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Abstract

The goal of this work is the formulation and analysis of a Covid-19 transmission dynam-
ics model which takes into account two doses of the vaccination process, confinement, and
treatment with limited resources, using both integer and fractional derivatives in the Ca-
puto sense. After the model formulation with classical derivative, we start by establishing
the positivity, boundedness, existence, and uniqueness of solutions. Then, we compute the
control reproduction number R, and perform the local and global asymptotic stability of
the disease-free equilibrium whenever R, < 1. We also prove the existence of at least one
endemic equilibrium point whenever R, > 1. Using real data from Germany, we calibrate
our models by performing parameter estimations. We find that the control reproduction
number is approximately equal to 1.90, which shows that we are in an endemic state. We
also perform global sensitivity analysis by computing partial rank correlation (PRCC) co-
efficients between R, (respectively infected states) and each model parameter. After that,
we formulate the corresponding fractional model in the Caputo sense, proving positivity,
boundedness, existence, and uniqueness of solutions. We also compute the control repro-
duction number of the fractional model, which depends on the fractional order ¢. We prove
the local and global asymptotic stability of the disease-free equilibrium whenever the control
reproduction number is less than one, as well as the existence of an endemic equilibrium
point whenever the control reproduction number is greater than one. To validate our theo-
retical analysis of both models, and compare the two types of derivatives, we perform several
numerical simulations. We find that for long-term forecasting, the fractional model, with a
fractional order ¢ < 0.87 is better than the model with integer derivative.
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1. Introduction

COVID-19 is a disease caused by a new strain of coronavirus. The first case was reported
in Wuhan, China in December 2019. Since then, the disease spread in many countries and
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became a pandemic [61]. The virus called the SARS-CoV-2 virus spreads generally popula-
tion through close contact with an infected person or with an infected object. According to
currently available data, the virus is mainly spread by respiratory droplets between people
who are in close contact with each other [23].

At the beginning of the pandemic, the absence of a general Covid-19 pre-existing im-
munity in humans as well as the absence of curative drugs and vaccines, have guided the
choice of several countries to implement non-pharmaceutical interventions that include so-
cial distancing, hand-washing, confinement, isolation which is recommended in order to stop
the spread of the virus [43]. As of May 2021, different COVID-19 vaccines were authorized
in some countries. For emergency or full use, seventeen vaccines have been approved by
at least one stringent regulatory authority recognized by the World Health Organization
(WHO) [62]. Twenty five (26) other vaccines are in the test phase [62].

The problem remains the efficiency of each proposed vaccine [35, 60]. A mini-review
discussing the reliability and efficiency of Covid-19 Vaccines revealed that four of the available
vaccine had an efficacy greater than 80% (Pfizer-BioNTech (= 95%), Moderna (~ 94%),
Sputnik V (= 92%), and Oxford-AstraZeneca (=~ 81%)) [12]. However, it has been found
that Covid-19 vaccines permit the alleviation of severe adverse reactions to the disease. This
is why there has been a real reduction in the number of hospitalizations as well as deaths
linked to Covid-19 in countries in which the level of vaccination coverage is high [5, 12].

Since the work of Sir Ronald Ross on malaria [46], mathematical modeling is used to
describe transmission mechanisms as well as estimation and choice of control strategies.
One of the first mathematical models, which was formulated to describe the new coronavirus
transmission dynamics, is the model proposed in [32] by Zhihua his collaborators. The
authors developed a Susceptible-Infectious-Symptomaric reported cases-Unreported cases-
Removed epidemiological model to predict the Covid-19 epidemic in Wuhan. Chen et al.
[4] also developed a Bats-Hosts-Reservoir-People transmission network model for simulating
the potential transmission from the infection source (probably bats) to the human infection.
They estimated the value of the basic reproduction number Ry of 3.58 (in fact, infection
between reservoir and human gives a basic reproduction number equal to 2.30, and 3.58
from human to human). They conclude that the transmissibility of SARS-CoV-2 is higher
than the Middle East respiratory syndrome (MERS) in the Middle East countries. Taking
into account the existence of the super-spreader of the coronavirus, Ndairou et al. [42]
formulate a compartmental model for the spread of the Covid-19 disease with application
to Wuhan reported cases. Since then, several other model were also developed [2, 11, 13,
26, 27, 28, 40, 43]. Several works are conducted to evaluate the impact of vaccination on
the fight against Covid-19 spread [30, 38, 37, 44, 47, 54]. In [44], the authors formulate
a compartmental model to examine the impact of the use of three vaccine-types (Pfizer,
Moderna and Janssen) on the on the dynamics of COVID-19 in a population. They use
available data for these three vaccine-types to calibrate their model. They concluded through
numerical simulations that the three vaccine-types permit to decrease the total number of
individuals with severe Covid-19 illness, this means hospitalized persons. Moore et al. in
[38, 37] used a mathematical model structured by age and UK region to evaluated the use
of Covid-19 vaccine as only control strategy. The obtained results permitted to conclude
that vaccination alone is insufficient to contain the outbreak. In the same way, Watson et
al. [59] concluded that vaccination has permitted to prevent 14.4 million deaths, due to the
Coronavirus, in 185 countries and territories between Dec 8, 2020, and Dec 8, 2021.

To estimate the costs of hospitalization, vaccination and the economic benefits of the



reducing Covid-19 deaths, Du et al. in [13] developed a multi-scale model which takes
into account population-level transmission and individual-level vaccination. Their model
consists of ten compartments in which two compartments stand for the two vaccine doses.
They did not consider the environmental infection by indirect contact with tools infected by
a infectious persons. To assess age-specific vaccine allocation strategies in India, Foy and
coworkers in [16] used an age-structured, expanded SEIR model with social contact matrices.
Through numerical simulations, they concluded that depending on vaccine characteristics,
people belonging to older age groups must be a priority in vaccine allocation. A statistical
model in which social and SARS-CoV-2 epidemiological dynamics interact with one another
is developed by Jentsch and coworkers [25]. The following vaccination strategies were taken
into account: oldest-first strategy (those aged 60 years and older), youngest-first strategy
(those younger than 20 years), uniform strategy (vaccinating uniformly by age), and a novel
contact-based strategy. They concluded that the choice of the most effective vaccination
strategy depends on the time course of the disease in the population, and for later vacci-
nation campaigns, Covid-19 vaccines to interrupt transmission might prevent more deaths
than prioritizing vulnerable age groups. In [49], Shen et al. formulated and studied a com-
partmental Covid-19 model in which vaccination is combined with the prevention, the rapid
screening of exposed individuals, and infected individuals without screening. Through opti-
mal control tools, they concluded that combined control measures can be used to minimize
the disease burden. However, their model only considers a unique vaccine dose.

It should be noted that most of the Covid-19 models existing in the literature are either
formulated using classical derivatives (integer derivatives) [11, 34, 42, 43] or using fractional
derivatives (Caputo, Caputo-Fabrizio, Atangana-Baleanu,...) [27, 28, 31, 40, 41, 56, 50]. The
latter are increasingly used in the modeling of infectious diseases. The given reason is that
they have the great advantage of having a memory effect, compared to classical derivatives
[6, 24, 58, 64]. The memory effect in the Covid-19 pandemic was emphasized by Sofonea et
al. in [52]. Fractional derivatives give flexibility to decision-makers. Indeed, choosing the
optimal value of fractional order, one can decide the start and the end date of the control
measure strategies [40].

In the present work, we formulate and analyze an SEIR extended model in which we
take into account quarantine, two vaccine doses, and the treatment of symptomatic persons
in the presence of limited resources. We use both integer and non-integer derivatives. The
goal here is to know which of the two types of derivatives can be used to better forecast the
Covid-19 pandemic in Germany, and which fractional order better fit the reported case data.
After the model formulation with integer derivatives, we prove the positivity, boundedness,
existence, and uniqueness of solutions. We then compute the control reproduction number
denoted by R. and prove the local as well as global stability of the Covid-19 free equilibrium
point whenever R. < 1. We also prove the existence of at least one endemic equilibrium
point and give the condition of its local stability when R. > 1. Using the daily infected
reported cases in Germany from February 15, 2021, to April 05, 2021, we calibrate the
model by performing parameter estimation. By fixing the vaccine coverage at 70%, the
vaccine efficacy on the disease dynamics is depicted through numerical simulations. We then
perform global sensitivity analysis by computing the partial rank correlation coefficients
between R. (respectively infected states) and each model parameters. In the second part of
the work, we present the corresponding fractional model in the Caputo sense and prove the
positivity, boundedness, existence, and uniqueness of solutions of the fractional model. We
compute the corresponding control reproduction which depends on the fractional order .



Indeed when ¢ = 1, the two models have the same threshold which governs their dynamics.
We also prove the local stability of the disease-free equilibrium for the fractional model
and deduce from the existence of the endemic equilibrium point of the integer model, the
existence of at least one endemic equilibrium of the fractional model too. We then present
the numerical scheme used to simulate the fractional model. We perform several numerical
simulations to validate our analytical results and to compare the use of classical derivatives
with fractional derivatives in the Caputo sense by determining which model better fit the
German data, in a long-term dynamics.

The present work is structured as follows: Section 2.1 is devoted to the model formulation
with classical derivative (Ordinary differential equations) and its mathematical analysis.
Section 3 is devoted to model calibration and global sensitivity analysis. The formulation
and analysis of the fractional model are done in Section 4. Numerical simulations of both
models are done in Section 5. A conclusion and perspectives round up the work.

2. The ODE model
2.1. Model formulation

Before formulating our model, it is important to fix some hypotheses:

H1: There are no infected immigrants;

H,: Only non-infectious persons are vaccinated and recovered persons do not get the vac-
cine;

Hs: Persons who are hospitalized ( in situations of respiratory assistance) do not participate
to the disease spread;

We denote the human population at any time by N(¢). Depending on their epidemiological
status, we split the total human population into nine sub-classes called compartments. Thus,
compartment S denotes susceptible individuals, () is for quarantined individuals, V; is for
susceptible individuals who have received the first vaccine dose against Covid-19, while V5 is
for individuals in V; state who have received the second vaccine dose against Covid-19. Since
the infected individuals will become infectious after a period of 2 to 14 days, we consider
the latent compartment E. After this stage, a fraction of infected individuals will become
asymptomatic infected and enter the compartment denoted by A, and the other fraction
will become symptomatic infected and will enter the compartment /. Among asymptomatic
individuals, some of them will be recovered and become partially immunized (denoted by R,
and a few of them will enter the compartment of individuals who need respiratory assistance
and/or other specific treatments (denoted by H). A fraction of symptomatic individuals will
become recovered (R), and another fraction can need specific treatments and/or respiratory
assistance, and so will enter the compartment of hospitalized individuals denoted by H.
In this model, we take into account the partial immunity of recovered individuals. Thus,
after recovering from the disease, some people can become infected again. Contrary to Atifa
et al. [2], we assume that recovered individuals do not enter the infectious compartments
directly. Indeed, we assume that they must observe the necessary 2 days to become infected
again. Contrary to several models in the existing literature (see [40, 43] and some references
therein), we consider the fact that an uninfected person can become infected through a
contact, for example, with the door handles, and the fact to eat or drink from the same dish
or cup used by an infected person without disinfecting it. To model this phenomenon, we
include the compartment B which stands for the density of free viruses in nature [11].



It is important to note that the vaccines available against Covid-19 do not confer perfect
immunity against this disease. Thus, we include this in our model by the fact that vaccinated
individuals can be infected regardless of their vaccination status (V3 or V3).

Dynamics of S. Susceptible individuals increase with the rate roA, where A denotes the
recruitment rate and ry is the proportion of newcomers who enter the susceptible compart-
ment. They decrease either by quarantine at a rate co, or by natural death at a rate u, or
by vaccination at a rate vy, or by contact with an infected person or a material used by an
infected person at a rate A given by

A(t) + 1(t)

_ B)
M= ANG —HE

R Bw (1)

In Eq. (1), fp; is the transmission probability from a infectious individual (either asymp-
tomatic A or symptomatic /) to a uninfected individual (S, @, V1, and V3); B is the exposure
rate to the free viruses in the environment; The half-saturation constant parameter denoted
by K represents the concentration of free virus that yields 50% of chance for a susceptible
individual to catch the coronavirus [11].

NO)
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Dynamics of (). The compartment of quarantined persons increases with either the rate r{ A,
where A denotes the recruitment rate and r; is the proportion of new quarantined persons
who enter the system, or with a rate ¢; of susceptible persons who are quarantined due
to their exposure or contact with an infected individual. They decrease either by natural
mortality rate p, by end of quarantined by returning in the compartment of susceptible
individuals with a rate ¢, or or by contact with an infected person or a material used by an
infected person at a rate A\ described by Eq. (1).

‘il—ff(t) =rA+eS[t) — | ntcr+oA(t) | Q). (3)

Dynamics of V1. The compartment of vaccinated persons who have taken the first dose
increases with either the rate r3A, where A denotes the recruitment rate and r3 is the pro-
portion of vaccinated persons with the first dose who enter the system or with the susceptible
individuals who have taken for the first time the Covid-19 vaccine at the rate v;. They de-
crease either by natural mortality rate p, by taking the second dose of vaccine at a rate vs,
or by contact with an infected person or a material used by an infected person at a rate A
described by Eq. (1).

k3
%(t) =r3A+v1S(t) — | 1+ va+d3A(t) | Vi(t). (4)



Dynamics of V5. The compartment of vaccinated persons who have taken the second dose
increases with either the rate (1—r; —ry —r3)A, or with the vaccinated individuals who have
taken the first dose of the Covid-19 vaccine at the rate vy. They decrease either by natural
mortality rate p, or by contact with an infected person or a material used by an infected
person at a rate A described by Eq. (1).

vy = —

Tty =TT o r) A eailt) — (-4 G2 (D) Valt) (5)
Dynamics of E. Exposed persons are uninfected individuals (S, @, Vi, V,, and R) who have
contracted the Coronavirus (Covid-19) but are not yet infectious. Their number increases
with the flow due to susceptible individuals S, quarantined individuals (), vaccinated indi-
viduals for the first time V;, vaccinated individuals with the second dose V5 and recovered
individuals R, who have had close contact with infected individuals (A or I). They decrease
by natural mortality with a rate p, or by becoming either asymptomatic (A) with a rate

(1 — q)7 or symptomatic (1) with a rate g7, where — is the average incubation period, and

q is a proportion of exposed person who will become symptomatic.

dF P
= (0= A) (9R(t) + 91Q(8) + 625(1) + d3Vi(t) + 94Va(t)) — (k +7) E(H)- (6)

Dynamics of A. The compartment of asymptomatic persons increases with a flow (1 — ¢)y
of exposed persons and decreases either by natural mortality at a rate u, by becoming either

hospitalized at a rate 190, recovered at a rate 160, or by becoming symptomatic at a rate
(1 —1py —1p9)0, where 6 stand for the transition rate to remainder states (I, H, R).

dA f—'p“\ - - N
() =1 = q)vBE() (i +6) A®). (7)

Dynamics of I. The compartment of symptomatic persons increases with a flow ¢y of ex-
posed persons to which we add a flow of (1 —1 —12)0 of asymptomatic persons; It decreases
either by natural mortality at a rate p increased by the disease-induced death rate d;, by
becoming either hospitalized at a rate (1 —n)v, or recovered at a rate nv, where v stand for
the transition rate to hospitalized compartment and recovered compartment.

I —_— —
%(t) = qvE(t) + (1 — ¥y — 2) OA(t) — (u+ 01 +v) I(2). (8)

Dynamics of H. The compartment of hospitalized persons includes 1560 of asymptomatic

persons to which we add a rate (1 — n)v of symptomatic individuals. It decreases either by

natural mortality at a rate p increased by the disease mortality rate do, or by healing with

a healing rate (, or by specific health care that is impacted by the limited medical resources

(for hospitalized persons requiring respiratory assistance) described as in [48, 65] by function

oH(t)

T(o,H(t))(t) = ———, 9

(e HO)O) = 57 ©

with the parameter o representing the medical resources supplied per unit time and ® cor-
responds to half-saturation constant. Thus, the dynamics of H is given by

(il—]j(t) = bA(t) + (1 —n)vI(t) — (n+ 2+ Q)H(t) —T(0, H(t)). (10)



Dynamics of R. The compartment of recovered individuals includes 110 rate of asymp-
tomatic persons, nv rate of symptomatic persons and ¢ + T'(o, H) rate of hospitalized per-
sons. It decrease either by natural mortality at a rate p, or by infection by a rate A\ described

by Eq. (1).
dR
dt

Dynamics of B. Infectious individuals when they sneeze or cough without protection spill

small droplets that contain thousands of viruses that will spread through the air, thus directly

or indirectly infecting healthy people. We assume that only asymptomatic and symptomatic

individuals contribute to the virus spread in the environment, with a rate of a; and s,
respectively. The mortality rate of Coronavirus is denoted by 7.

aB
dt

(t) := p0A(t) +vnl(t) + CH(t) + T(o, H({1))(t) — (1 + @5 A(1)) R(2). (11)

(1) := a1 A(t) + aol (t) — TB(t). (12)

Putting Eqs.(2)—(12) together gives the following system expressed using ordinary deriva-
tives:

Bty = b+ a@(D) ~ (ki +6:M(0) S(1),
W) = rA+ersS() — (b + 600 Q)
%(t) =13\ +v1S(t) — (ks + p3A(t)) Va(d),
TR = mA+wValt) — 4+ A Valo),
W2(0) = A1) (GsR() + G1QU) + 625(1) + 65Va(1) + 0aVal0) — k(1) .
V) =B - kA
%(t) = qvE(t) + mbA(t) — keI(t),
%(t) = m3vl(t) + b A(t) — krH(t) — T(o, H(t)),
W) = CH(E) + T(o, HW)(W) + vnl(1) + h0A) — (1u-+ 657 (1)) B(),
\ %(t) — a A(t) + asI (1) — TB(1).
We set z = (S,Q, Vi, Vo, E, A, I, H R, B)' the vector of state variables and
RY ={zeR":2>0,i€[1;10)NN}.
System (13) can rewritten in the following compact form
‘é—f = F(t,x) = (Fi(2), Fa(a), ... Frol()) (14)

$(750) =Ty = (So, Qo, ‘/10,‘/20>E0aAOa[O,HOaRmBO)/ € ]Ri-oa

where F : R — R represents the right hand-side of (13), and (e) stands for the transpo-
sition operator.



Table 1: Description of model parameters.

Parameter Description

A Recruitment rate

1 Natural mortality rate

Ioht Direct contact rate

o) Indirect contact rate

1 Proportion of newcomers to the () compartment

T9 Proportion of newcomers to the S compartment

T3 Proportion of newcomers to the Vi compartment

U1 First dose vaccination rate

Vg Second dose vaccination rate

1 The rate of flow between @ to S

Co The rate of flow between S to @)

0 Incubation period

q Proportion of people in the E-compartment who will become asymptomatic
0 The rate of flow between A to I, H, R-compartments

Uy Proportion of people in the A-compartment who will recover from the disease
o Proportion of people in the A-compartment who will become Hospitalized
v The rate of flow between I to H, R-compartments

n Proportion of people in the I-compartment who will recover from the disease
01 Disease-induced death for symptomatic people

O Disease-induced death for hospitalized people

¢ Recovered rate of Hospitalized people

o Medical resources supplied per unit time

P Half-saturation constant

aq Rate of virus spread to the environment by asymptomatic people
Q9 Rate of virus spread to the environment by symptomatic people
T The natural death rate of coronavirus in the environment

K Half-saturation constant

¢i, 1 € [1;5] NN Modification parameters

Remark 1. Hospitalized people (H) are not included in the force of infection. Indeed, we
assume that people in respiratory assistance (hospitalized individuals) due to the infection to
the coronavirus are not taking part in the active population who contribute to the transmission
dynamics of the disease [/3].

2.2. Mathematical analysis
2.2.1. Positivity and Boundedness of solutions
We have the following result

Theorem 1. (Positivity) Each solution z(t) = (S(t), Q(t), Vi(t), Va(t), E(t), A(t), I(t), H(t), R(t), B(t))'
of model (13) with non-negative initial conditions

2(0) = (S(0), Q(0), V1(0), V5(0), E(0), A(0), 1(0), H(0), R(0), B(0))" € R is non-negative for

all t > 0.

Proof. See Appendix A. O



Before proving the boundedness of solutions of systems (13), let us define the following
subset of R

==

Z10

T{x(SQVl,VQ,EAIHRB ) € R (Z@)g gw}.
T

(15)
The following result holds.

Theorem 2. (Boundedness of solutions) The region Y is positively invariant and attracting
for system (13).

Proof. See Appendix B. ]

2.2.2. Emistence and uniqueness of solutions
Before proving the existence and uniqueness, let us claim the following result.

Lemma 1. The function F : R® — R defined in (14) is a continuously differentiable
function on RV,

Proof. See Appendix C.

From Lemma 1, the following result holds.

Lemma 2. The continuously differentiable function F : R® — R defined in (14) is locally
Lipschitz continuous on R,

Theorem 3 (Existence-uniqueness). With Theorem 2, and for initial conditions
xg = (So, Qo, Vio, Vao, Eo, Ao, Lo, Ho, Ro, By)' € Rlo, the Covid-19 transmission model (13)
admits a unique solution x € C([0; +oo[, R1?).

2.2.3. The control reproduction number
First of all, it is important to note that in the absence of disease, that is £ = A =

I = H =B =0, system (13) admits always one stationary point, also called disease-free
equilibrium (DFE), & = (So, Qo, Vio, Va0, 0,0,0,0,0,0)" where

[Cl (CQ’)”Q + ]{?17"1) -+ (klkg — 0162) 7”2] A

S - )
0 ky (lﬁkz - 0102)
Q (CQTQ -+ k/’lTl) A
0 ]{51]92 — C1C9 (16)
% _ [(k’lkg — 6162) T3 + v (k?QTQ + 617’1>] A
10 (kle - 0102) k3 ’
Vv . [(k’lk‘g — 6102) (’1}27“3 + 7T1k’3) -+ (k’QTQ + 617“1) Uﬂ]g] A
20 — .
\ (kle - 0102) k’s,u
with kiks —chz = 1>+ (o +v1 +c1) p+ civp > 0. From (16), we have Ny := Sp + Qo +
Vio + Voo = —.
10 20 [



To compute the control reproduction number, denoted by R., we will use the next gen-
eration approach (see [7, 57]). Let us set y = (E, A, I, H,B)". The vector Z and W for the
new infection terms and the remaining transfer terms for y are, respectively, given by

AMosR+ $1Q + 025 + d3Vi + ¢4 Va)

0
Z = 0 ,
0
0
and
ksF
—pyE + ks A,
W = —q’}/E — 7T29A + kﬁ[,

ocH
—7T3V[ — ¢29A -+ k7H + m,
—OzlA - 0(2_[ + B

Their Jacobian matrices evaluated at & are respectively given by

0 AN BN 0 A

0 0 0 0 0
Z=10 0 o 0 0o |, (17)
0 0 0 0 0
0 0 0 0 0
and
ky 0 0 0 0
-py ks 0 0 0,
W = —q7y —7T29 kﬁ 0 0, ; (18)
0 —ihl —mgv kﬁ—% 0,
0 -1 —Qy 0 T

with Ny = ¢01Q0 + 0250 + ¢3Vig + d4Vo9. Then, the control reproduction number R, is
defined, following [7, 57|, as the spectral radius of the next generation matrix, ZW~! where

Rp+Re. U Uy 0 Us
0 0O 0 0 O
ZWt = 0 0 0 0 0
0 0O 0 0 O
0 0O 0 0 0
with
4R5R6 N0 ak5No 4kskeNo 4k5R6 N0
R BaN1y (g (mapl + ksq) + par k) _ BaNiy (caks + pa k) _ BalNiykio
¢ k}4k5k’6K’T k}4]€5k36K7' k}4]§5k’6K7" (19)
U, — PN T (20 + ko) + B2 No N1 (ool + aikg) U, = L1 NI + o Ng Ny
]{75]{76KN07' ’ ]{?6KN0’7' ’
BN B B
3= g = Mopl + ksq, kg = ks + kep, k1o = azks + paiks.

K1’
10



Therefore, the control reproduction number, R., is the sum of two main contributions,
namely, humans and environment, as follows:

Re:=p(ZW) =Ry + R, (20)

where p(e) represents the spectral radius operator.

The threshold quantity R, measures the average number of new Covid-19 infections
generated by a single infectious individual in a completely susceptible population where
quarantine, treatment and vaccination campaign are implemented [19, 40]. The threshold
Ry, represents the number of humans infected through close contact with an infectious in-
dividual (either an asymptomatic person (A) or symptomatic person (I)) during his/her
infectious lifetime. It is equal to the product of the direct contact rate between susceptible
individuals and infected individuals, the probability that an exposed human survives the
latent period, the average duration of the infectious period in asymptomatic humans, the
average duration of the infectious period in symptomatic humans, and the ratio between
the total number of persons who will become infected and the total number of humans at
the disease-free equilibrium. R, represents the number of new infected caused by a contact
with an object used by an infected person throughout his/her infectious lifetime. It is equal
to the product of the contact rate between susceptible individuals and an object used by
an infected individuals, the probability that an exposed human survives the latent period,
the average duration of the infectious period in asymptomatic humans, the average duration
of the infectious period in symptomatic humans, the natural life expectancy of virus in the
environment, the average rate of virus spread to the environment by infectious individuals
and the ratio between the total number of persons at the disease-free equilibrium who will
become infected, and the total number of free viruses in the environment secreted by an
infectious person (A or ).

From [57, Theorem 2|, we have the following result.

Lemma 3. (Local stability of the DFE) The stationary point & of system (13) is locally
asymptotically stable (LAS) if R. < 1, and unstable otherwise.

2.2.4. Global stability of the DFE
Theorem 4. The disease-free equilibrium &y is globally asymptotically stable in T whenever
R.<1.

Proof. Considering only the infected compartments of system (13), we obtain

E(t) E(t)
21 Aw A(t)
— I(t) :(Z—W) I(t) —M(S,Q,‘G,VQ,E,A,I,H,R,B), (21)
W m H(t)

B(t) B(t)

where F' and V' are the same matrices used to compute the control reproduction number

11



(see Eq. (20)), and

Ni M N M
Bi(A+1) (FO_N—H)+BQB (7_K+B>

M(S,Q,V1,Va, B, A, I, H,R, B) =

OO oo o

N
where N} = 25+ ¢1Q + ¢3Vi + d4Va+ d5 R, Ny = 0250+ ¢1Qo + dsVig+ ¢4Vag. In T, Fl >

0
M 1 N )
—_— > . >
N_Hand = K+Bforallt>0 Then, it follows that M(S,Q, Vi, Vo, E, A, I, H, R, B) >

Ogs. This means that

E(t) E(t)

| oaw A(t)

Sl | sz-w| 1w

H(t) H(t)

B(t) B(t)

Note that
L 0 0 0 0
4
1
% T 0 0 0
_ (mapV+ksq) ol 1
W= 7T2£4k5k?6q . k52k6 ko 0 01 = Osxs.
((roms Pr+poke®)pd+msksPrq)y  (mom3Pr+pake®)V m3dv i) 0
kakskeo+kakskek7® kskgo+kskgk7® keo+kek7r® o+k7®

(aamapV+asksg+aikep)y asmad+taike s 0 1
kakskeT kskeT ket T

We also have, from (17), that Z > 0. Thus, from [51, Theorem 2.1], there exists a Lyapunov
function for system (13) expressed as £ (S, Q, Vi, Vo, B, A, I, H R, B) = u'W~ (E, A, I, H,B)'
where v/ is the left eigenvector of the nonnegative matrix W~'Z corresponding to the eigen-
value R.. This implies that,

d
O (Re— 1)/ (B, A1 H.B) — /W™ M(S,Q. Vi, Vi, . A, I H, R B) <0,

dc
Since M (S,Q, Vi, Vo, E, A I, H, R, B) > Ogs, it follows that o < 0 whenever R, < 1,

L
with T 0 if and only if (F, A, I, H,B) = Ogs. It follows that the largest invariant set

contained in {(S,Q,Vl,VQ,E, A I H R,B)eRY: % = O} is {&}. Thus, from LaSalle
Invariance Principle [29], every solution of (13) with initials conditions in T converge to &
when t — 4o00. That is (E,A,[,H,B) — (0,0,0,0,0), S — So, Q — QQ, Vi— Vi
and Vo — Voo when t — 400, which is equivalent to (S,Q, V1, Vo, E, A I, H, R, B) —
(S0, Qo, Vio, V20,0,0,0,0,0,0) when ¢ — +o00. Thus, the disease-free equilibrium & is
globally asymptotically stable in WW whenever R. < 1. This ends the proof. O
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2.2.5. FExistence of endemic equilibrium points

Due to the model complexity, we consider only the particular case when ¢ = 0 and ¢; = 1
forv € 1,2,3,4. 0 = 0 implies that there are no specific medical resources supplied which was
the case at the beginning of the Covid-19 epidemic in Wuhan, China. ¢; = ¢9 = ¢p3 = ¢4 =1
implies that susceptible individuals, as well as quarantined, and vaccinated individuals, have
the same probability to become infected and the vaccine does not confer immunity. This is
motivated by the fact that, in the case of the Covid-19 pandemic, available vaccines do not
confer permanent immunity, but permit the reduction of the number of critical cases by the
decrease the number of Covid-19 hospitalization as well as the number of deaths due to the
Covid-19 pandemic [15].

We claim:

Proposition 1. Assume that R. > 1 or R. < 1. Then, in addition to the disease-free
equilibrium &y, the Covid-19 model could have one or more than one positive equilibrium.

Proof. See Appendix D. m

The case R. < 1 of Proposition 1 suggests the possibility that the forward (resp. back-
ward) bifurcation phenomenon can occurs in the Covid-19 model (13). Since from Theorem
4, the disease-free equilibrium is globally asymptotically stable, it follows that even if the
DFE co-exists with other positive equilibrium points in T, these last are unstable.

3. Model calibration and sensitivity analysis

3.1. Model calibration with real data of Germany

The start date of mass vaccination in Germany was Sunday, 27 December 2020 [17]. Since
then, several constrained measures was taken to ensure that the majority of inhabitants is
vaccinated. We consider the daily infected reported cases in Germany from February 15,
2021 to April 05, 2021 [22]. The map of the Federal Republic of Germany is depicted in
Figure 1. Taking the total approximate population of Germany equal to N(0) = 83,000, 000
[18], the recruitment rate is equal to A = uN(0). The following initial conditions subject
to the data fitting ar S(0) = 48,790, 644 and the other variables with the initial conditions
subject to data fitting are Q(0) = 2,338,987, V1(0) = 23,240,000, V5(0) = 2,324,000,
E0) = 2,32,843, A(0) = 0, 1(0) = 2,338,987, H(0) = 23,389, R(0) = 160,115, and
B(0) = 10°. The nonlinear square method is used to fit the model to the real data. It
provides realistic values of model parameters, which is beneficial when we want to forecast
the evolution of the disease in a given time interval. We perform experiments until the
desired accurate fitting of the model is achieved. After solving numerically the following
optimization problem

mrin || [predict - [data ||2> (22)

where I' = {31, B2, v1, U9, c1, ¢2,7, 0,11,19 }, we obtain the results consigned in Table 2. The
value of the control reproduction number computed with the parameter values in Table 2 is
R. = 1.899451294774579. The model simulations versus data fitting are depicted in Figure
2. The future evolution of the disease without any added control measures is depicted in
Figure 3. It is clear that, in a long term, the disease will persist in the population if there is
no best scientific advance like, for example, the establishment of a vaccine that could protect
a vaccinated person to be infected, even if this vaccinated person has close contact with the
virus or a sick person. For the moment, available vaccines permit only to prevent severe

13
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Figure 1: Map of the Federal Republic of Germany with its sixteen states.

Table 2: Model parameters and their estimated values.

Parameter Value/per day Source Parameter Value/per day Source

A N(0) x p Estimated ¢ 0.1428 [55]

i 8172—1><365 Estimated «y 0.1 [39]

b1 0.052428772948116 Fitted Qo 0.1 [39]

Ba 3.303061249323349e-07  Fitted T 0.1724 [39]

e 0.1 Assumed K 10° [11]

9 0.8 Assumed & 0.0018 [39]

T3 0.05 Assumed 0 0.0018 [39]

Uy 0.000547888192948 Fitted q 0.7 [39]

Uy 0.000080792493821 Fitted n 0.09 [39]

1 0.000318771165360 Fitted o 0.0584 [48]

Co 0.014228191665571 Fitted ) 3.0173 [48]

0 0.759448007021108 Fitted o1 0.596 [40]

0 0.019286496666118 Fitted o 1 Assumed
Un 0.31 Assumed ¢ 0.52 [14]

() 0.045 Assumed ¢y 0.52 [14]

v 0.017 Assumed ¢ 0.5 Assumed
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Figure 2: Model fitting versus reported cases in Germany during the period from February 15, 2021 (¢t = 0)

to April

05, 2021 (t = 49).
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Figure 3: Short and Long-term forecasting of Coronavirus (Covid-19) pandemic in Germany.

9000

The impact of the vaccination process is depicted on Figure 4 by varying the vaccination
coverage between 0 and 70%. The simulation results show that vaccination forward delayed
the date of the epidemic peak. Whatever the vaccine coverage, the dynamics of the disease
remain the same after the epidemic peak. This can be justify by the fact that the available
Covid-19 vaccines do not prevent the virus transmission between infectious persons and
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vaccinated persons. This is why it is urgent to develop a Covid-19 vaccine which prevents
virus transmission with a high efficacy level.
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Figure 4: Impact of vaccination coverage on the Covid-19 dynamics in Germany.

vy = 0.7, and varying the vac-

cine efficacy at the second dose between 0 to 100%, that is ¢4 € {0,0.52,0.75,0.95}. The
result, depicted on Figure 5, shows that fight against Covid-19 pandemic passes through by
intensification of vaccination campaigns with a vaccine with a high efficacy level.
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Figure 5: Impact of vaccine efficacy on the Covid-19 dynamics in Germany with a fixed vaccine coverage
equal to 70%.

3.2. Uncertainty and global Sensitivity analysis

Using 10,000 runs of the Latin hypercube sampling (LHS) [53], we compute the partial
rank correlation coefficients (PRCC) between the control reproduction number R, and each
model parameters [1, 33, 63]. Each model parameter is supposed to be a random variable,
uniformly distributed, with its mean value as listed in Table 2. With this 10,000 sampling,
we obtain the mean value of R. equal to 2.4724 which implies that we are in an endemic
state. The derived distribution of R. is depicted in Figure 6 (panel (a)) while the PRCCs
are depicted in panel (b) of Figure 6. Statistically, a large PRCC value ( > 4+0.5 or < —0.5
) with less P-values (< 0.001) indicates that the corresponding parameter is influency in
the model dynamics. It then follows that 51, the human-to-human transmission probability,
and ¢, a modification parameter which indicates the level of infectiousness of susceptible
individuals, are the most influential for the control reproduction number R..

Figure 7 depicts PRCC between infected states E/, A, I and H, and each model parameter,
as well as the corresponding P-values. We observe that: For the compartment F, the most
influence parameters are 1, v and ¢5; For the compartment A, the most influence parameters
are (1, 0, ¢ and ¢; For the compartment I, the most influence parameters are 31, v and ¢s;
And for the compartment H, the most influence parameters are 31, v, n and (. This suggest
that control measures like individual protection, prevention and treatment (with high level of
efficacy) combined with all measures which consist to detect new cases as well as which can
boost the immunity system must be intensified to fight against the persistence of Covid-19
in the population.
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Figure 6: Sampling distribution of R. (a) and global sensitivity indices (b) for R. against model parameters.
The character ’d’ stands for the dummy parameter.
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Figure 7: Global sensitivity indices for infected state variables of the model (13) against model parameters.

Figures 8 shows the control reproduction number R. as a function of some model pa-
rameters. In panel (a) of Figure 8, R, is represented as a function of the direct transmission
contact coefficient 8; and the indirect transmission contact coefficient 5. We see that R.
increases rapidly according to the increase of f; than 5. This suggests that decreasing the
coefficient (3 is the best way to reduce the control reproduction number. In panel (b) of
Figure 8, R, is represented as a function of the coefficients £, and (. It clear from panel
(b) of Figure 8 that R, increases rapidly according to the increase of ; and the decrease of
(. This suggest that individual protection combined with effective treatment can permits to
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reduce the control reproduction number.

In panel (c) of Figure 8, R. is represented as a function of the coefficients §; and ¢o. By
Noting that ¢ = 1 — €5 where €5 represents the booster immunity level, we look that de-
creasing simultaneously these two parameters permits to decrease R, that is, not individual
protection with a population with weakened immune system contributes to the persistence
of the disease in the population. In panel (d) of Figure 8, R, is represented as a function of
the coefficients 5, and v. We see R, is a increase function of this two parameters. The same
way is observed in the remaining panels (e) and (f).

(a) 3-D plot of R, as a function of 8; and s (b) 3-D plot of R. as a function of 5 and ¢

(c) 3-D plot of R. as a function of 8, and ¢ (d) 3-D plot of R. as a function of 81 and ~
® . )

(e) Contour plot of R, as a function of ¢o and ~ (f) Contour plot of R. as a function of ¢ and ¢

Figure 8: 3-D plot of R, as a function of some model parameters. The parameter values are those of Table
2 except (a) 81 and Ba; (b) betay and ¢; (c) 1 and ¢2; (d) By and 7; (e) ¢2 and 7; (f) @2 and ¢ which vary.
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4. The fractional model

4.1. Preliminary definitions and results

Definition 1 (The R-L integral). Let f € L'([0;a],R,), a > 0. The fractional order integral
of f of order ¢ > 0, in the sense of Riemann-Liouville, is defined as

°TS(f /f )t — )¢ 1dh. (23)

Definition 2 (The Caputo derivative [45]). Let f € C™([0;a]), a > 0, p € R, m € N such
that m — 1 < ¢ < m. The Caputo fractional order deriwative of f of order ¢ is defined as

1

Cpy - - t _ gyl p(m)
OO () = o [ (=0T @, ¢ >0 (24)

Definition 3 (The Mittag-Leffler function [36]). The Mittag-Leffler function of order ¢ > 0
18 an entire function defined by the series

=y (25)
prd I( gok: +1)

4.2. The fractional model and its analysis

The new formulation of the Covid-19 transmission model (13) with the Caputo fractional
derivative is given by

((SD7S(t) =1 + Q) — (K + ¢2A(1)) S(2),
cDIQ(t)  =rA?+cfS(t) — (K + d1A(1) Q(1),
e DiVA(t) =r3A? +0fS(t) — (K + ¢sA(t)) Va(t),
o DEVa(t) = mA? +ofVi(t) — (12 + ¢aA(t)) Va(t),
CDPE(t) = A1) (951(t) + 01Q(t) + d25(t) + d5Vi(t) + ¢aVa(t)) — KT E(), (26)

(t)
CDPA(t) = py?E(t) — kEA(t),

EDPI(t) = qy?E(t) + m09 A(t) — kE1(t),
CDfH(t) = mv¥I(t) + 109 A(t) — kP H(t) — T (0, H(t)),
SDER(t) = i02A() + el (t) + CPH (t) + T (o, H(t))(t) — (1% + ¢sA(1)) R(1),
| SDPB(t) = afA(t) +afI(t) — 77B(t).
where
At)+ I(t) _B(t) _ 0%H(1)
A(t) = Bf N = H() + By K+ B{0) and T (o, H(t))(t) = ST AW (27)

and Kf = 1+ o +0f, K = pf o+ of, K = o, KD = p® P, KE = e+ 07,
k§ = p? +6f + 17, k§ = p? + 05 + (¥,

For dimensional consistency emphasized by Diethelm in [8], all model parameters except
1, T2, T3, @, U1, ¥, 1, and ¢; for i € [1;5] NN have dimensions -

System (26) is subject to the following initial conditions

28
A(0) = Ag > 0,1(0) = Iy > 0, H(0) = Hy > 0, R(0) = Ry > 0,B(0) = By > 0. 29
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Let us set z = (S,Q, Vi, Vo, B, A, I, H, R, B(t)) and K (¢, z(t)) = (f7), i € [0,10] NN, where
f for i € [0,10] NN are the right-hand side of system (26). Thus the fractional model (26)
is rewritten in the following compact form

CDfx(t) =K (ta(t), =(0) =29 >0, t€[0,a], a>0, 0<p <1, (29)

with the condition z(0) = xp > 0 which is interpreted component by component.
The initial value problem (IVP) is in turn rewritten in the following integral form

o(t) = 2(0) + {I7 (K (t, 2(t)) (30)

The following results hold. The proofs are obtained as the same ways than the results
obtained for the model (13).

Theorem 5. For x(t) > Oguw, the solution x(t) of the IVP (29) is positive whenever t > 0.

Let us define the following subset of R

of +af)A¥
T%{m4SQW%EAIHRBGRm(Z%)_—,mgLﬁﬂ%—}

(31)

Theorem 6. (Boundedness of solutions)
The region Y¥ is positively invariant and attracting for system (26).

Lemma 4. The function K : [0;00) x R — R1? defined in (29) is a continuously differen-
tiable function on R,

Lemma 5. The continuously differentiable function K : [0;00) x R'® — RI? defined in (29)
is locally Lipschitz continuous on R,

Theorem 7 (Existence-uniqueness). For initial conditions xo = (So, Qo, V1o, Va0, Fo, Ao, o, Ho, Ro, By)' €
R1’, the Covid-19 transmission model (26) admits a unique solution x € C([0; +oo[, R1?).

4.2.1. Steady states and stability analysis
4.2.2. Local stability of the disease-free equilibrium
As for the case of the model with integer derivative (13), the fractional model (26) admits
always one stationary point, also called disease-free equilibrium (DFE), & = (S, Qo, Vio, V20,0, 0,0, 0,0, 0)’

where
5, = [cf (c§ra + ki) + (KRS — cfcf) ro] A®
ki (kY ks — cfes)
(cSre + k1) A?

R 7 .
‘/10 _ [(k’lkg — 0162) T3 —|—’Uip (]{32907”2 —|—C<1p?”1)} A?

(K7 ks — a Tcd) kg ’
Vo — kRS —cfcf) (vgrf + mks) (k3ry + cfri) vfvs] AZ.

y (KTkS — cfes) kS

with kfky — cfcd = (u?)? + (5 +of + ) p? + cfof > 0. From (16), we have Ny :=
A%

So+ Qo + Vip + Vo = —.
M‘P
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As in the case of the ODE model (13), we compute the control reproduction number,
denoted by R. using the next generation approach (see [7, 57]), and the control reproduction
number of the fractional model (26) is given by

BNk By NivPks,

R.= .
KTREREN, | KkZkeTe K

(33)
Before study the local stability of the disease-free equilibrium, let us recall the following

result.

Lemma 6. [21, Theorem 4.4] The disease-free equilibrium of the fractional model (26) is
locally asymptotically stable if all the eigenvalues w; of its Jacobian matriz evaluated at the

DFFE satisfy |arg(w;)| > %, i=[1;10] N N.

The Jacobian of system (26) evaluated at the disease-free equilibrium & is given by

—k e 0 00 —Blo —pioase 0 0 —B5po0
g —k§ 0 0 0 —fine e 0 0 —Bnp
of 0 —kY 0 0 —Bidsy Vw —Bf p3 5 V” 0 0  —B5gsie
0 0 vy —p 0 =By ‘@ —Bf pa g Vﬂ 0 0 —ffps2
JE)=| 0 0 0 0 —kf ﬁf%; ﬁf%; 0 0 6”1
0O 0 0 0 py° —kf 0 0 0 0
0 0 0 0 @19 e —kE 0 0 0
0 0 0 0 0 0% Tt =k -2 0 0
O 0 0 0 0 107 n¥ P+ —pf 0
0 0 0 0 0 af ay 0 0 —7%

The eigenvalues of J (&) are —u?, —k3, — (k;"’ ) and those of the following sub-matrix

—kf 0 PR TR —BEdate
§ —k§ 0 —pinE Bl e
s=| 0 0 —kogR SR AR :(Ojn b )
0 0 py? —k? 0 0 RX2 J22
0 0 ¢ 0% —kg 0
0 0 0 af oy —7¥
with o
—k c
\.711_( Cgl —]1650)7
and

® ¥ N1 ¥ N1 ¥ N1
—ki Bim P B

p¥ ks 0 0
¥ meb¥  —k§ 0
0 of  ay  —7¥

j22 =

It is easy to verify that J;; has all its eigenvalues nonpositive. It thus remains to show
that the ones of Js are also nonpositive. The characteristic equation of 755 is given by
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P(z2) = a1z + ax2® + azz? + ayz + a5 = 0, where a1 = k§k§y), ay = kJk$y (79 + k& + kZ + k),

as = ki [(k§ + k2 + k) kS8 + kERGKS + KTk (kE + mopl? + kZq (1 — Ry))
+ETES (S + pk¢ (1= Ra))],
ag = k{kSRERT [Ry (77 + kq) + k{p (Ri + 1) + pmab” (1 — Ry)]
+ S RERERST? (paf + afq) (1 — Re) + k{k§ T [05mapb? (K + kE) + (k) *aq + (k§)*afp]
+ kEkS RSk TY,

as = k{kEkET? (mopb? + kP q + kip) (a5 mepl? + afkiq+ oTkip) (1 — R.).

Coefficients ay, ay are always positive. Coefficient as is positive (resp. negative) iff R, < 1
(resp. R > 1). Since R. < 1 = (R <1 & R. < 1), it follows that a3 and a4 are also
positive. Then, & is locally asymptotically stable iff the following Routh-Hurwitz conditions
hold

asas — ayg > 0,

34
as(azay — asas) — alag > 0. (34)

We thus claim what follows:

Lemma 7. Assume that condition (34) holds. Then, the disease-free equilibrium of the
fractional model (26) is locally asymptotically stable whenever R, < 1.

From [3, Corollarly 2], we use the same Lyapunoy-type function to prove the global
stability of the DFE for the classical model (13), we prove that the DFE of the fractional
model (26) is globally asymptotically stable in T¢ whenever R, < 1. Thus, the following
result is valid.

Theorem 8. Assume that condition (34) holds. Then, the disease-free equilibrium of the
fractional model (26) is globally asymptotically stable whenever R, < 1.

4.2.3. Numerical scheme

To construct a numerical scheme of the fractional model (26), we used the Adams-type
predictor-corrector iterative scheme [9, 10]. To this aim, let us consider the uniform dis-
cretization of [0, a] given by t,, = mh, m € [0; N]N N where h = a/m denotes the step size.
For a given approximation x,(t;) =~ x(t;), the next approximation zy(¢;41) is obtained (using
the predictor-corrector method) as follows:

[el -1 ¢ 1 m
Predictor: z} (t,41) = Y, "Hxé + —— > A1 K (t, 2n(t)) ;
i [(¢) (=
o [e]—1 4 I h® K . he m ; K
tor: thyt1) = L tigpr, 2 (t _— m t, xn(t)) ;
Oorrector .T}h( +1) l;() ! Lo + F(2 T g0) ( I+1 xh( l+1)) + F(Z + g0) Z;O I,m~+1 ( l .Th( l))
with
mte — (m — ) (m+1)%, if 1=0,
bimii =13 (m—=1+2)°+(m—D"°—2(m -1+ 1% if 1<1<m,
1 i l=m+1,

he
and djmi1 = — [(m =14+ 1)Y — (m —1)*].
¥
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5. Numerical simulations and discussion

Here, we perform several numerical simulations to (1) Validate our theoretical results;
and (2) compare the use of integer derivatives with fractional derivatives (which of the two
permits to better predicting the disease spread in a short, medium or, long term).

5.1. General dynamics

Figure 9 illustrates the situation of the disease when the control reproduction number is
greater that one. Indeed, when R. > 1 implies that the disease will persist in the popula-
tion. Although we did not prove the uniqueness of the endemic equilibrium point as well
as its global asymptotic stability, the figure 9 suggests that the model admits a globally
asymptotically stable endemic equilibrium point whenever R, is greater than 1.

6 7
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Figure 9: Time-series of A(t), I(t), H(t) and B(t) with the above parameter values of Table 2. In this case
R = 1.899451294774579 > 1.

Figure 10 illustrate the result of Lemma 3 and Theorem 4. Indeed, if some other control
measures like social distancing, wearing a mask continuously, and Confinement, are combined
with vaccine and quarantine, the control reproduction number R, should be less than one,
then it is possible that, in long-term, the disease dies out.
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Figure 10: Time-series of A(t), I(t), H(t) and B(t) with the above parameter values of Table 2 except
1 = 0.027. In this case R. = 0.9787 < 1 and the disease will die out in the population.

5.2. Impact of the fractional operator

The impact of fractional derivative on the Covid-19 dynamics is depicted in Figures 11-
12. Figure 11 depicts R. as function of the fractional order . It is clear that R. is an
increasing function of ¢. Indeed, ¢ € [0.5;1] implies R. € [0.77;1.8998] with R. = 1 when
¢ =~ 0.681. In a quantitative point of view, we note that the model with integer derivative
(p = 1) struggles to hug data on the long-term predictions. Indeed, in Figure 12, it is clear
that it is only from ¢ ~ 0.87 that the fractional-order model better fits the data. Thus the
model with fractional derivative (in the Caputo sense) is better than the model with integer
derivative in the prediction of the Covid-19 new cases. From Figure 13, we see that using
a model with classical derivatives (integer derivative) can overestimate the total number of
news cases. Indeed, we see in Figure 13 that at t ~ 744 days, the epidemic peak is reached
with 21,850, 146 cases for ¢ = 1, while for ¢ = 0.84, the epidemic peak is reached with
11,843,669 cases at t =~ 1224 days.
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Figure 11: 2-D plot of R, as a function of the fractional-order. The parameter values are those of Table 2.
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Figure 12: Long-term forecasting of Coronavirus (Covid-19) with varying the fractional-order parameter
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stands for February 15, 2021 and t = 437 stands for April 28, 2022. We see that curves with fractional-order
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Figure 13: 2-D plot of R. as a function of the fractional-order. The parameter values are those of Table 2.

Figure 14 and 15 illustrate Theorem 8. We see that when R. < 1, all trajectories
vanish to zero, which means that the DFE of the fractional model is globally asymptotically
stable (Figure 14), while they tend to their maximum values which represent the endemic
equilibrium point (Figure 15.
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Figure 14: Time-series of A(t), I(t), H(t) and B(t) with the parameter values listed in Table 2 except
B1 = 0.027 (to have R, < 1) for different values of the fractional order .
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Figure 15: Time-series of A(t), I(t), H(t) and B(t) with the parameter values listed in Table 2 for different
values of the fractional order ¢.

6. Conclusion and perspective

In this work, we formulated and analyzed a Covid-19 transmission dynamics model which
takes into account two doses of the vaccination process, confinement, and treatment with
limited resources, using both integer and fractional derivatives in the Caputo sense. After
the model formulation with classical derivative, we started by establishing the positivity,
boundedness, existence, and uniqueness of solutions. Then, we computed the control repro-
duction number R, and perform the local and global asymptotic stability of the disease-free
equilibrium whenever R, < 1. Indeed, we constructed a Lyapunov function and applied the
comparison theorem to prove that the disease-free equilibrium is GAS whenever the control
reproduction number is less than one. In the other words, this means that if existing controls
can achieve that R. < 1, then the disease will die out. After that, we took the case R, > 1
and proved the existence of at less than one endemic equilibrium point. We then calibrate
the model by estimating the model parameters with German data. With these estimated
parameter values, we found that the control reproduction number is approximately equal
to 1.90, which means that we are in endemic state since the control reproduction number
is greater than one. Thus, intensification of control measures is needed to decrease this
threshold under unity. We also found through numerical simulations that intensification of
mass vaccination campaigns with a Covid-19 vaccine with a high efficacy level can permit
to decrease the disease burden. We then performed global sensitivity analysis by computing
partial rank correlation coefficients (PRCC) between R. (respectively infected states) and
each model parameters. We found that the most influential model parameters are 31, 7, ¢,
0, v, n and (. This suggest that, control measures like individual protection, prevention and
treatment (with high level of efficacy) combined with all measures which consist to detect
new cases as well as which can boost the immunity system must be intensified to fight against
the persistence of Covid-19 in the population.

After that, we formulated the corresponding fractional model in the Caputo sense. As
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in the case of the integer model, we proved the positivity, boundedness, existence, and
uniqueness of solutions. We also computed the control reproduction number of the fractional
model, which depends on the fractional order ¢. So, if the fractional order ¢ = 1, then both
models have the same control reproduction number. Using the same approach as the case of
the integer model, we proved the global asymptotic stability of the disease-free equilibrium
whenever the control reproduction number is less than one, as well as the existence of an
endemic equilibrium point whenever the control reproduction number is greater than one.
We constructed a numerical scheme of the fractional number using the Adams-type predictor-
corrector iterative method. To validate the theoretical analysis of both models, and compare
the two types of derivatives, we performed several numerical simulations. We found that
for a long-term prediction of new daily cases, the fractional model is better than the model
with integer derivative. Indeed, when the fractional order ¢ is less than 0.87, the model with
fractional derivative best fits the data in comparison to the model with classical derivatives.
For both models, numerical simulations showed that all infected compartments go to zero
whenever R, < 1, which confirms the GAS of the disease-free equilibrium. Although we did
not prove the uniqueness of the endemic equilibrium, numerical simulations indicate that
the model can have a unique endemic equilibrium that is globally asymptotically stable.

In the present work, we considered constant controls. It would be more realistic to replace
constant controls with time-dependent controls. And thus, one should use the optimal control
theory to make decisions like (1) the percentage of the population that should be vaccinated
as the progression of the Covid-19 pandemic, to minimize the number of people infected, (2)
the cost of implementing the vaccination strategy, and (3) which controls must be combined
with vaccination to decrease rapidly the disease burden. This represents a direct perspective
of this work.
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Appendix
A. Proof of Theorem 1
From (13), we have

(dS d@

(35)
So, the nonnegativity of state variables of system (13) are obtained thanks to the Barrier
theorem [20]. This means that R’ is an invariant set for the system (13).

B. Proof of Theorem 2

Adding the first nine equations of system (13) together, it follows that

:Zdi (t)=A—p (Zzﬂt)) — 0127 — 078 §A—M<Zwi(t)) .

i=1

Solving this inequality gives

9
A
= E xi(t) < — ( E x;(0 ) e M forall t>0.
: fu
i=1

1=1

This implies, by passing to the limit, that limsup N(¢) <
t—r+o00
From the last equation of (13), we have

dx dB A
_d;o (t) = E(t) = o x6(t) + arr(t) — 110 < (00 + 042); — TZ1g.

=

Solving the above inequality gives

(o1 + ) A
T

(o1 + a2)A

+ <x10(0) - ) e ™ for all t > 0.

A
By passing to the limit, we obtain limsup x¢(t) = limsup B(¢) < (1 + ) '
t—>+o00 t—+00 %
Thus, T is positively invariant and attracting for system (13).
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—(t) :T2A+01Q(t) > 0, —(t)‘ :T1A+CQS(t) >0
dt §=0,0>0 dt Q=0,5>0
i T — A+ S >0, D2 — A+ uVA(E) > 0,
dt =0,5>0 dt Vao=0,V1>0
@@) — Al +ad () >0, D) — (1- gyE®) >0,
dt B=0,A,1>0 dt A=0,E>0
ﬂ@) = qvE(t) + mbA(t) > 0, d—H(t) = mavI(t) + 120A(t) >
dt 1=0,E,A>0 dt H=0,A4,1>0
an g — CH(t) + T(o, H(#)(t) + vnI(t) + 110A(t) > 0,
dt R=0,A,I,H>0
dE A(t) + I(t) B(t) )
=t =
dt Q E=0,8,Q,V1,Va,A,I,R,B>0 (Bl N(t) — H(t) BZK + B(t)
\ % (GsR(E) + 6iQ() + 6a5(1) + d3Va(t) + daVal(t)) > 0.
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C. Proof of Lemma 1

OF; . : :
To prove Lemma (1), we just have to show that each e 1 <i,5 <10 exists and is
7

continuous. From (13) and using the fact that each state variable of system (13) is bounded,
we have:

% = —k1 — QA + 9215 (A?_Jrhlmz} aa];} < ki + ¢ + Py < 00,

88_]6;1 —01+¢251<(]€+2;S;a % < e+ ¢ < Ho0,

g—ﬁ :W%a g—ﬁwﬁmm,

g—g ¢51((A+I)) Z—Q < ¢offy < +00,

3 = %’ L) < 0 < oo, "
% = -5, (ﬁ_ﬁ; D2 % < 6oy < +00,

% = —pa2f1 W _(]I\j][_ 2); ])S, % < o1 < +00,

7 =0 P < oo,

= - ‘M%v W1 < by < +oo,

% =P By fB) > % < $252]5] < +oo,

We proceed by the similarly way for (?—f" 1 <1 <10; 2 <5 <10. Thus, we conclude that
9% for i,j € [1,10] NN, is continuous and bounded.

each

D. Proof of Proposition 1

To find stationary (equilibrium) points of system (13) for the special case, we set the
right-hand side of (13) equal to zero. That is

(A + Q" — [k + g A S* =
T‘lA -+ CQS* - UCQ -+ ¢1>\*] Q*
T3A + Uls* — [k’g + ng/\*] ‘/1* =
A+ 0V — [+ NV
M(¢sR* + 01Q* + ¢25* + ¢3Vi + ¢4Vy) — kyE*
pyE* — ks A* =
qyE* 4+ o A* — keI™
7T3V]* + 1/126)A* - k7H* =
CH* + unpI* + ¢10A% — [+ ¢s\*] R*

. A"+ o l* — 78" =

(37)

SO oo oo o000 o
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where
A*+ I B*

A= .

b TR
The resolution of the first seven equations coupled with the tenth equation of (37) in term
of \* gives

(38)

( T2A+C1Q* T1A+CQS* T’3A+’U15* 7T1A+U2‘/1*
S* - aQ* = a‘/l* - ’ 2* = I
[k‘l + ng)\*] []{52 + ¢1 )\*] [kg + ¢3)\*] [,U + ¢4)\*]
[ N(Ps R + 01Q* + ¢25* + p3Vi" + 94V ) A~ p”yE*7 (39)
ky ks
[ qyE* + WQHA*,B* _ A"+ o™
\ ke T

Using (39) in the eighth equation of (37) gives

7T31/I* + wgeA* - ]{77H* = O,
[Wsw (qk5 + pmaf)

)+wﬁ%QE”—mH*:Q
5

kg ks
w3y (qks + pmab py] Mo R* (40)
{ ke ( ks ) “Mk;J K
A* * S* V* V*
L[ qks + pmab +¢29@ (1Q* + 025" + dsVi* + 44 V) — ke H* =0,
k6 k’5 k’5 k4

Solving the ninth equation of (37) gives

* * @ * * * * * k4
R —{CH + k4)\ (01Q" + 25" + ¢3V) +¢4V2)}{[k4(u+d)5)\*)—k11¢5)\*]}’ (41)

ks—+pmob 0
where ki1 = |:V77’Y(qk;kﬁp7fz ) + wlkSP’Y] .

Merging (41) in (40) gives

k1o N @5 1 { ki } { k1195 \* }_1 AG(\)
H*+ —NG(\* 1—-— +k —kH* =0,
v U TR Fa [+ ¢s\*] Pk '

which gives

e { kiikiags A + kg [ka (1 4 953%) = k1 gs\*]

kakr [k4 (M + ¢5)\*) — k11¢5/\*] — kaki9d5C A\ } A g<)‘ )7 (42)

1Z k’ + 7T9 * * * o 3
oy (2 kp 2 )Jﬂbg@?] and G(A") = 01Q" + 25" + @3V + ¢4 V5"
5 5

Using (39), (41) and (42) in (38), it follows that find the equilibrium points of model (13)
in this special case consists in the resolution of the following equation

where k9 =

PX) i= A [As(N)* + As(V)? + Ao (V)2 4+ AN+ Ag] =0 (43)
where

Ag = —k2RERIREK it (R, — 1),
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Ay = ¢§k7 X ...
X (pby [m2 (v + 61) + ke (V2 + 91)] + ksqy (v + 01) — kakske) x ...
X (K7vC¢ (m3v (Omap + ksq) + opke) + kr K17y (nv (mopb + ksq) + ¢1kepl)
—kr Ay [ag (mopd + ksq) + arkep] — kakskekr KT)
= ¢2ky X ...
« Fuksks <7(V+51)k‘8 L poy (Y2 +11) 1) .

kakske kaks
X (K1y(msksv + K1vykep1kepd + K1vyCapket + KTvkenvks — krAvykio — kakskekr KT)

Ay = ((Brmokspskehrkia K pi’pr + (a2 Bamaksds — aafomaks)kgkrkizAp’p)o
+ (B1k3 dskekrkio K 1°q + Brksdskikrkio K p’p)T + (02 Baki b5 — oo fak?) kekrkiaAp’q
+ (01 Boks s — o1 Boks)kghrkiaAp®p)y + (kak? — 2kak ds)kghrkio K i 1)¢
+ (o Bamimski ApPv — Braamiki Ap® + (o Bamathakes + 6100 Bams ) ka Ap?)p26?
+ ((2agBamamsksk2 Ap?v — 2B1comaksk? Ap® + (obathokske + 201 o Bamaks) k2 Ap?)pg
+ (o1 Bomamskekz Ap*v + (—Bro — on Br)mokekF Ap® + (a1 Batbok + 0161 Bamake) ks Ap®)p*)0
+ (2fomskERFANY — ProokZkI AN’ + S1002k3kFAN®)g?
+ (a1 fomskskoh7 Apy + (= Braz — anf1)kskek?Ap® + 181 fokskok Ap?)pa — an Bikiks Ap’p?)?
+(
+(
+(
+(
+(
+(
+(

—~~

((Bimakspskekakiy + (=61 — Br)makaks — 2B1makaksds) ks — hokakskg k) K p® — momskakskeks K i v)pr
aomakakskeka A’ + (a2 Bomaksdskekzkiy + (—202Bamakaksds — aofamokaks)kek?) Ap®)p)o
((Bik3gskokTkiy + (=61 — Br)kakd — 281kak3s)kok?) Kp® — makakZkoki K 1i®v)q

Brksdskgkzkiy + (—2B1kaksds — Brkaks)kgh?) K i p)T

ookakSkekF Ap® + (02Boki dskekikiy + (—2aaB2kaki b5 — anBakakd)kek? ) Ap?)q

onkakskgk2 Ap® + (a1 Boksdskghikin + (—200 Bokaksds — oy Bokaks)kg k3 ) Ap®)p)y

(2k3k2 s + 2k K2V k2 k2 — 2kgk2 k22 ki ) K T
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Ay = (k303 — k35 )kghio K p*r(?
+ (((momakspskekrkio K p?v + (Yokspsks + (bimaksd2 + (61 + by)maksds)ke ) krkio K u?)pr
+ ((amaks — aamoksds)kekrkioAp® + (obamaksd? — aobamoksds)kekrkizAp)p)o
+ ((msk2pskekrkin K piPv + (bik2g2 + (61 + b1)k2ds)kekrkia K pn?)q + (biksd2 + biksds)kghrkio K p?p)T
+ ((a2ki — aokZds)kekrkiaAp® + (agbok2 ¢z — asbokids)kekrkiaAw)q + ((arks — crksds)kgkrkiz Ap®
+ (a1boks s — arboksds)kgkrkioAp)p)y + (k302 — k2¢s)kgkrkia
+ (—2kyk2 97 — 2kakZds + kak2)kikr) k1o K p®7)C + (((202bamamapski Ay — comamaki Ap?)v
+ (—aamathoks — 2b1aams s — Sranmy)kFAL + (2a9bamathadske + 201 aabams ds ) ks Ap)p0?
+ ((4azbomamsks ski A — 200momskskF Ap® v + (—aziaksks — 4biaamaksds — 201 aamaks) kA p®
+ (2a2batks ¢skc + 401 agbamaksds ) ks Ap)pg + ((201bamamadskekz A — cnmomskeks A v
+ (((—2byag — 201 by )5 — a10172)ke — arthaki) k2 Ap® + (2001 bathapskd + 20151 bamadske ) k2 Ap)p?)0

+ ((2agbamsk2psk2 A — agmsk2ki Ap?)v + (—2byankids — d1agk2)k2Au? + 201 obok? sk Ap) g
+ ((2a1bomskspskeki Ay — armskskeka Ap?)v

+ ((—2b1aa — 201 by k55 — a161ks)keka A + 201 61b2ks dskeks Ap)pg — 200b1 g5k ks Ap®p?)y*
+ (((mom3kspskek2kyy + (—2mamskaksps — momskaks)kek?) K u’v

+ ((oksdskg + (bimaksd? + (61 + by)maksds)ke)kiki + ((—22kaksds — hakaks)kg

+ (—bimakaksdf + (=201 — 2b1)makaks s — Symakaks)ke)k2) K p®)pr

+ (((202mokaksds + aomokaks)kki — comaksdskekikin) A

+ ((or2bamaks§3 + cuobamaks ds)kekFkiy + (—abamaokaksd3 — 200bamakaksds)keks) Ap)p)o

+ (((W3k§¢5/€6k‘$k11 + (—27T3k4k§¢5 — 7T3k4k§)k6k$)K,u21/ + ((b1k§¢>§ + (0 + bl)k§¢5)k6k$k11
+ (—bikak05 + (=201 — 201)kak3 s — S1kak3)kok?) K 1i*)q + ((biks @3 + biksods)kghikin

+ (—b1k4k‘5¢§ — 2b1k‘4k5¢>5)/€gk$)Ku2p)T + (((2a2k4k‘§¢5 + Ozgk;;k‘?)k‘gk‘% — a2k§¢5k6k$k11)1\u2
+ ((obokZd2 + agbok2ds)kek2kin + (—aoboksk2d2 — 200bokak? b5 )kek?)Apt)g

+ (201 kaksds + arkaks)kgks — arkspskgkzki)Ap® + ((a1baks @3 + arboksds)kgkF ki

+ (—asbokaks F — 201bokaks ds)kgk7) Ap)p)y + (K3 05kkz kT + (—2kak3 o5 — Akakids)kghzkn
+ (K3k393 + 4kTk3 65 + kik3)kghi) K T,
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= (k302 — k2¢s)kghTy K pr(® + (((((mamsksd + mamsksds)kokrkion K pw + ((2ks03 + Yoksds)kg
(01 + B1)maksd3 + O1maksds ) ke ) krkio K p)pr + (aamoksds — anmaksd?)kekzkiaAup)d
((wsk3 3 + wsk3 s )kekrkio K pv + ((61 + b1)k3d3 + 01kZds ) kakrkio K p1)q + Brksdikikrkio K pp)T
gk s — aakid3)kekrkioAug + (arksds — anksd3)kgkrkia Aup)y
(3k5¢5 k§¢5)kgk7k‘11 — 3k4k§¢§k§k7)k12Ku7)C + (((agﬁgwgmqb?k?A — 20427T§7T3¢5k$1\,u)1/

205mohadske — BronmidE — 201005 G5 ) kF AL + (2 famathadiks + 010 Bams 02 kFA)p” 67
((202Bomamsks sk A — daomamskspskF Ap)v + (—200t2ks dsks — 2810k @F — 461 0maks s ) kg A
s fatpaks 3k + 201 famaksd3)kFA)pg + (1 Bomamspikehs A — 201 momsdskehs Ap)v
(=Brag — a1 B1)madi — 201 61ma¢5 ) ke — 2011badsk )k A+ (a1 Batpadiks + 161 Bamadike )k A)p?)0
a2 BomskiRkI A — 200mskE pskIAp)y + (—Bronki ol — 26100kE d5)k2 A+ 6100 BakZ p2k3 A ) g
on Bomskspikks A — 20 wsks dskeks Ap)v

Brog — a1B1)ksd3 — 200161 ksds)keky At + 101 Boks 3 keks A)pg — arbyd2kghz App?)y?
(((momsks? + momsksds)kekFki + (—mamskaksd? — 2mamskaksds)koks) K pv
(Vaks @3 + Yaksds)kg + (51 + 1) maks §F + Simaksds)ke)kFkin + (—okaks @l — 2uokaksds)kg

81 — Bi)mokaksdF — 201makaksds)ko)k2) K p)pT
(—aomaksdf — anmaksds)kekiki + (aamakaksd? + 20amakaksds)kek?) Ap
a2 Bomaksdikekikiy — anBomakaksdikek?)A)p)o
(((m3k2d2 + m3k2 ps)kekikyy + (—makaki ¢z — 2m3kakids)kek?) K pv
(61 + B1)k3G5 + 01kZds)kekFhin + (=01 — B1)kak3 ¢35 — 201kakdds)kek?) K p1)g
B1k0¢5k6/€7k11 — ,31k‘4/€5¢>5k6k7)Kup)7’ + (((—agkgqbg — agk‘§¢>5)k6k$k11 + (a2k4k‘§¢>§ + 2a2k4k§¢5)k6k$)Au
2Bk dikekikiy — coBokakidikeh?)N)q + ((—arks@s — arksds)kgkikiy + (onkaks 2 + 200 kaksds)kgk? ) Ap
C¥152k5¢5k6k7k11 - a162k4k5¢5k6k7)A)p)’y

+ (2k33kERZRT, + (—4kak3 03 — 2kak3ds)kgkFhn + (2kTK3 03 + 2kTk3 ¢s)kgha ) K pr.

Coefficient Ay is negative (resp. positive) if and only if R, > 1 (resp. R. < 1). The sign of
the remaining coefficients depend of the parameters values. The proof is completed thanks
to Descartes’ rule of signs.
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E. Proof of Theorem 6

Adding the first nine equations of system (26) together, it follows that

9

9 9
“DYN(t) ZOCD“D:UZ AP — p? (Z xl(t)> —0fxr — 05wy < A¥ — u? (Z x,(t)) :
i=1 =1

Using the Mittag-Leffler function defined at Eq. (25) (see Definition 25), we obtain by solving
the above inequality, that

9
:le( §—+ <le )Ew(—,u@t), for all ¢ > 0.
i=1

%)
This implies, by passing to the limit, that limsup N(t) < —.
t—s+o0 e

From the last equation of (13), we have

A®
ngazlo(t) :ZOC DfB(t) = afwr(t) + asazg(t) — %10 < (af + ag)ﬁ — 7%210.
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Solving the above inequality gives

0 < 2i(t) = B(t) <

By passing to the limit, we obtain lim sup z10(t) = lim sup B(t) <

(of + az)A?
M‘PTW

(of + az)A?
MWTQO

+ (xm(O) - ) E, (—7%t) for all ¢t > 0.

(of +af)A?

t—+oo t—>+oo WET?

Thus, T% is positively invariant and attracting for system (26).
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