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A model for the SARS-CoV-2 dynamics in a population lacking herd immunity
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Abstract: We introduced the S-HI model, a generalized SEIR model to describe the dynamics of the SARS-CoV-2 virus in 
a community without herd immunity and performed simulations for six months. The S- HI model consists of eight equations 
corresponding to susceptible individuals, exposed, asymptomatic infected, asymptomatic recovered, symptomatic infected, 
quarantined, symptomatic recovered and dead. We study the dynamics of the infected, asymptomatic. Dead classes in 4 
different networks: households, workplaces, agglomeration places and the general community, showing that the dynamics 
of the three compartments have the exact nature in each layer and that the speed of the disease considerably increases in 
the networks with the highest weight of contacts. The reproduction number, R0, is greater than 1 in all networks conforming 
to the theory. The variants of the SARS-Cov-2 virus are not taken into account, so the S-HI model would fit a situation 
similar to the first wave of contagion after the mandatory lockdown.
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Introduction
Herd immunity is usually desirable to confront an epi-

demic, i.e., an infectious disease that affects many mem-
bers within a population in a specific area. Herd immunity 
is presented when most of a population is immune to an 
infectious disease, providing protection even to individuals - 
like newborns - that are not immune1. This can be achieved, 
for example, when enough people have been vaccinated 
against the disease; this principle has worked well against 
diphtheria, smallpox, etc., and it's currently declared by go-
vernments as a goal to fight the current SARS-CoV-2 (se-
vere acute respiratory syndrome coronavirus 2) epidemic.

With some exceptions, communities from developed 
countries are paving their way to get herd immunity. To keep 
it, they have even started to apply a third booster dose and 
have created vaccination programs for children 2-6 years 
old. On the other side, in general, underdeveloped coun-
tries, because of economic restrictions or faults in managing 
or even corruption, have not been able to design and suc-
cessfully apply mass vaccination plans and, consequently, 
are very far from ob- obtaining herd immunity. No more than 
2% of people in these countries have received at least one 
dose; this has consequences for public health and econo-
mic limitations for individual citizens1. This particular situa-
tion of most undeveloped countries, where many people 
make their living daily, makes it almost impossible for the 
governments to apply new total lockdown measures for long 
periods as it was done at the beginning of 2020.

The first epidemiological model dates back to 1766 
when D. Bernoulli used mathematical methods to analyze 
the behavior of smallpox2. Modern Mathematical Epide-
miology started with the first compartmental model to study 
the spreading of infectious diseases. In 1927 Kermack and 
McKendick presented the SIR model, a deterministic ma-

chinery that distinguishes three classes of individuals: sus-
ceptible, infected and recovered3. The current SARS-CoV-2 
epi- demic dynamics have been modeled by extending the 
standard SEIR model, adding a class of exposed indivi-
duals4. For us, papers4-6 were the primary sources of moti-
vation to model the SARS-CoV-2 dynamics in a population 
lacking herd immunity like most underdeveloped countries.

Although6 does not study the current outbreak of SARS-
CoV-2, it helps to understand how the dynamics of a spread 
disease change in different contact networks and, therefore, 
is helpful to perform more accurate predictions.

The models built in (4) and (5) didn't consider demo-
graphic characteristics, so deaths not directly caused by 
SARS-CoV-2 are not considered. We follow this criterion in 
the model we introduce in this paper.

The work (5) studies the effect of lockdown measures 
on the pandemic dynamics. Unlike other models, where the 
quarantined population is considered a separate compart-
ment, in (5), the characteristic is reflected in the time-depen-
dent contagion factor, β.

On the other hand, (4) considers the population subjec-
ted to isolation as an individual class. It focused on a scena-
rio where quarantine is mandatory only for the infected peo-
ple. The approach of6 somehow complements this paper 
because the latter analyzes and places a specific weight on 
the different places of agglomeration: schools, workplaces, 
households and the general community.

This paper presents a new model motivated by works 
(4-6), referred to as S-HI (SARS-CoV-2 without herd immu-
nity) model. It aims to abstract the SARS-CoV-2 dynamics 
in the context of the so-called "new normality" of commu-
nities or countries which have not attained herd immunity 
and that, unfortunately, are far from getting it. As was alre-
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ady mentioned, to build the S- HI model, we assume, as do 
(4) and (5), that demographic constraints are irrelevant: the 
deaths not directly caused by SARS-CoV-2 do not affect its 
dynamics.

We differentiate two infectious classes: asymptoma-
tic infected and symptomatic infected. Since asymptoma-
tic infected individuals are hard to track, we only consider 
the population in the symptomatic infected compartment to 
be isolated. All the asymptomatic individuals will become 
asymptomatic and recover at a specific rate. Also, we belie-
ve the social distance and the use of masks as a mitigation 
of the transmission rate, β. Every parameter is obtained as 
the inverse of an individual's average time period in a single 
class.

Materials and methods 

Remark 1.1
Further studies can consider a vaccinated class. This 

could help study the SARS- CoV-2 dynamics in communi-
ties or countries that have vaccinated a considerable portion 
of its population but are still far from getting herd immunity.

The S-HI model, presented in Section 2, consists of ei-
ght ordinary differential equations corresponding to the fo-
llowing classes of individuals: susceptible, exposed, asymp-
tomatic infected, asymptomatic recovered, symptomatic 
infected, quarantined, recovered and dead. Although in this 
work, we take β, the transmission rate, as a constant, it is 
essential to emphasize that a more in-depth study of this 
factor can be carried out and would lead to a more precise 
representation of the situation under consideration.

In our simulations, presented in Section 3, we consider 
the dynamics of SARS-CoV-2 in 4 different layers: gene-
ral community, households, workplaces and agglomeration 
places. In each of these places, the symptomatic infected 
curve shows an other behavior reflected in the speed to 
reach its peak. The computation of the reproduction num-
ber, R0, is obtained as the spectral value of the next-gene-
ration matrix. Although R0 barely differs between layers, this 
value is greater than 1 in each situation, a fact compatible 

with the theory.

S-HI model
In this section, we introduce the S-HI model, which, as 

mentioned in Section 1, is motivated by works (4-6). We 
consider eight individual classes (see Figure 1) and deno-
ted by S(t), E(t), A(t), V(t), I(t), Q(t), R(t) and D(t), respec-
tively, the number of susceptible, exposed, asymptomatic 
infected, asymptomatic recovered, symptomatic infected, 
quarantined, symptomatic recovered and dead individuals 
at a time t in an interval of study [0,T], T > 0.

To begin with, we shall assume that T is not significant 
and, therefore, as in (4) and (5), we discard demographic 
constraints. This implies that the size of the population is 
constant:

We deal with a fully-susceptible population that can 
move to the exposed class by interacting with two compart-
ments of infectious individuals: asymptomatic and symp-
tomatic infected. A latent period of around σ−1 ε [2,3] days 
follows after an individual becomes exposed5. After this 
period, the individual can become either asymptomatic or 
symptomatic infected. The asymptomatic path is much sim-
pler as these persons don't even realize that they are not 
infected. The asymptomatic infectious period, M-1, is typical 
of 7 days. Symptomatic infected individuals become qua-
rantined at rate δ. This isolation usually lasts 14 days.7 The 
death rate of isolated individuals shall be denoted by κ.  

The transmission rate usually denoted β, is the interac-
tion factor that leads to new infectious. We indicate βSA, the 
corresponding value for the interaction between susceptible 
and asymptomatic individuals and by βSI, the value for the 
exchange of susceptible and symptomatic individuals. The 
rates of cure or recovery, λ(t), and mortality, κ(t), are taken 
as proposed in (4). The remaining parameters are kept 
constant. Then the equations of the model are:

The S-HI model works under the following assumptions:
·        the number of births and deaths in the period con-

sidered does not affect the size of the population;
·        no one enters or leaves the people; it is closed;
·        recovered individuals obtain immunity; they cannot 

get infected by the disease again.
Individuals in the isolated class do not participate in the 
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Figure 1. Flowchart of the S-HI model.
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total active population dynamics. That is the reason why the 
total active population in the denominator of the standard 
incidence is N-Q.

Results
As in (5,7-9), we have that the transmission rate, whe-

ther from contact with asymptomatic infected or symptoma-
tic infected individuals, is very close to 1; the latent period 
is about 2-3 days, so σ−1 ε [2,3]; the total incubation period 
is of 4-7 days, then γ−1 ε [4,7]; the time scale of recovery 
for asymptomatic is seven days, therefore M−1 = 7; also, 
the time scale of going from infected class to isolated com-
partment δ = 0101. To compatibilized with the theory, we 
produced several numerical experimentations that led us to 
fix the parameters as follows:

working as in.10.
In Figure 2 we see the expected dynamics of the SARS-

CoV-2 virus simulated by the S-HI model. The susceptible 
curve decreases as fast as the asymptomatic and sympto-
matic curves reach their peaks. The model predicts a sce-
nario where the last isolated individuals will be disease-free 
in about five months.

Remark 3.1
Unfortunately, our results could not fit the underdevelo-

ped data governments have made public, mainly because 
of their lack of transparency. We must also note that we 
are not taking into account the disobedience in bio-safety 
issues by a segment of the population, and neither are we 
taking into account the variants of the SARS-Cov-2 virus. 
Therefore, the S-HI model would fit, for example, the situa-

A model for the SARS-CoV-2 dynamics in a population lacking herd immunity

Isolated individuals are expected to recover at rate λ(t) 
and die at rate κ(t), and they are taken as in (4). The cure 
rate λ(t) gradually increases with time, while the death rate 
rapidly de- creases in the same period; this phenomenon is 

due to the newness of the disease; as time progresses, new 
and more effective treatments are discovered to control the 
disease (4). The system is rewritten as Y′(t) = AY(t) + K + G, 

where Z* denotes the transposed of the matrix Z. The 
system is solved by the fourth-order Runge-Kutta method, 

tion corresponding to the first wave of contagion after the 
mandatory lockdown.

We fix the contact weights of the four layers as in (6). 
Then we put 0.18 and 0.33. 0.3 and 0.19 for the general 

community, households, workplaces, and agglomeration 
places, respectively. It is im- essential to mention that we 
consider the same pack of initial values in every network. 
These contact weights influence the transmission rates, βSA 
and βSI, which are computed as βSA = ωl * ρSA and βSI = ωl * 



4

ρSI where ρ is the probability of transmission per contact, 1/
days, and ωl is the specific contact weight in layer l , l ε {c, ℎ, 
w, a}. Here the set {c, ℎ, w, a} is the set of layers:

c, ℎ, w, a; that represents general community, house-
holds, workplaces and agglomeration places, respectively.

In Figures 3 and 6, the three classes of interest present 
a similar dynamic. In community places such as neighbor-
hoods, the contact between individuals is low because of 
the social distancing measures. This shows how the peak of 
infectious (infected and asymptomatic) individuals is relati-
vely low. Also, the dead class stabilizes as the infected curve 
falls; this is accurate since only infected individuals can die. 
Here we consider agglomeration places as supermarkets 
where some ad-hoc rules were created to allow their ope-
ration. Although the contact weight in agglomeration places 
is slightly higher than in the general community, Figure 6 
shows how the amount of infected, asymptomatic and dead 
individuals increases by 15% concerning Figure 3.

The model shows that the curves reach their pick in 

every layer simultaneously. In Figures 5 and 4, the num-
ber of individuals in every class drastically increases by 
approximately 72% with respect to Figures 3 and 6. Notice 
that the household infected curve rises near 18% concer-
ning the workplace curve. The contact weight in workplaces 
and households is higher because the dynamic within these 
networks of social distancing or the use of masks (only in 
households) does not intervene.

R0  Computation
As it's well known, for an infectious disease to be consi-

dered a pandemic, the reproduction number,
R0, is greater than 1. To compute R0 we use the ne-

xt-generation approach. Although we have 8 classes, we 
only consider the infected and infectious ones. Also, notice 
that at infection-free steady

E = A = I = Q = 0, then S = N. Then we have the fo-
llowing linear system:

Should discusses the results and how they can be in-

Figure 2. Dynamics of the S-HI mo-
del within a population of 17 million 
people.

Figure 3. Dynamics of the infected symptomatic, asympto-
matic infected and dead classes of the S-HI model in gene-
ral community network in a 4-months period.  

Figure 4. Dynamics of the infected symptomatic, asympto-
matic infected and dead classes of the S-HI model in hou-
seholds network in a 4-months period.
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Table 1. Comparison of the increase in the number of Symptomatic Infected, Asymptomatic Infected and Dead individuals 
in each layer concerning the General Community.
terpreted from the perspective of previous studies and of 
the working hypotheses. The findings and their implications 
should be addressed in the broadest context possible. Futu-
re research directions may also be highlighted.

The basic reproduction number for the general commu-
nity, households, workplaces and agglom- operation places 

are 1.01, 1.68, 1.85, and 1.07, respectively, i.e., R0 > 1 for 
every layer, representing- ing an outbreak in each network. 
The expected number of cases directly generated by one 
infected case is higher when the individuals are in a clo-
sed space with no distancing measures, as in households. 
The contact rate is also high in workplaces such as offices, 

Figure 5. Dynamics of the infected symptomatic, asympto-
matic infected and dead classes of the S-HI model in hou-
seholds network in a 4-months period.

Figure 6 . Dynamics of the infected symptomatic, asympto-
matic infected and dead classes of the S-HI model in hou-
seholds network in a 4-months period.

A model for the SARS-CoV-2 dynamics in a population lacking herd immunity
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which is why the home office is so important. Here, agglo-
meration places are considered sites where all bio-security 
measures are fully complied with. Consequently, the repro-
duction number is relatively low. Finally, in the general com-
munity network, we have the lowest R0 because of the poor 
contact rate.

Conclusions
The whole world is being affected by the pandemic 

caused by the SARS-CoV-2 virus. Since the WHO declared 
it as such, it has been the subject of clinical and mathe-
matical studies. In this work, we presented the S-HI model. 
This generalized SEIR model describes the dynamics of the 
SARS-CoV-2 virus in a community without herd immunity 
and performed simulations for 6 months.

The S-HI model consists of eight ordinary differential 
equations corresponding to susceptible individuals, ex-
posed, asymptomatic infected, asymptomatic recovered, 
symptomatic infected, quarantined, recovered or dead. The 
parameters were taken as in (7-9), and we took the cure 
and mortality rate as in (4).

We studied the dynamics of the infected, asymptomatic 
and dead classes in 4 different networks: households, wor-
kplaces, agglomeration places and the general community. 
The dynamics of the three compartments have the same 
nature in each layer, as expected. It was observed how the 
speed of the disease considerably increased in the networ-
ks with the highest weight of contacts. This is because the 
probability of getting infected with the disease is quite high 
in closed spaces such as a home or workplaces. On the 
other hand, this speed is diminished in crowded places or 
ordinary squares thanks to social distancing and the use of 
masks. This is evidenced by the reproduction number, R0, 
which was greater than 1 in all networks, which is a neces-
sary constraint for an infectious disease to be considered a 
pandemic.

Our results could not fit the data which underdeveloped 
governments have made public, mainly because of their 
lack of transparency. We must also note that we are not 
taking into account the disobedience in bio-safety issues by 
a segment of the population, nor are we taking into account 
the variants of the SARS-Cov-2 virus. This model only takes 
into account the original spread. Therefore, the S-HI model 
would fit, for example, the situation corresponding to the 
first wave of contagion after the mandatory lockdown.
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