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A recent Epidemics
2019–2020: Dengue fever epidemic. 

Affected countries: several countries of 
Southeast Asia (including Philippines, 
Malaysia, Vie tnam, Bangladesh, 
Pakistan, Thailand, Singapore, Laos).

Transmitted by the Aedes aegypti mosquito 
3-14 days between infection and symptoms 
80% asymptomatic or mild symptoms 
5% severe symptoms 
<1% letal

Countermeasures: vaccination, elimination of  stagnating water, elimination of Aedes aegypti
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Virus name: Sars-Cov-2 
Disease name: COVID-19 (COrona VIrus Disease 2019) 
First appearance: early December 2019, Wuhan, China 
OMS announcement: Feb. 11th 2020 
“Spill-over”: animal to human transmission 
Dec. 31st 2019 Pneumonia of unknown origin reported by the City of Wuhan (Hubei, China) 
Jan 9th 2020 the Chinese CDC reported that a new coronavirus (initially called 2019- nCoV 
and now called SARS-CoV-2) has been identified: genomic sequence published. 
Mar. 11th 2020 OMS declared COVID-19 as a pandemic.

The current Epidemics Pandemics
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The current Epidemics Pandemics
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Compartmental Models
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An example from Nuclear Physics

3.9. RATES OF DECAY 25

Given the boundary condition N(0) = N0 it is easy to solve the last differential
equation by variable separation. The solution is

N = N0e
−λt (3.28)

The inverse of λ has the dimension of time: τ = 1/λ and it is called average
lifetime of the radioactive nucleus. For calculating the time after which the initial
amount of radioactive material N0 is reduced by one half (N0/2), we ask:

N0

2
= N0e

−λt1/2 (3.29)

and solve for t1/2:
t1/2 = τ ln 2 ≈ 0.693τ (3.30)

The lifetime t1/2 is called half-life of the radioactive nucleus.

3.9.2 Branching Decay

A parent nucleus can have multiple decay channels. Let’s consider a nucleus that
can decay via two different decays each of them having different probabilities and
therefore different average decay times τ1 and τ2. The total activity A of the nucleus
will be composed by the sum of the activities of both decay channels (since they are
independent):

A =
1

τ1
N +

1

τ2
N = N(

1

τ1
+

1

τ2
) =

N

τ
(3.31)

where N1 and N2 are the amounts of the two possible daughters resulting from the
two possible decays. The average time τ is the total average time of the parent
nucleus.

3.9.3 Double Decay Chain

A parent nucleus A can decay in another radioactive nucleus B which decays into
C. Both decays will have an inverse average time λA and λB respectively:

A
λA−→ B

λB−→ C (3.32)

The parent A decays according to the already known formula −dNA
dt = λNA. B is

also decaying (into C) and therefore −dNB
dt = λNB is also true. The amount of B

nuclei depend from the decay of A and actually the decay rate of A is equal to the
formation rate of B:

dNB

dt
= λANA (3.33)

Note that the minus sign is not present in the last equation, since we are considering
formation, not decay. Combining the equations we have so far, the overall change
in the activity of B is:

dNB

dt
= λANA − λBNB (3.34)

Compartments:

dNA

dt
= ��ANA

Unstable nucleus A Unstable nucleus B Stable nucleus C
�A �B

A
C

B
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Compartments:

dNA

dt
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Unstable nucleus A Unstable nucleus B Stable nucleus C
�A �B

Supernova 
reaction network

A
C

B
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An example from Dark Matter Searches

�

�

Ar

Ar* Ar*2

Ar+ Ar+2 Ar**

e-

heat photonsẋ1 = �k1x1xe � k2x1x2 + k3x3 � k4x1xe � k5x1x4 + k6xex5

ẋ2 = k1x1xe � k2x1x2 + k7x6

ẋ3 = k2x1x2 � k3x3

ẋ4 = k4x1xe � k5x1x4

ẋ5 = k5x1x4 � k6xex5

ẋ6 = k6xex5 � k7x6

ẋ

e

= k4x1xe � k6x5xe

ẋ

h

= k7x6

ẋ� = k3x3

(5)

2



Luca Doria, JGU Mainz Antrittsvorlesung 9

An early Example: Predator-Prey Models

A.J. Lotka 
(1880–1949) 

V. Volterra  
(1860–1940)

Prey Predator

Simple model, but interesting phase space 
Oscillatory solutions 
Two equilibria: extinction (unstable),  constant population 
Chaotic solutions with >3 competing species.
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SIR Model

Sir Ronald Ross  
(1857–1932)

“As a matter of fact, all epidemiology, concerned as it is with the 
variation of disease from time to time or from place to place, must be 
considered mathematically, however many variables as implicated, if it is 
to be considered scientifically at all.” 
Sir Ronald Ross, MD

Susceptible Infected Recovered
� �

R0 =
�

�

Ṡ + İ + Ṙ = 0

S + I +R = N
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More Compartmental Models

Susceptible Infected

Recovered

SIRD
Dead

SEIR Susceptible Exposed Infected Recovered

SEIS Susceptible Exposed Infected Susceptible

…..
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Even more Compartmental Models
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A discrete-time compartmental Models
OO python code 
freely available: https://pypm.github.io/home/ 
graphical interface

D. Karlen (U. Victoria)
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Susceptible Infected

Recovered

Dead

SIRD Model



Luca Doria, JGU Mainz Antrittsvorlesung 14

Susceptible Infected

Recovered

Dead

SIRD Model

Dynamic parameters

� = �0 +
�0

1 + e�1(t�t0)

µ = µ0 �
µ0

1 + eµ1(t�t0)

Infection rate

Recovery rate

Mortality rate

� = �0e
��1(t�t0)
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“Dynamic” SIRD Model
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“Dynamic” SIRD Model: 1week forecast
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Stochastic SIR Model
100 realizations of a stochastic process 
Gillespie Algorithm (developed for chemistry) 
Poisson-like process (fixed rate) 

t = t+ dt

p(0) = e�rt ) p(k > 0) = 1� e�rt

dt = �1

r
ln

✓
1

rdm(0,1)

◆

if rdm(0,1) < w1/w )
⇢

S ��
I ++

if rdm(0,1) > w1/w )
⇢

I ��
R++

w1

w2
w = w1 + w2
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Network Models
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Networks
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SIR(D) on Networks

Random network N(V,E): V vertices, E edges 
Vertex = Person 
p: probability of infecting a neighbour 
q: probability to recover 

Montecarlo-like simulation: 

In physics terms, such procedure realizes 
a diffusion process on a network: 
- Phase transitions 
- Equilibrium 
- …
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Network Topology
Many systems can be modelled as networks: 

Biological systems / reactions 
Electrical grids 
Technological networks 
Bibliographical networks 
Internet 
Social networks

Networks are not like regular lattices 
Hierarchical structure 
Presence of “hubs” 
Show power-law distributions 
Can be dynamic 
(Un)directed

Relevant: contacts are not random 
Can implement behavioural feedback (“rewiring”)
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Scale-free Networks
Social networks (among many others) seem* to be “scale-free” networks 
or at least they exhibit “fat tails”: high-order vertices are not rare.

P (k) ⇠ k�↵Scale-free networks:

(*) https://arxiv.org/pdf/1801.03400.pdf

2 < ↵ < 4

High degree nodes are not so rare!

https://arxiv.org/pdf/1801.03400.pdf


Luca Doria, JGU Mainz Antrittsvorlesung 23

Epidemics on Scale-free Networks
How can we use the knowledge of the network topology for 
developing an efficient immunization strategy? 

Social networks seem to be “heavy tailed” —> target the most connected nodes 
(targeted immunization). Problem: how to know the network topology?

Random immunization: g(�) = 1� hki
�hk2i

Targeted immunization: target a fraction gN of nodes with highest degree

For scale-free networks with 
  =3 and m=min degree

g(�) ⇠ e�
2

m�

Immunization 
threshold

Immunization 
threshold

�
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A strategy w/o knowledge of the topology

Select a random node set 
Ask these nodes to “point” towards their acquaintances 
With high probability they will point towards high-degree nodes 
Immunize the acquaintance.

LOCAL strategy: does not require knowledge of the network: 
the topology is “reconstructed” by pointing.

Infection rate

Random

Acquaintances Immunization

Random

Acquaintances Immunization

fC: immunization threshold (for stopping the epidemic)
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A state-of-the-art Network Model (GLEAM)

https://covid19.gleamproject.org/

Global Epidemic and Mobility Model
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Catarina Midões (Oxera)

Further challenges: modelling social behaviour

https://www.bruegel.org/2020/04/social-distancing-did-individuals-act-before-governments/
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Experimental Effort: 
From Dark Matter to Ventilators
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https://arxiv.org/pdf/2003.10405.pdf

The Project

https://arxiv.org/pdf/2003.10405.pdf
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FIG. 1: Illustration of the MVM ventilator and possible breathing circuit.

Reliability: the components in the MVM are commercial and readily available. We note that the
reliability of MVM has to be carefully studied based on the specifications of the components.
The system is designed to be easy to repair, just by replacing any non-functioning parts.

Limited oxygen consumption: the consumption of oxygen with this device will not exceed
6 slpm.

2. DESIGN AND COMPONENTS

The illustration in Fig. 1 shows the MVM ventilator (components within the light blue box)
and a possible setup for the corresponding breathing circuit. The main components are described
below:
Connection to oxygen and air supply: at the left-hand side, the MVM is connected to a pres-
surized oxygen/air line;

Sintered filters SF-1, SF-2 the sintered filters remove particulate in the inline that can clog the
pipes;

Gas blender GB-1 The oxygen and air flow are mixed in a medical gas blender. GB-1 is external
to the MVM unit. The FiO2 set point is set manually, directly on the GB-1 unit.

Di↵erential pressure sensors: Four di↵erential pressure sensors PS-1, PS-2, PS-3, and PS-4
monitor the pressure and flow at di↵erent points of the breathing system.

Air/Oxygen delivery proportional valve PV-1: The incoming gas flow to the patient is con-
trolled by the proportional valve PV-1 using a process control loop based on the value of PS-1 to
ensure that the proper respiratory minute volume is delivered to the patient. PV-1 is a normally
close (NC) valve;

Adjustable pressure limiting valve PV-3: Mechanical valve that sets the value of the maxi-

2

FIG. 4: Home screen, closed menu, no alarms(left) and Vtidal (right) alarm. Preliminary version.
Reported values may be unrealistic

cycle (inhalation, pause, exhalation) by operating on the valves. The PV-1 valve is controlled via
a double feedback system: the first PID loop ensures that the PS-3 sensor always matches the
set value (Pin). The second feedback programs the Pin value to maintain the breathing cycle at
the required pressure measured at the mask level (sensor PS-2). The firmware also continuously
monitors the gas flow meter (PS-1) to decide when to interrupt the inspiration phase. Both manual
and the assisted operation modes are available.
The Raspberry 4 micro-computer is connected to the micro-controller unit via a micro-usb cable:

this allow to reprogram the micro-controller easily via the serial line. The Raspberry unit com-
municates with the micro-controller with the serial line during normal operations, accessing the
sensor parameters and configuring the set-points. A 7 touchscreen is connected to the Raspberry:
a proper GUI is under development to interact with the user.
Alarms are issued directly by the ESP32 firmware or by the GUI. The microcontroller unit

monitors the behavior of the connected sensors and will generate alarms when a condition happens
such that the normal operation cannot be maintained. The possible alarms include:
• Sensor not working properly
• Pressure level cannot be reached or goes in overflow
• Exhaust line reaches di↵erential pressure equal to zero (PEEP valve not working.)
• power cut: the system is running in battery mode
The above alarms will be notified by a high luminosity LED and by a buzzer. A push button is

available to silence the alarm. The corresponding alarm code will be displayed in the LCD screen.
Furthermore the GUI will monitor the following parameters and will generate alarms in case the
parameters will exceed the selected boundaries:
• Inspiratory pressure: the pressure applied during the inspiration phase to the patient
• Vtidal (tidal volume): Volume of gas provided to the patient in a respiration cycle
• MVe (respiratory minute volume): Volume of gas inhaled (inhaled minute volume) or ex-
haled (exhaled minute volume) from a person’s lungs per minute

• FiO2 (fraction of inspired oxygen): Concentration of oxygen in the gas mixture that the
patient inhales

4.2. The Graphic User Interface (GUI)

The MVM GUI is a Python3 software, written using the PyQt5 toolkit, that allows steering and
monitoring the MVM equipment. Fig. 4 shows two screenshots of it.
Project design principles:

• Ease of use and interface simplicity to make it immediate to understand and to give a familiar
feeling by the user;

• Use of entirely open-source software to let the project be easily spreadable and adaptable to
di↵erent possible needs of users in other countries and to di↵erent approach to medical procedures;

7

MVM (Mechanical Ventilator Milano)

Designed for rapid mass production:made with off-the-shelf parts. 
Based on R. Manley (1930–1991) ventilator design: reliability. 
Optimal use of supply chain for parts 
International availability  
Minimal requirements: electricity and O2 source 
Optimized for COVID-19 patients Started by C. Galbiati (Princeton and Gran Sasso 

Institute, spokesperson DarkSide Collaboration)
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MVM: Model exported to other countries
“A project like this wasn’t in my plans. But COVID-19 has changed a 
lot of people’s plans. I’m very pleased to be working on it.” 
A. McDonald (Queen’s U. Canada), 2015 Nobel laureate

On May 1, MVM received approval from the US Food and Drug Administration
On May 27, Government of Canada signed with VEXOS a 10k units contract
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Summary
Epidemiology: highly interdisciplinary field 
Mathematical modelling plays a major role 
Highlighted (only some) contributions coming from physics 
Valuable for policy makers 
Challenges: (dynamical) network of contacts, human behaviour 

Activity present also on the experimental side!
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Summary
Epidemiology: highly interdisciplinary field 
Mathematical modelling plays a major role 
Highlighted (only some) contributions coming from physics 
Valuable for policy makers 
Challenges: (dynamical) network of contacts, human behaviour 

Activity present also on the experimental side!

High value of fundamental physics research
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Danke für Ihre Aufmerksamkeit! 
Thank you for your attention!


