
D o 1 o0 o o0 o o0 o o0 o o 1 1 1 O

Table 6.3: Data for the period between November 1 and 30.

Day 1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 15

I 27 23 23 18 19 24 12 30 50 41 32 24 23 22 20
R 19 20 20 21 27 35 17 23 39 42 25 25 21 16 25
D o o0 o o0 2 2 o0 O o0 o o 2 1 0 1

Day 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

I 16 31 45 81 27 11 5 24 51 31 36 22 14 6 18
R 12 35 58 47 13 8 7 18 32 24 29 16 11 5 11
D 1 1 1 0o 2 o0 1 O O O 1 O 0 0 O

Table 6.4: Data for the period between December 1 and 31.

Day 1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 15 16

I 35 38 49 32 30 6 28 40 14 38 25 19 19 52 39 66
R 13 21 67 45 44 14 34 12 22 26 13 14 17 41 49 66
D 1 1.0 o0 o0 1 o0 1 O O O O O O 0 O

Day 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

I 21 53 25 18 43 46 38 35 33 13 11 36 82 74 24
R 18 36 19 11 56 37 46 41 38 9 9 42 53 47 24
D o o0 o o0 1T O O 1 O O o 1 o0 o0 o

6.2. Parameter setup. For the total population, we use N = 346, 000 inhabitants; this num-
ber is the estimate for June 30, 2020, made by the National Institute of Statistics and Computing
of Perd (INED)[11].

The rate of infection, rate of recovered and rate of deceased were obtained by using the equa-
tions (5.1), (5.2) and (5.3) respectively and are shown in the table (6.5) according to the order of
derivative « indicated.
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@ x Y z

0.87 0.1291815  6.791E-08  0.0006076
0.96 0.0042911  0.0000001  0.0009955
0.67 0.1631146  5.619E-08  0.0004528
0.48 0.48805695 0.00000007 0.00046927
0.39 0.89879506 0.00000008 0.00050098
0.50 0.42513222 0.00000007 0.00046406

Table 6.5: Different values for rates estimates.

6.3. Forecasts. With the parameters obtained in the last section, we made forecasts showing
data in the figures (6.1) and (6.3). It is important to recall that the results showed in these figures
are the rounded numbers obtained from approximations (4.6), (4.7), (4.8). Moreover, we made
the graphics (6.2) and (6.4) to illustrate the disease’s trend for the date from figure (6.1), and the
graphics (6.5) and (6.6) to illustrate the disease’s trend for the date from figure (6.3).

a = 0.87 o = 0.96 a = 0.67

S I R D g I R D S I R D
345943 35 21 1 345943 35 21 1 345943 35 21 1
345959 28 13 0 345059 28 13 0 345059 25 132 0
345957 30 13 0 345059 28 13 0 345958 29 13 0
345953 34 13 0 345059 28 13 0 345955 32 13 0
54090 37 13 0 345059 28 13 0 345952 35 13 0
940946 41 13 0 345059 28 13 0 3459049 38 13 0
345941 45 13 0 345958 28 13 0 345946 41 13 0
345931 55 13 0 345058 20 13 0 345030 48 13 0
343926 61 13 0 345058 20 13 { 345935 52 13 @
345919 67 13 O 345058 20 13 0 345031 56 13 0
445912 7413 0 345058 29 13 0 345926 €0 13 0
345005 &2 13 0 345958 20 13 0 345922 €5 13 Q
345896 91 13 0 345058 26 13 0 345917 T0O 13 0
345887 100 13 0 345058 20 13 0 345911 76 13 0
345876 110 13 0 345957 29 13 ] 345905 &l 15 il
345865 122 13 0 345057 20 13 0 3458090 S8 13 0
345852 135 13 45057 29 13 0 345892 85 13 0
345838 149 13 345957 29 13 0 345885 102 13 0
345822 165 13 345957 30 13 0 345877 110 13 0
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Figure 6.1: Simulations for o = 0.87,0.96, 0.67
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o = 0.50 o = (.48 a = 0.39
S I R D S I R D 5 1 R D

345943 35 21 1 345943 35 21 1 345943 35 21 1
345959 28 13 0 345959 28 13 0 3458959 28 13 0
345058 29 13 345958 20 13 0 345960 27 13 0
345054 33 13 0 345953 34 13 0 345955 32 13 1]
345047 40 13 0 345946 41 13 0 345945 42 13 1]
345040 47 13 0 345937 50 13 0 345926 61 13 0
345930 57 13 0 345025 62 13 0 345893 94 13 1]
345918 69 13 0 345910 77 13 0 345835 152 13 1]
345004 83 13 0 345890 97 13 0 345734 253 13 1]
345886 101 13 0 345865 122 13 0 345554 433 13 0
345865 122 13 0 345832 155 13 0 345227 T60 13 0
345837 149 13 0 345789 198 13 0 344624 1363 13 1
345804 183 13 0 345732 255 13 0 343493 2492 13 1
345761 296 13 0 345656 331 13 0 341346 4639 13 3
345706 281 13 0 345553 433 13 0 337228 8754 13 5
345636 351 13 0 345413 573 13 1 320335 16642 13 10
345545 442 13 0 345220 766 13 1 314478 31491 13 18
345426 561 13 1 344951 1035 13 1 287970 5THEZ 13 36
345269 717 13 1 344573 1413 13 1 246272 99648 13 67
345061 925 13 1 344036 1950 13 2 196386 149484 13 117
344782 1204 13 1 343265 2719 13 3 162730 183078 13 17H
344404 1581 13 2 342152 3831 13 4 154887 190876 13 223
343800 2005 13 2 340531 5450 13 5 151227 194521 13 239
343183 2801 13 3 338162  T7RIT 13 8 147248 198400 13 249
342206 a777T 13 4 334694 11282 13 11 143702 202024 13 261
340846 5136 13 6 320641 16330 13 16 140360 205356 13 271
338945 7034 13 8 322364 23600 13 24 137250 208456 13 281
336284 9692 13 11 312134 33818 13 35 134328 211368 13 291
332566 13406 13 15 208334 47602 13 51 131582 214104 13 301
327406 18560 13 21 280904 65010 13 72 128091 216685 13 311
320346 25611 13 29 260939 84948 13 100 126542 219125 13 320

Figure 6.3: Simulations for a = 0.50, 0.48, 0.39
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Figure 6.6: Simulations vs. real data

7. Comparison. To compare the data obtained by using the numerical approximation given
by the equations (4.6), (4.7) and (4.8) with the real data, we chose the month of December 2021.
To measure the approximation obtained for the forecast, we will use the following number

B 2 (i~ Ri)?
31 '
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where Y; and R; denote the value of the simulations (from the figures (6.1) and (6.3)) and the real
data, respectively. The table (7.1) shows the number E calculated for each variable S, I, R, D
and for different values according to the order of integration c.

Table 7.1: Error (E)

o S I R D
0.87 167.04924906 182.86069085 27.18336778 | 0.87988269
0.96 43.64408839 19.78350567 27.18336778 | 0.62217102
0.67 77.16070369 90.86004836 27.18336778 | 0.59568340
0.48 | 22651.25392598 | 22641.35863643 | 27.18336778 | 25.37016282
0.39 | 126621.99988154 | 126479.30018833 | 27.18336778 | 161.98416888
0.50 | 6646.47608063 6654.72761130 | 27.18336778 | 7.46389157

8. Discussion. Although we studied a simplified mathematical model and the dynamics of
infectious diseases is complex, the use of a simple mathematical model is useful to get a perception
of the spread of the diseases [12]. It allows us to try strategies to control the spread and to identify
the general patterns of the disease for the period studied.

Another aspect is that the rates calculated for each « are estimates based on the model studied
and, therefore, are affected by the limitations of the underlying model. When considering other
factors, it is possible to obtain different results.

To apply the model studied, we made simulations for the spread of COVID-19 in the Peru-
vian region of Tacna for December 2021. These simulations were obtained by choosing values
according to the order of integration v and observing their effect on the simulations compared
with the real data. This procedure permitted to obtain some values for « such that the respective
simulations obtained approximated better the real data. Thus, from the table (7.1), we can infer
that the simulations obtained for o = 0.96 approach better the real data.

9. Conclusions.

i. We demonstrated the existence and uniqueness of a solution for a SIRD mathematical
model with Caputo fractional derivative and developed numerical solutions.

ii. We studied and applied a mathematical model SIRD with Caputo fractional derivative for
the spread of COVID-19 in the Peruvian region of Tacna for December 2021.

iii. From the simulations, the graphics and the (7.1), we can conclude that some values «
reproduce in a better manner the dynamics of the spread of COVID-19 in the mentioned
region for that period; for 0.5 < o < 1 the simulations are close to real data.
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