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LIFTING THE COVID-19 LOCKDOWN: DIFFERENT SCENARIOS
FOR FRANCE

Emmanuelle Augeraud-Véron* ,†
Abstract. A mathematical model has been developed to study the spread of the COVID-19 epidemic
in France. To calibrate the model, data from the French Public Health Agency were examined. The
spread of the epidemic greatly depends on lockdown measures (referred to in France as ‘confinement’).
The aim of this paper is to predict the expected evolution of the epidemic based on the various possible
scenarios for ending the lockdown. The spread of the disease, and its re-emergence, will be determined
by these scenarios.
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1. Introduction
In December 2019, the World Health Organization warned of several cases of pneumonia in Wuhan, China.
On January 7th 2020, China confirmed that a new virus, of the coronavirus family, referred to as COVID-19 was
responsible for this pneumonia. On March 11th, the World Health Organization officially declared a pandemic,
and by March 22nd, there were 81,500 confirmed cases in China, with 3,267 deaths. At this time, some 188
countries around the world had been affected. However, prior to this, on March 18th 2020, China had already
stated that no new cases of the virus had been reported for the first time since the beginning of the epidemic.
Stopping the spread of this virus in China was made possible by lockdown. In fact, by the end of January 2020,
due to the extent of the spread of the virus across China, its government had set drastic lockdown measures in
place.
In France, the coronavirus was identified on January 24th 2020, when the first three cases were recorded.
As of February 29th, 100 individuals were already reported to have the disease, with 2 deaths being recorded.
Therefore, Stage 2 of the ORSAN plan was activated with the aim of slowing down the spread of the virus.
By March 14th, with some 4500 reported cases and 91 deaths, the epidemic was raised to Stage 3, with all
non-essential services being closed to the general public. Since March 17th, all citizens have been confined to
their homes, except for certain justifiable reasons, and movement has been limited to a strict minimum.
By March 25th, it was estimated that more than 100,000 fines had been issued for non-compliance with the
lockdown measures (Mignon Colombet and Floreancig [13]). In fact, since March 17th, the means for dealing
with those who contravene the lockdown measures have become more stringent, with a fine of 135 euros being
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introduced for any violations of non-justified movement. Two days later, five people who had been fined several
times for non-respect of the lockdown measures were taken into police custody for endangering the lives of others.
The government has had to take more coercive measures in the face of non-compliance with these lockdown
measures, and the Courts have had to impose a prison sentence on the basis of endangerment of life (Article
223-1 of French Penal Code).
Lockdown ended in France on May 11th, with many restrictions (school closures, movement restrictions ....).
This partial lockdown lift (called phase 1) has enable to contain the epidemics. The decree of May 31st (Decret
2020-663) organizing the entry into phase 2 of the lift of lockdown, published in the Official Journal specifies
all measures concerning travel and public transport, shops, establishments and places open or closed after June
2nd 2020 until June 21st. From June 22nd started phase three, with obligation to go to school for all students.
The issue that needs to be considered is the future evolution of the virus when this lockdown is lifted. Different
scenarios, depending on the application of advices for stopping the virus spread, will be considered.

2. Model and data
We consider an SLIAR compartmental model with susceptible (S), latent infectious (L), symptomatic infectious (I) and asymptomatic (or mild symptomatic) infectious (A). This SLIAR model has been considered by
Arino et al. [2] to describe diseases such as influenza. Susceptible individuals S(t) can be contaminated by all
infectious individuals and become latent infectious asymptomatic (L(t)) then, according to their symptoms,
they can become either infectious asymptomatic (or mild symptomatic) individuals (A(t)) or infectious severe
symptomatic (I(t)). We assume that infectious asymptomatic develop severe symptoms at rate f ν with f ∈]0, 1[
, and they have mild symptoms at rate (1 − f )ν, where ν −1 is the average duration of the asymptomatic period.
Asymptomatic individuals recovers at rate η, and severe symptomatic individuals may either recover at rate η
or die at rate γ. The spread of the disease across the population is considered in the following system
 0
S = −τ S (ε1 (t) (L + A) + ε2 I)


 0
L = τ S (ε1 (t) (L + A) + ε2 I) − νL
I 0 = f νL − ηI − γI


 0
A = (1 − f )νL − ηA

(2.1)

with initial data
S(t0 ) = S0 , L(t0 ) = L0 , I(t0 ) = I0 , A(t0 ) = A0 .
Let us denote τ the transmission rate at the early stage of the epidemics. It depends on infectiousness of the
disease times the number of contact by time unit at time t0 . At time t > t0 , susceptible individuals may be
contaminated by latent infectious L(t), asymptomatic infectious A(t) or infectious severe symptomatic individuals I(t). On the contrary to Liu et al. [11] we assume that these reported individuals are still active in the
transmission of the disease, because many cases of health care workers have been contaminated while they were
taking care of infectious severe symptomatic cases. However, we would assume that their transmission rate τ ε2
is very small compared to the one of latent or asymptomatic individuals by assuming 0 < ε2  1, to take into
account that they are isolated as soon as their symptoms are detected. For latent or asymptomatic individuals,
the transmission rate is τ ε1 , where ε1 is by definition equal to 1 before public health measures had been taken.
Parameter ε1 ∈ [0, 1] is time dependent in order to take into account the impact of physical distancing. It is
a central parameter in our modeling: ε1 (t) represents the number of contacts by time units at time t over the
number of contacts people had before the epidemic outbreak. Parameter ε1 will be called the intensity of the
contact. This parameter depends on health policy, but also on a behavioral component (protective measures
applied by individuals). We consider this parameter as a control parameter in order to study the spread of the
epidemic for different values of ε1 .
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Current modeling is based on Liu et al. [10, 11] who modeled the spread of the epidemic in both Wuhan
and in China, and on Magal and Webb [12] who calibrated the epidemic with early data, on several countries
including France. However, there are three main differences in our modeling and theirs. Firstly, they do not
consider contamination by reported symptomatic cases. It appears that in France, many cases of contamination
occur in hospitals (on March 22nd, it was announced that the first hospital doctor had died as a result of his
infection with the virus). Secondly, they do not consider over-mortality caused by the virus. Finally, Liu et al.
[10] chose an exponential function to model the reduction of the number of contacts during lockdown. However,
as lockdown lasted a long time, exponential function would lead to a too low impact on the last period of the
lockdown. Thus we would prefer the original function used by Chowell et al. ([6]).
We have used the calibration defined in Magal and Webb [12] to describe the epidemic before the implementation of lockdown measures. The impact of lockdown has then been calibrated. The objective of our paper is
to focus on the impact of strategies for lifting the lockdown.
To describe the evolution of the epidemics, we consider parameters given in Table 1.

3. Results
Let us first consider the reproduction number on the epidemics, based on the dynamical system (2.1). Results
of Van den Driessche and Watmough [14] are applied. The linearized dynamics of the infective classes (that is
latent L, symptomatic I and asymptomatic A) of System (2.1) around the disease free equilibrium (DFE) given
by (S ∗ , 0, 0, 0) with S ∗ ≈ S0 , is considered. This linearized dynamics is given as follows.
 0
 L = τ S0 (ε1 (t) (L + A) + ε2 I) − νL
I 0 = f νL − ηI − γI
 0
A = (1 − f )νL − ηA

(3.1)

The reproduction number is the expected number of cases generated by one infected individual in a population
where all individuals are susceptible to infection. Since the model includes parameter ε1 , that is influenced by
public policy, we would call the reproduction number the control reproduction number, and denote it RC .
Formally, the reproduction number is the spectral radius of F V −1 , where matrix V and F are defined as
follows.


ν
V =  −ν1
−ν2

0
η+γ
0



0
ε1
0  and F = τ S0  0
η
0

ε2
0
0


ε1
0 
0

Matrix F − V is the Jacobian matrix of System (3.1). F is linked with the terms involved in the transmission
of the disease, V in the terms linked to the change of compartment for other reasons that disease transmit.
Thus RC is explicitly computed as
RC =

τ S0
[ε1 (γ + η) (η + ν2 ) + ε2 ην1 ] .
ν (γ + η) η

Let us define ε∗1 as
ε∗1 =

ν(γ+η)η
τ S0

− ε2 ην1

(γ + η)(γ + ν2 )

.

It can be noticed that for ε1 < ε∗1 , then RC < 1, there is no epidemic peak. It can also be seen that RC is a
linear function of the intensity of the contacts ε1 .
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To understand the course of the epidemics, we are also interested in characterizing the relationship between
the final size of the epidemics, that is the number of susceptible at the end of the epidemics, and the intensity
of the contacts. Our approach relies on a method developed by Arino et al. [3] in a general framework applied
to various cases. Brauer [4] considers the final size of an epidemic computed with early data, and stresses the
importance of taking into account how behavioral components modify the final size of the epidemics.
Let us consider Y a weighted number of infective which is defined by
ε2 τ
ε1 τ
1
L+
I+
A.
S0
γ + η RC
η RC

Y =

Then, taking the derivative of Y according to time yields
Y 0 = τ (ε1 (L + A) + ε2 I)

S
τ
−
(ε1 (L + A) + ε2 I) .
S0
RC

(3.2)

Using equation (3.2) and the first equation of System (2.1) it yields
Y 0 (t) =



1
1
+
−
S 0 (t),
S0
RC S

(3.3)

which implies that

ln

S0
S




= RC

S0 − S
+ Y0 − Y
S0


.

From the dynamics of susceptible individuals S in System (2.1), it is straightforward that S is non negative
strictly decreasing function of t. Then limt→∞ S (t) exists. We would denote S∞ = limt→∞ S (t). S∞ is called
the final size of the epidemics and measures the number of individuals that have not been contaminated during
the epidemics.
If RC > 1, then, according to equation (3.3), the weighted number of infective cases first increases up to a
maximum value, achieved for Smax = RS0C . We would denote tmax the time such that S(tmax ) = Smax . Thus
S(t) < RS0C for all t > tmax . If RC < 1, we obtain that S(t) < S0 < RS0C for all t > t0 .
Moreover, it can be proved (see appendix) that Y∞ = limt→∞ Y (t) exists and satisfies Y∞ = 0.
The relationship between the final size of the epidemics, initial conditions and parameters is given as follows.

ln

S0
S∞




= RC


S0 − S∞
+ Y0 .
S0

Using the definition of Y0 gives

ln

S0
S∞




= RC

S0 − S∞
L0
+
S0
S0


+τ

ε1
ε2
A0 + τ
I0 .
η
η+γ

(3.4)

The final size of the epidemics, defined by implicit equation (3.4), strongly depends on the parameters of the
model, and in particular on ε1 . Formally, it yields
dS∞
τ (S0 − S∞ + L0 ) (η + ν2 ) + νA0
=
.
RC
1
dε1
ην
S − S
0

∞
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Figure 1. Elasticity εS∞ /ε1 of final size S∞ according to contact intensity ε1 for various values
of contact intensity ε1 .

As we have seen that S∞ < RS0C , the more the intensity of the contact, the less the final size of the epidemics.
To quality this impact, we would prefer to compute the elasticity of S∞ according to ε1 defined as:

εS∞ /ε1 =

dS∞
S∞
dε1
ε1

.

It indicates the percentage of reduction of the final size of the epidemics, when the intensity of the contact
increases by 1%.
Figure 1 gives quantitative value of elasticity εS∞ /ε1 using calibration for COVID-19 specified in Table 1. Not
surprisingly, in Figure 1, it can be seen that εS∞ /ε1 < 0. It means the greater the intensity of the contact among
individuals, the smaller the final size of the epidemics. However, Figure 1 also shows that elasticity εS∞ /ε1 is
not a monotonous function of ε1 . Reducing the intensity of contact of one percent compare to business-as-usual
situation ε1 = 1 enables to increase the final size of the epidemics of 3.57%. When ε1 is close to 0.4, reducing
the intensity of the contact of 1% increases the final size of the epidemics of 2.18%. When ε1 is close to ε∗1 , the
marginal effort of reducing contact intensity has a huge impact on the size of the epidemics.
Let us consider the number of individuals that have been contaminated during the epidemics, denoted C∞ .
They correspond to those who have recovered or who are dead from the disease. According to System (2.1), C∞
is obtained as C∞ = S0 − S∞ . Then
dC∞
dS∞
=−
,
dε1
dε1
and elasticity εC∞ /ε1 , which is defined as

εC∞ /ε1 =

dC∞
C∞
dε1
ε1
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Table 1. Table of parameters.
Symbol

Interpretation

t0
t1
t2
S0
L0
A0

Time when the epidemic started
Time when the lockdown started
Time when the lockdown ends
Number of susceptible at time t0
Number of latent infectious at time t0
Number of asymptomatic
infectious cases at time t0
Number of symptomatic infectious
infectious cases at time t0
Transmission rate at early stage
Death due to the disease
Average duration of the asymptomatic infectious period
Fraction of asymptomatic infectious who
become reported symptomatic infectious
Rate at which asymptomatic infectious
become reported symptomatic infectious
Rate at which asymptomatic infectious
become unreported symptomatic infectious
Average time symptomatic infectious have symptoms
Number of contacts by time unit at time t
over number of contacts before the epidemic outbreak
Number of contacts of Reported cases
over number of contacts before epidemic outbreak

I0
τ
γ
ν −1
f
ν1 = f ν
ν2 = (1 − f )ν
η −1
ε1 (t)
ε2

Value
February 3rd [12]
March 17th [15]
May 11th
66.99 × 106
3.675 [12]
0.892 [12]
1
4.23 × 10−9 [12]
fitted
7
0.4

7
control
0.0001

satisfies
εC∞ /ε1 = −

τ (C∞ + L0 ) (η + ν2 ) + νA0 ε1
.
RC
1
ην
C∞
S − S
0

∞

Non surprisingly, it can be seen in Figure 2 that εC∞ /ε1 > 0. It means that the total number of individuals
who have recovered or who are dead from the epidemics is increasing is ε1 ; the more the intensity of the contact
the more infected individuals. However, elasticity εC∞ /ε1 is a decreasing function of ε1 . If the intensity of the
contact is close to its level before the epidemic outbreak (that is 1 close to 1), then a reduction of 1% of the
intensity of the contact yields to a reduction of 0.18% of C∞ . If the intensity of the contact is half the one it was
before the epidemic outbreak, a reduction of 1% of the intensity of the contact yields to a reduction of 1.36%
of C∞ .

4. Numerical experiments
Data from the French Public Health Agency from February 25th to the 1st of June have been used.
Calibration of the epidemics in the early phase of the epidemics is obtained using the results of Liu et al. [10]
and are given in Table 1. The starting time of our simulations is taken as t0 being February the 3rd.
During lockdown.
The effect of lockdown is to reduce the number of the contacts by time unit. The impact of this reduction is
modeled through parameter ε1 , which was set to 1 before public health measures had been taken. The impact
of these interventions is not instantaneous, as it was stressed by Chowell et al. [6]. This impact can be modeled
using exponential form, which is the case used by Althaus [1] for 2014 Ebola virus outbreak or by Liu et al.
[11] concerning the early stage of COVID-19 epidemics. However, as the lockdown period lasted a long time,
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Figure 2. Elasticity εC∞ /ε1 of number of individuals that have been contaminated at the end
of the epidemics C∞ according to contact intensity ε1 for various values of contact intensity ε1 .
we would prefer to use a form similar to Chowell et al. [6], for which ε1 (t) decreases gradually from 1 to ε11 , as
given by equation (4.1), as follows.

ε1 (t) =

1 for t < t1 ,
ε11 + (1 − ε11 )e−µ(t−t1 ) , for t > t1 .

(4.1)

Parameters ε11 , µ and γ have been calibrated using least-squares fitting. The following results have been
obtained: ε11 = 0.1828483, µ = 0.1424125 and γ = 0.0203774. Thus contacts have reduced to 5–6 fold in France
(compared to 7–8 fold in Wuhan and Shangai [16]). Figure 3 presents our simulations compared to data of the
Public Health Agency from February 25th to the 1st of June on daily number of symptomatic cases (f νL(t))
(Fig. 3a), on the daily number of deaths (Fig. 3b).
The comparison of our simulations to data of the Public Health Agency as far as cumulative number of
reported cases and cumulative number of deaths is concerned is given in Figure 4.
Lockdown lifting.
At time t2 taken as May 11th, the lockdown ended in France, but a number of restrictive measures still apply:
movement restriction and schools, restaurants and bars remained closed. Different scenarios for the end of the
lockdown which are compatible with data available on June 1st are now presented. On the contrary to Ferguson
et al. [8], we only consider one specific time for the start and end of lockdown. We assume that the intensity of
the contact ε1 can be modeled by equation (4.2).

1 for t < t1 ,

 1
1 −µ(t−t1 )
ε
for t1 < t < t2 ,
1 + (1 − ε1 )e
ε1 (t) =
ec(t−t2 )


for t > t2 .
1
−G+Gec(t−t2 )
1 −µ(t2 −t1 )
ε1
1 +(1−ε1 )e

Function ε1 (t) is continuous, and for t > t2 , ε1 (t) satisfies the following differential equation.
0

ε1 (t) = cε1 (t) (1 − Gε1 (t))

(4.2)
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Figure 3. Daily number of reported symptomatic cases (a) and daily number of COVID-19
deaths (b) for France.

Figure 4. Cumulative number of reported symptomatic cases and deaths for France.

Thus, after the lift of lockdown, intensity of contact is modeled by a logistic function which reflects that
physical distancing habits acquired during lockdown period would be progressively lost as time goes on. Modeling
health habit with logistic function has been used by Fournier et al. [9]. In our modeling c is the speed of the
increase contact intensity and G−1 is the long run contact intensity.
We would first consider three scenarios modeling contact intensity after the lift of lockdown. These scenarios
would depend on parameters c and G. A first scenario is a fast loss of physical distancing habit acquired during
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Figure 5. Contact intensity function ε1 according the various scenarios.

lockdown period and convergence to contact intensity as it was before lockdown. However, to take into account
the three phases of the lift of lockdown in France, immediate convergence to contact intensity as it was before
the epidemic outbreak is excluded. Thus, this first scenario will be obtained by considering (c, G) = (0.08, 1).
The second scenario is a slow loss of physical distancing habits and in the long run, contact intensity is the same
as the one before the epidemic outbreak. This second scenario corresponds to (c, G) = (0.05, 1). In these two
scenarios, we would call business-as-usual the situation of contact intensity in the long run. A third scenario is
also considered. It corresponds to a slow loss of social distancing habits with individuals continuing to respect
advices to stop the virus spread and physical distancing even in the long run. In this scenario, we would assume
that contact intensity is a third of what it was before the epidemic outbreak by assuming (c, G) = (0.05, 3).
The value of contact intensity ε1 for these three scenarios are plotted in Figure 5.
Simulations obtained from System (2.1) using functional form of contact intensity given by equation (4.2)
are now considered. Parameters are given in Table 1, together with ε11 = 0.1828483, µ = 0.1424125 and γ =
0.0203774 (as explained previously). Various choices of values for (c, G) will generate various scenarios. We
will first consider the three scenarios described previously corresponding to (c, G) = (0.08, 1) (scenario 1),
(c, G) = (0.05, 1) (scenario 2) and (c, G) = (0.05, 3) (scenario 3). A fourth scenario corresponding to (c, G) =
(0.05, 3.33333) will be also considered.
The trajectories of daily symptomatic reported cases and daily deaths are presented in Figure 6 based on the
various scenarios. It can be seen that with the business-as-usual scenario (with either a fast or slow end to the
lockdown) a major peak of the epidemic appears in summer (Fig. 6a and b). The only differences between a fast
and slow end to lockdown are that for the fast end scenario, the timing of the peak would be reached sooner
(end of July with in Fig. 6a and end of August in Fig. 6b) and its magnitude would be greater with fast end
to lockdown. Even if individuals reduce their contact habits to a third of what they were before the epidemic
outbreak, this is still not enough to prevent a major epidemic outbreak that would happen by the end of the
year.
In Figure 6d a fourth scenario is considered. It corresponds to a slow loss of physical distancing habits,
with contact habits in the long run being reduced to 70% of what they were, and it is obtained by considering
(c, G) = 0.05, 0.3−1 . With this scenario, there is no re-emergence of the epidemic. Beyond this threshold, there
is re-emergence of the epidemic. This threshold corresponds 1.8 times the contact intensity achieved by May
11th.
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Figure 6. Daily number of reported cases and daily number of deaths according to the various
scenarios. (c, G) = (0.08, 1) (scenario 1) panel (a). (c, G) = (0.05, 1) (scenario 2) panel (b).
(c, G) = (0.05, 3) (scenario 3) panel (c). (c, G) = (0.05, 0.3−1 ) (scenario 4) panel (d).

5. Discussion
France was the 7th country to be affected by the COVID-19 virus and delayed the strict lockdown application.
By that time, the number of symptomatic reported cases was already large (6633 reported cases on March the
17th) and lockdown has not prevented deaths and contamination of a large part of the population. However, it
has drastically slowed down the spread of the virus. The economic loss is huge (production has decreased by
one third) and lockdown can only be a temporary measure. This is the reason for studying the end-of-lockdown
measures in this paper. We have seen that only scenarios with drastic reduction of physical distancing compared
to the one that prevailed before the epidemic outbreak prevent from the re-emergence of the disease.

LIFTING THE COVID-19 LOCKDOWN: DIFFERENT SCENARIOS FOR FRANCE

11

Figure 7. Daily number of reported cases and daily number of deaths with (c, G) = (0.05, 3)
(scenario 3) and f = 0.6 (instead of f = 0.4 in the previous figures).
To avoid the re-emergence of the epidemics after the end of lockdown, public policies still need to be applied,
as for example a more intensive screening process. Figure 7 shows scenario 3 ((c, G) = (0.05, 3)) with the addition
of a more intense screening process. It can be seen that this would avoid the re-emergence of the disease.
Another possible health policy measure might be to lift the lockdown for only one part of the population. We
would consider a realistic scenario with slow loss of intensity of contact habits acquired during the lockdown
and reduction of one half of the intensity of contact in the long run from what it was before the epidemic
outbreak. This corresponds to (c, G) = (0.05, 2). Figure 8 presents the evolution of the epidemics under various
scenarios which differ the one from another by the number of individuals concerned by the lift of lockdown.
It is assumed in Figure 8a that the end of lockdown applies to all the population. The peak of the epidemics
appears in November 2020. In Figure 8b we consider the case in which 30% of the population is contained and
its contact intensity is similar to its value at the end of the lockdown period. The peak of the epidemics appears
in February 2021. In Figure 8c that it is assumed that 60% of the population is maintained under a lockdown
regime. It can be seen that there is no re-emergence of the disease.

6. Supplementary material
6.1. Proof of Y∞ = 0
We have proved that there exists tm ≥ 0 such that Y (t) is a decreasing function of t, for t > tm . Moreover,
from equation (2.1), L(t), A(t) and I(t) are non negative functions, which implies that Y (t) ≥ 0.
Let us call D(t) the number of deaths. From equation (2.1),
S 0 + L0 + I 0 + A0 + D0 = −η(I + A).
Thus S + L + I + A + D is a decreasing function and S(t) + L(t) + I(t) + A(t) + D(t) ≤ N (0), where N (0) =
S(0) + L(0) + A(0). Moreover
Z

t

(I + A) ≤ N (0)

η
0
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Figure 8. Daily number of reported cases and daily number of deaths with (c, G) = (0.05, 2)
under various scenarios of partial lockdown. Lift of lockdown for all the population (a). Lift of
lockdown for 70% of the population (b). Lift of lockdown for 40% of the population (c).
Rt
thus 0 (I + A) < ∞, which implies that limt→∞ I(t) = limt→∞ A(t) = 0.
As A0 (t) = (1 − f )νL(t) − ηA(t), then
A(t) = A(0)e−ηt + (1 − f )ν

Z

t

L(s)e−η(t−s) ds

0

which implies that limt→∞ L(t) = 0.
Thus Y (t) = 0.
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