
PROF. ALEX ARENAS

The physics of epidemics 
spreading



Daniel Bernoulli 1700-1782

First mathematical epidemic model 
Mem Math Phy Acad Roy Sci Paris 1766



150 years later … statistical physics started to shape the story of epidemic modelling

McKendrick and Kermack

Essentially, they introduce the “Law of mass-action” in epidemic modelling



• Noninfectious diseases: developed during an 
individual lifespan (e.g. arthritis) 
• Epidemiology: study of risk factors 

associated with the chance of developing 
the disease. 

• Infectious diseases: can be passed between 
individuals (humans, animals, plants) 
• Epidemiology: the main risk factor is the 

presence of infectious cases in the local 
population.

Scope: types of disease
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• Macroparasites: bigger. Helminths and flukes.

• Microparasites: small, single-cell. Viruses, 
bacteria, protozoa.
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• Difference when modeling:  

• Infections from microparasites generally 
develop rapidly from a small number of initial 
parasites. The internal dynamics of the 
pathogen within the host can be ignored. 

• On the other hand, macroparasites have a 
complex life cycle within the host that needs 
to be modeled explicitly.
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• Indirect transmission: the transmission of the 
disease among subjects is done by a third 
agent. Vectors. Eg. mosquitoes
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Scope: disease transmission

• Direct transmission: there is direct physical 
contact between subjects exposed to the 
disease.

Basic reproduction number R: the expected number of cases directly generated 
by one case in a population where all individuals are susceptible to infection
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Scope: disease transmission
Basic reproduction number R: the expected number of cases directly generated 
by one case in a population where all individuals are susceptible to infection
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Scope: disease transmission

Basic reproduction number R: Assuming an infection probability per contact β, 
the expected number of individuals infected by an infected individual on a time 
period τ is

Ｒ= τ β ⟨k⟩ ρS
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Scope: characterization of disease states
Level of pathogen too low to 

be infectious. 
Probably no signs of infection.

Immune system has 
cleared the pathogen.  
Individual is no longer 

infectious.

Level of pathogen high 
enough to transmit 
infection to others.

No pathogen is present  

on the host. 

It is susceptible to 

infection.
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Scope: compartmental models

Chickenpox, measles, rubella

Often the exposed class is ignored, so that the 
mathematical model is simpler.

Some infections are better modeled by SI. In this 
case the host becomes infectious very fast and 
they remain infected until death. Plants.

Other diseases are better described by SIS. Here 
the host once recovered is soon again 
susceptible. Influenza, STDs.

RIES � ↵ µ

Temporary immunity

RIS � µ

IS �

SIS � µ

SIS �
R

µ ⌘



Main ideas: 

• Instead of discrete states of individuals, describe their individual 
probabilities of being in a certain state 

• Deterministic maps for the evolution of these probabilities 

• Accounting for the specific contact matrix between individuals, 
instead of an ensemble, allows for a more accurate description of 
spreading in real networks 

• Easy to model from the Markov chain of possible states in discrete 
time steps 

• Define the macrostate as the order parameter accounting for the 
average fraction of infected individuals

Microscopic Markov Chain Approach (MMCA)

Discrete-time Markov chain approach to contact-based disease spreading in complex networks S. Gomez, AA, J. Borge-
Holthoefer, S. Meloni and Y. Moreno, Europhysics Letters, 89, 38009 (2010)
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pIi (t+ 1) = pIi (t)(1� µ) + pSi (t)[1� qi(t)]

pSi (t+ 1) = pIi (t)µ+ pSi (t)qi(t)

SIS, reactive process, without reinfections

Microscopic Markov Chain Approach (MMCA)

qi(t) =
NY

j=1

(1� �rjipj(t))
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Parameters:  
• initial conditions at time t=0    
•        :  contact matrix  
•     :  infection rate 
•     :  recovery rate
�
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Microscopic Markov Chain Approach (MMCA)

Dynamical system of N map equations with N time-dependent variables

pi(t+ 1) = (1� pi(t))(1� qi(t)) + (1� µ)pi(t)

The system is a contraction mapping  
for every value of the parameters 
beyond       in the interval (0,1], and 
then the existence of fixed points is 
guaranteed by the Banach fixed point 
theorem. We can solve the system by 
iteration. 

�c
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• SIS model (reactive process) 
• Recovery  
• Scale-free network with 

µ = 1.0
N = 104, � = 2.7

Monte Carlo
MMCA

� = 0.1Inset: 

Microscopic Markov Chain Approach (MMCA)

p(k) ⇠ k��
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Monte Carlo

MMCA

Results of the simulations and model for an infection starting in Oaxaca using  
the global air transportation network

0

p

1

Microscopic Markov Chain Approach (MMCA)



In the steady state    

Near the critical point:  

A first order expansion in the probabilities yields:  

Solving the eigenvalue problem, the epidemic threshold is found as: 

pi = (1� pi)(1� qi) + (1� µ)pi

0  pi ⌧ 1 qi ⇡ 1� �
NX

j=1

rjipj

X

j=1

✓
rji �

µ
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�ji

◆
pj = 0

Microscopic Markov Chain Approach (MMCA)

Calculation of the epidemic threshold

R~p =
µ

�
~p

<latexit sha1_base64="0HBiWtoqISSlXlxrrR81se7/f0o="></latexit><latexit sha1_base64="0HBiWtoqISSlXlxrrR81se7/f0o="></latexit><latexit sha1_base64="0HBiWtoqISSlXlxrrR81se7/f0o="></latexit><latexit sha1_base64="0HBiWtoqISSlXlxrrR81se7/f0o="></latexit>

�c =
µ

⇤max(R)
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Metapopulations:  
Networks of patches of individuals whose interactions are also driven by 
mobility

Adapted from Dirk Brockman’s Complexity Explorables 
http://www.complexity-explorables.org

MMCA model for metapopulations

http://www.complexity-explorables.org
http://www.complexity-explorables.org


We can adapt the MMCA model for SIS or SIR to metapopulations with 
recurrent mobility:
• Each patch is labeled as a node of the network, and the density of infected 

individuals is denoted by ⇢i
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⇢i(t+ 1) = ⇢i(t)(1� µ) + (1� ⇢i)⇧i(t)
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Probability that a healthy individual associated to node i  is infected at time t

MMCA model for metapopulations

⇧i(t)
<latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit>



We can adapt the MMCA model for SIS or SIR to metapopulations:

• Each patch is labeled as a node of the network, and the density of infected 
individuals is denoted by ⇢i

<latexit sha1_base64="IcWSkdgcvusZ/5PYAowEJmiMMRY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pHu+VK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHnFqPIw==</latexit><latexit sha1_base64="IcWSkdgcvusZ/5PYAowEJmiMMRY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pHu+VK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHnFqPIw==</latexit><latexit sha1_base64="IcWSkdgcvusZ/5PYAowEJmiMMRY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pHu+VK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHnFqPIw==</latexit><latexit sha1_base64="IcWSkdgcvusZ/5PYAowEJmiMMRY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOOsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqhg2mhNLtiBoUXGLDciuwnWikcSSwFY1vZ37rCbXhSj7YSYJhTIeSDzij1knNrh6pHu+VK37Vn4OskiAnFchR75W/un3F0hilZYIa0wn8xIYZ1ZYzgdNSNzWYUDamQ+w4KmmMJszm107JmVP6ZKC0K2nJXP09kdHYmEkcuc6Y2pFZ9mbif14ntYPrMOMySS1Ktlg0SAWxisxeJ32ukVkxcYQyzd2thI2opsy6gEouhGD55VXSvKgGfjW4v6zUbvI4inACp3AOAVxBDe6gDg1g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHnFqPIw==</latexit>

⇢i(t+ 1) = ⇢i(t)(1� µ) + (1� ⇢i)⇧i(t)
<latexit sha1_base64="80+wOe11Z+ace7rj2lKv3N24YoQ=">AAACHXicbZDLSgMxFIYzXmu9jbp0EyxCh2KZkYJuhKIblxXsBTqlZNJMG5q5kJwRSumLuPFV3LhQxIUb8W3MTGehrQcCX/7/HJLze7HgCmz721hZXVvf2CxsFbd3dvf2zYPDlooSSVmTRiKSHY8oJnjImsBBsE4sGQk8wdre+Cb12w9MKh6F9zCJWS8gw5D7nBLQUt+suXIU9TkuQ8Wx8NX8Vgar7Jy5QWLhCk4pUy3sNnhm9s2SXbWzwsvg5FBCeTX65qc7iGgSsBCoIEp1HTuG3pRI4FSwWdFNFIsJHZMh62oMScBUb5ptN8OnWhlgP5L6hIAz9ffElARKTQJPdwYERmrRS8X/vG4C/mVvysM4ARbS+UN+IjBEOI0KD7hkFMREA6GS679iOiKSUNCBFnUIzuLKy9A6rzp21bmrlerXeRwFdIxOUBk56ALV0S1qoCai6BE9o1f0ZjwZL8a78TFvXTHymSP0p4yvHwr7niY=</latexit><latexit sha1_base64="80+wOe11Z+ace7rj2lKv3N24YoQ=">AAACHXicbZDLSgMxFIYzXmu9jbp0EyxCh2KZkYJuhKIblxXsBTqlZNJMG5q5kJwRSumLuPFV3LhQxIUb8W3MTGehrQcCX/7/HJLze7HgCmz721hZXVvf2CxsFbd3dvf2zYPDlooSSVmTRiKSHY8oJnjImsBBsE4sGQk8wdre+Cb12w9MKh6F9zCJWS8gw5D7nBLQUt+suXIU9TkuQ8Wx8NX8Vgar7Jy5QWLhCk4pUy3sNnhm9s2SXbWzwsvg5FBCeTX65qc7iGgSsBCoIEp1HTuG3pRI4FSwWdFNFIsJHZMh62oMScBUb5ptN8OnWhlgP5L6hIAz9ffElARKTQJPdwYERmrRS8X/vG4C/mVvysM4ARbS+UN+IjBEOI0KD7hkFMREA6GS679iOiKSUNCBFnUIzuLKy9A6rzp21bmrlerXeRwFdIxOUBk56ALV0S1qoCai6BE9o1f0ZjwZL8a78TFvXTHymSP0p4yvHwr7niY=</latexit><latexit sha1_base64="80+wOe11Z+ace7rj2lKv3N24YoQ=">AAACHXicbZDLSgMxFIYzXmu9jbp0EyxCh2KZkYJuhKIblxXsBTqlZNJMG5q5kJwRSumLuPFV3LhQxIUb8W3MTGehrQcCX/7/HJLze7HgCmz721hZXVvf2CxsFbd3dvf2zYPDlooSSVmTRiKSHY8oJnjImsBBsE4sGQk8wdre+Cb12w9MKh6F9zCJWS8gw5D7nBLQUt+suXIU9TkuQ8Wx8NX8Vgar7Jy5QWLhCk4pUy3sNnhm9s2SXbWzwsvg5FBCeTX65qc7iGgSsBCoIEp1HTuG3pRI4FSwWdFNFIsJHZMh62oMScBUb5ptN8OnWhlgP5L6hIAz9ffElARKTQJPdwYERmrRS8X/vG4C/mVvysM4ARbS+UN+IjBEOI0KD7hkFMREA6GS679iOiKSUNCBFnUIzuLKy9A6rzp21bmrlerXeRwFdIxOUBk56ALV0S1qoCai6BE9o1f0ZjwZL8a78TFvXTHymSP0p4yvHwr7niY=</latexit><latexit sha1_base64="80+wOe11Z+ace7rj2lKv3N24YoQ=">AAACHXicbZDLSgMxFIYzXmu9jbp0EyxCh2KZkYJuhKIblxXsBTqlZNJMG5q5kJwRSumLuPFV3LhQxIUb8W3MTGehrQcCX/7/HJLze7HgCmz721hZXVvf2CxsFbd3dvf2zYPDlooSSVmTRiKSHY8oJnjImsBBsE4sGQk8wdre+Cb12w9MKh6F9zCJWS8gw5D7nBLQUt+suXIU9TkuQ8Wx8NX8Vgar7Jy5QWLhCk4pUy3sNnhm9s2SXbWzwsvg5FBCeTX65qc7iGgSsBCoIEp1HTuG3pRI4FSwWdFNFIsJHZMh62oMScBUb5ptN8OnWhlgP5L6hIAz9ffElARKTQJPdwYERmrRS8X/vG4C/mVvysM4ARbS+UN+IjBEOI0KD7hkFMREA6GS679iOiKSUNCBFnUIzuLKy9A6rzp21bmrlerXeRwFdIxOUBk56ALV0S1qoCai6BE9o1f0ZjwZL8a78TFvXTHymSP0p4yvHwr7niY=</latexit>

⇧i(t) = (1� p)Pi(t) + p
NX

j=1

RijPj(t)

<latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit>

• Compute             as a function of the mobility p⇧i(t)
<latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit>

Probability that an individual being at node i (j)  is infected at time t

Probability that a healthy individual associated to node i  is infected at time t

MMCA model for metapopulations

⇧i(t)
<latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit>



⇧i(t) = (1� p)Pi(t) + p
NX

j=1

RijPj(t)

<latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit>

• Compute             as a function of the mobility p⇧i(t)
<latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit>

Probability that an individual being at node i (j)  is infected at time t

Probability that a healthy individual associated to node i  is infected at time tMMCA model for metapopulations

⇧i(t)
<latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit>

Pi(t)
<latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit><latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit><latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit><latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit>



⇧i(t) = (1� p)Pi(t) + p
NX

j=1

RijPj(t)

<latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit>

• Compute             as a function of the mobility p⇧i(t)
<latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit>

Probability that an individual being at node i (j)  is infected at time t

Probability that a healthy individual associated to node i  is infected at time tMMCA model for metapopulations

⇧i(t)
<latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit><latexit sha1_base64="mHWadLO2pHlrkTUCuBzBrxhrwP8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/YhrLZbtqlm03YnQgl9F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHnsN0RekiuekX664NXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fziKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3icDoTlDObGEMi3srYSNqKYMbUglG4K3/PIqaV3UPLfm3V9W6jd5HEU4gVOoggdXUIc7aEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/6mOPwA==</latexit>

Pi(t)
<latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit><latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit><latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit><latexit sha1_base64="h3j37jNqdH15UBxpQLifD3cetPs="></latexit>

= 1�
NY

j=1

(1� �⇢j(t))
nj!i

<latexit sha1_base64="T0gvmSiKDIbm9ONkUv4hduAU/sU="></latexit><latexit sha1_base64="T0gvmSiKDIbm9ONkUv4hduAU/sU="></latexit><latexit sha1_base64="T0gvmSiKDIbm9ONkUv4hduAU/sU="></latexit><latexit sha1_base64="T0gvmSiKDIbm9ONkUv4hduAU/sU="></latexit>

nj!i
<latexit sha1_base64="y821sG31xK7Ce1Me3nWJlX2PlPo="></latexit><latexit sha1_base64="y821sG31xK7Ce1Me3nWJlX2PlPo="></latexit><latexit sha1_base64="y821sG31xK7Ce1Me3nWJlX2PlPo="></latexit><latexit sha1_base64="y821sG31xK7Ce1Me3nWJlX2PlPo="></latexit>



⇧i(t) = (1� p)Pi(t) + p
NX

j=1

RijPj(t)

<latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit><latexit sha1_base64="Cp7qMovvbTyL1efDu9kXcYeL67k="></latexit>

• Compute             as a function of the mobility p⇧i(t)
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MMCA model for metapopulations

Results: comparison between Monte Carlo simulations and MMCA
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Calculation of the epidemic threshold
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Santiago de Cali

MMCA on real metapopulations
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MMCA on real metapopulations

Santiago de Cali: our data
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Epidemic detriment, the threshold increases!
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<latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit><latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit><latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit><latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit>

MMCA on real metapopulations

Asymptotic analysis for p ! 0
<latexit sha1_base64="PDq8wjwJ9/8cJOmg+zPehZLyyfI="></latexit><latexit sha1_base64="PDq8wjwJ9/8cJOmg+zPehZLyyfI="></latexit><latexit sha1_base64="PDq8wjwJ9/8cJOmg+zPehZLyyfI="></latexit><latexit sha1_base64="PDq8wjwJ9/8cJOmg+zPehZLyyfI="></latexit>

⇤max[M(p ⌧ 1)] = nmax +Ap+Bp2
<latexit sha1_base64="UCjEWEX8sHoLiRG+7EE3Fg3AKTk="></latexit><latexit sha1_base64="UCjEWEX8sHoLiRG+7EE3Fg3AKTk="></latexit><latexit sha1_base64="UCjEWEX8sHoLiRG+7EE3Fg3AKTk="></latexit><latexit sha1_base64="UCjEWEX8sHoLiRG+7EE3Fg3AKTk="></latexit>

Mij(p ⌧ 1)
<latexit sha1_base64="RuWbhwdIGkz7Oo3Ap+9EaPNf8a8=">AAADbnicjVJLb9NAEHYSHsW8UpA4UCFGVJGSRo3sCgkulUq5cCCoIPqQso612ayTTdf2anddUVl74xdy4zdw4ScwdhKptBwYyd7Z+b6Zb3Y0EyWFsUHws9Fs3bp95+7GPf/+g4ePHrc3n5yYvNCMH7Nc5vpsQg2XIuPHVljJz5TmNJ1Ifjo5f1/hpxdcG5FnX+2l4lFKZ5lIBKMWQ/Fm43uHJJqykqSFK8mEW+qAcGWERLgUbl zuONiHLmIJDBG74EheESrQ9WLhd4ie57Ho2n7YQ/b61uuGu1i4B30Av9OH6rqGKkz1gEieWBhBCLtAlM6n409xudgPXcWt2qkTFlXCuMSOFkBsDsJhJ1rM5hYi6N8orQCIKdJ1qS94CLeW+h8VUassrqj4nWUVv6NqLMA3f8Q5T2lclkSnkNJvzo2GXUWkDHsRTiG7iuAI3oHC/yGo8Z4/RI2FW5H9uL0dDILa4KYTrpxtb2VHcfsHmeasSHlmmaTGjMJA2aik2gomufNJYbii7JzO+AjdjKbcRGW9Lg46GJlCkmv8Mgt19GpGSVNjLtMJMlNq5+Y6VgX/hY0Km7yNSpGpwvKMLYWSQgKOq9o9mArNmZWX6FCmBfYKbE5x+yxuaDWE8PqTbzone4MwGISfX28fHK7GseFtea+8rhd6b7wD74N35B17rPGrudl83txq/m49a71ovVxSm41VzlPvL2t1/wA4Sgpk</latexit><latexit sha1_base64="RuWbhwdIGkz7Oo3Ap+9EaPNf8a8=">AAADbnicjVJLb9NAEHYSHsW8UpA4UCFGVJGSRo3sCgkulUq5cCCoIPqQso612ayTTdf2anddUVl74xdy4zdw4ScwdhKptBwYyd7Z+b6Zb3Y0EyWFsUHws9Fs3bp95+7GPf/+g4ePHrc3n5yYvNCMH7Nc5vpsQg2XIuPHVljJz5TmNJ1Ifjo5f1/hpxdcG5FnX+2l4lFKZ5lIBKMWQ/Fm43uHJJqykqSFK8mEW+qAcGWERLgUbl zuONiHLmIJDBG74EheESrQ9WLhd4ie57Ho2n7YQ/b61uuGu1i4B30Av9OH6rqGKkz1gEieWBhBCLtAlM6n409xudgPXcWt2qkTFlXCuMSOFkBsDsJhJ1rM5hYi6N8orQCIKdJ1qS94CLeW+h8VUassrqj4nWUVv6NqLMA3f8Q5T2lclkSnkNJvzo2GXUWkDHsRTiG7iuAI3oHC/yGo8Z4/RI2FW5H9uL0dDILa4KYTrpxtb2VHcfsHmeasSHlmmaTGjMJA2aik2gomufNJYbii7JzO+AjdjKbcRGW9Lg46GJlCkmv8Mgt19GpGSVNjLtMJMlNq5+Y6VgX/hY0Km7yNSpGpwvKMLYWSQgKOq9o9mArNmZWX6FCmBfYKbE5x+yxuaDWE8PqTbzone4MwGISfX28fHK7GseFtea+8rhd6b7wD74N35B17rPGrudl83txq/m49a71ovVxSm41VzlPvL2t1/wA4Sgpk</latexit><latexit sha1_base64="RuWbhwdIGkz7Oo3Ap+9EaPNf8a8=">AAADbnicjVJLb9NAEHYSHsW8UpA4UCFGVJGSRo3sCgkulUq5cCCoIPqQso612ayTTdf2anddUVl74xdy4zdw4ScwdhKptBwYyd7Z+b6Zb3Y0EyWFsUHws9Fs3bp95+7GPf/+g4ePHrc3n5yYvNCMH7Nc5vpsQg2XIuPHVljJz5TmNJ1Ifjo5f1/hpxdcG5FnX+2l4lFKZ5lIBKMWQ/Fm43uHJJqykqSFK8mEW+qAcGWERLgUbl zuONiHLmIJDBG74EheESrQ9WLhd4ie57Ho2n7YQ/b61uuGu1i4B30Av9OH6rqGKkz1gEieWBhBCLtAlM6n409xudgPXcWt2qkTFlXCuMSOFkBsDsJhJ1rM5hYi6N8orQCIKdJ1qS94CLeW+h8VUassrqj4nWUVv6NqLMA3f8Q5T2lclkSnkNJvzo2GXUWkDHsRTiG7iuAI3oHC/yGo8Z4/RI2FW5H9uL0dDILa4KYTrpxtb2VHcfsHmeasSHlmmaTGjMJA2aik2gomufNJYbii7JzO+AjdjKbcRGW9Lg46GJlCkmv8Mgt19GpGSVNjLtMJMlNq5+Y6VgX/hY0Km7yNSpGpwvKMLYWSQgKOq9o9mArNmZWX6FCmBfYKbE5x+yxuaDWE8PqTbzone4MwGISfX28fHK7GseFtea+8rhd6b7wD74N35B17rPGrudl83txq/m49a71ovVxSm41VzlPvL2t1/wA4Sgpk</latexit><latexit sha1_base64="RuWbhwdIGkz7Oo3Ap+9EaPNf8a8=">AAADbnicjVJLb9NAEHYSHsW8UpA4UCFGVJGSRo3sCgkulUq5cCCoIPqQso612ayTTdf2anddUVl74xdy4zdw4ScwdhKptBwYyd7Z+b6Zb3Y0EyWFsUHws9Fs3bp95+7GPf/+g4ePHrc3n5yYvNCMH7Nc5vpsQg2XIuPHVljJz5TmNJ1Ifjo5f1/hpxdcG5FnX+2l4lFKZ5lIBKMWQ/Fm43uHJJqykqSFK8mEW+qAcGWERLgUbl zuONiHLmIJDBG74EheESrQ9WLhd4ie57Ho2n7YQ/b61uuGu1i4B30Av9OH6rqGKkz1gEieWBhBCLtAlM6n409xudgPXcWt2qkTFlXCuMSOFkBsDsJhJ1rM5hYi6N8orQCIKdJ1qS94CLeW+h8VUassrqj4nWUVv6NqLMA3f8Q5T2lclkSnkNJvzo2GXUWkDHsRTiG7iuAI3oHC/yGo8Z4/RI2FW5H9uL0dDILa4KYTrpxtb2VHcfsHmeasSHlmmaTGjMJA2aik2gomufNJYbii7JzO+AjdjKbcRGW9Lg46GJlCkmv8Mgt19GpGSVNjLtMJMlNq5+Y6VgX/hY0Km7yNSpGpwvKMLYWSQgKOq9o9mArNmZWX6FCmBfYKbE5x+yxuaDWE8PqTbzone4MwGISfX28fHK7GseFtea+8rhd6b7wD74N35B17rPGrudl83txq/m49a71ovVxSm41VzlPvL2t1/wA4Sgpk</latexit>

There are three 
different regimes

⇤max[M(p = 0)] = nmax
<latexit sha1_base64="haSn7UdHTr7zTKWO+DlZfpcz7xw=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoCGVGBN0Uim5cKFSwD2iHkslk2tAkMyQZsQzzEW78FTcuFHHrwp1/Y/pY1NYDgcM553Jzjx8zqrTj/Fi5peWV1bX8emFjc2t7x97da6gokZjUccQi2fKRIowKUtdUM9KKJUHcZ6TpD65GfvOBSEUjca+HMfE46gkaUoy0kbr2SefGhAPUTdOO5JCjxyxr35biinPswQoUs3rXLjplZwy4SNwpKYIpal37uxNEOOFEaMyQUm3XibWXIqkpZiQrdBJFYoQHqEfahgrEifLS8VEZPDJKAMNImic0HKuzEyniSg25b5Ic6b6a90bif1470eGFl1IRJ5oIPFkUJgzqCI4aggGVBGs2NARhSc1fIe4jibA2PRZMCe78yYukcVp2nbJ7d1asXk7ryIMDcAhKwAXnoAquQQ3UAQZP4AW8gXfr2Xq1PqzPSTRnTWf2wR9YX7+xCZ30</latexit><latexit sha1_base64="haSn7UdHTr7zTKWO+DlZfpcz7xw=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoCGVGBN0Uim5cKFSwD2iHkslk2tAkMyQZsQzzEW78FTcuFHHrwp1/Y/pY1NYDgcM553Jzjx8zqrTj/Fi5peWV1bX8emFjc2t7x97da6gokZjUccQi2fKRIowKUtdUM9KKJUHcZ6TpD65GfvOBSEUjca+HMfE46gkaUoy0kbr2SefGhAPUTdOO5JCjxyxr35biinPswQoUs3rXLjplZwy4SNwpKYIpal37uxNEOOFEaMyQUm3XibWXIqkpZiQrdBJFYoQHqEfahgrEifLS8VEZPDJKAMNImic0HKuzEyniSg25b5Ic6b6a90bif1470eGFl1IRJ5oIPFkUJgzqCI4aggGVBGs2NARhSc1fIe4jibA2PRZMCe78yYukcVp2nbJ7d1asXk7ryIMDcAhKwAXnoAquQQ3UAQZP4AW8gXfr2Xq1PqzPSTRnTWf2wR9YX7+xCZ30</latexit><latexit sha1_base64="haSn7UdHTr7zTKWO+DlZfpcz7xw=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoCGVGBN0Uim5cKFSwD2iHkslk2tAkMyQZsQzzEW78FTcuFHHrwp1/Y/pY1NYDgcM553Jzjx8zqrTj/Fi5peWV1bX8emFjc2t7x97da6gokZjUccQi2fKRIowKUtdUM9KKJUHcZ6TpD65GfvOBSEUjca+HMfE46gkaUoy0kbr2SefGhAPUTdOO5JCjxyxr35biinPswQoUs3rXLjplZwy4SNwpKYIpal37uxNEOOFEaMyQUm3XibWXIqkpZiQrdBJFYoQHqEfahgrEifLS8VEZPDJKAMNImic0HKuzEyniSg25b5Ic6b6a90bif1470eGFl1IRJ5oIPFkUJgzqCI4aggGVBGs2NARhSc1fIe4jibA2PRZMCe78yYukcVp2nbJ7d1asXk7ryIMDcAhKwAXnoAquQQ3UAQZP4AW8gXfr2Xq1PqzPSTRnTWf2wR9YX7+xCZ30</latexit><latexit sha1_base64="haSn7UdHTr7zTKWO+DlZfpcz7xw=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoCGVGBN0Uim5cKFSwD2iHkslk2tAkMyQZsQzzEW78FTcuFHHrwp1/Y/pY1NYDgcM553Jzjx8zqrTj/Fi5peWV1bX8emFjc2t7x97da6gokZjUccQi2fKRIowKUtdUM9KKJUHcZ6TpD65GfvOBSEUjca+HMfE46gkaUoy0kbr2SefGhAPUTdOO5JCjxyxr35biinPswQoUs3rXLjplZwy4SNwpKYIpal37uxNEOOFEaMyQUm3XibWXIqkpZiQrdBJFYoQHqEfahgrEifLS8VEZPDJKAMNImic0HKuzEyniSg25b5Ic6b6a90bif1470eGFl1IRJ5oIPFkUJgzqCI4aggGVBGs2NARhSc1fIe4jibA2PRZMCe78yYukcVp2nbJ7d1asXk7ryIMDcAhKwAXnoAquQQ3UAQZP4AW8gXfr2Xq1PqzPSTRnTWf2wR9YX7+xCZ30</latexit>
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Three different regimes

�c =
µ

⇤max(M)
<latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit><latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit><latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit><latexit sha1_base64="GBqjOQtNckkrIH5W6AxJkAsBJt4=">AAACGXicbVDLSsNAFJ34rPUVdelmsAh1UxIRdCMU3bhQqGAf0JRwM520Q2eSMDMRS8hvuPFX3LhQxKWu/Bunj4W2HrhwOOfemXtPkHCmtON8WwuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFYCinEW0rpnmtJVICiLgtBkMLkd+855KxeLoTg8T2hHQi1jICGgj+bbjBVSDT/A59kIJJPNEmmfetXmhC36WeVJgAQ95XvaCEN8c5b5dcirOGHieuFNSQlPUfPvT68YkFTTShINSbddJdCcDqRnhNC96qaIJkAH0aNvQCARVnWx8WY4PjdLFYSxNRRqP1d8TGQilhiIwnQJ0X816I/E/r53q8KyTsShJNY3I5KMw5VjHeBQT7jJJieZDQ4BIZnbFpA8mIG3CLJoQ3NmT50njuOI6Fff2pFS9mMZRQPvoAJWRi05RFV2hGqojgh7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6+gEalKBX</latexit>

Epidemic Threshold
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We used the formalism to model the spatio-temporal evolution of 
COVID19 in Spain

Modelling COVID
�mo@IUa_Mm�KM�ol@_mialoM

å��÷Ĕ
umÈ�u@]al�KM�lMRMlM_IU@

2M_KM_IU@m�KM�^auU]UK@K�KM�]pS@lMm
Ia^a�Mmo@IUa_Mm�KM�ol@_mialoM�iqH]UIa
ßial�M[M^i]aÉ�Mmo@IUa_Mm�KM�^MolaÉ�olM_
a�@poaHpmMmàÈ

 pS@lMm�KM�ol@H@[a

å��÷Ĕ
umÈ�u@]al�KM�lMRMlM_IU@

 @m�oM_KM_IU@m�KM�^auU]UK@K�M_�]pS@lMm
KM�ol@H@[aÈ

=a_@m�lMmUKM_IU@]Mm

Ĉ¡÷Ĕ
umÈ�u@]al�KM�lMRMlM_IU@

 @m�oM_KM_IU@m�KM�^auU]UK@K�M_�{a_@m
lMmUKM_IU@]MmÈ

YLH�����PD\� YLH������PD\� YLH������MXQ�
����

����

����

����

8@]al�KM
lMRMlM_IU@

YLH�����PD\� YLH������PD\� YLH������MXQ�
����

����

����

����

8@]al�KM
lMRMlM_IU@

YLH�����PD\� YLH������PD\� YLH������MXQ�
����

����

����

����

8@]al�KM
lMRMlM_IU@

2l@_mUo�mo@oUa_m

å��Ĕ
Ia^i@lMK�oa�H@mM]U_M

"aHU]Uox�olM_Km�Ral�i]@IMm�]U\M�ipH]UI�ol@_mialo
TpHm�mpIT�@m�mpHv@xÉ�HpmÉ�@_K�ol@U_�mo@oUa_mÈ

9al\i]@IMm

å��Ĕ
Ia^i@lMK�oa�H@mM]U_M

"aHU]Uox�olM_Km�Ral�i]@IMm�aR�val\È

0MmUKM_oU@]

Ĉ��Ĕ
Ia^i@lMK�oa�H@mM]U_M

"aHU]Uox�olM_Km�Ral�i]@IMm�aR�lMmUKM_IMÈ

7KX��$SU�� 7KX��$SU��� 7KX��0D\���
����

����

����

����

�@mM]U_M

7KX��$SU�� 7KX��$SU��� 7KX��0D\���
����

����

����

����

�@mM]U_M

7KX��$SU�� 7KX��$SU��� 7KX��0D\���
����

����

����

����

�@mM]U_M

2l@_mUo�mo@oUa_m

å ¡Ĕ
Ia^i@lMK�oa�H@mM]U_M

6XQ�)HE��� 6XQ�0DU��� 6XQ�$SU��
����

����

%DVHOLQH

����

���� "aHU]Uox�olM_Km�Ral�i]@IMm�]U\M�ipH]UI�ol@_mialo
TpHm�mpIT�@m�mpHv@xÉ�HpmÉ�@_K�ol@U_�mo@oUa_mÈ

9al\i]@IMm

å� Ĕ
Ia^i@lMK�oa�H@mM]U_M

6XQ�)HE��� 6XQ�0DU��� 6XQ�$SU��
����

����

%DVHOLQH

����

���� "aHU]Uox�olM_Km�Ral�i]@IMm�aR�val\È

0MmUKM_oU@]

Ĉ��Ĕ
Ia^i@lMK�oa�H@mM]U_M

6XQ�)HE��� 6XQ�0DU��� 6XQ�$SU��
����

����

%DVHOLQH

����

���� "aHU]Uox�olM_Km�Ral�i]@IMm�aR�lMmUKM_IMÈ

0
50

100
150
200
250
300

Asturias

0

200

400

600

800
Aragón

0
200
400
600
800

1000
1200
1400

Andalucía

0
50

100
150
200

Islas Baleares

Castilla-León

0

500

1000

1500

2000

0

50

100

150

200

Cantabria

0

50

100

150

200
Canarias

0
500

1000
1500
2000
2500
3000

Castilla-La Mancha

0
200
400
600
800

1000
1200
1400
1600 Comunidad Valenciana

0
2
4
6
8

10 Ceuta

0
1000
2000
3000
4000
5000
6000

Cataluña

0
100
200
300
400
500

Extremadura

0
2
4
6
8

10
12
14
16

Melilla

0
2000
4000
6000
8000

10000

Comunidad de Madrid

0
100
200
300
400
500
600

Galicia

0
25
50
75

100
125
150
175

Región de Murcia

0
50

100
150
200
250
300
350

La Rioja

03
 M

ar
10

Ma
r

17
Ma

r
24

 M
ar

31
Ma

r
07

Ap
r

14
 Ap

r
21

Ap
r

28
Ap

r
5 M

ay
12

Ma
y

0
250
500
750

1000
1250
1500

País Vasco

03
 M

ar
10

Ma
r

17
Ma

r
24

 M
ar

31
Ma

r
07

Ap
r

14
 Ap

r
21

Ap
r

28
Ap

r
5 M

ay
12

Ma
y

0
100
200
300
400
500

Navarra

03
 M

ar
10

Ma
r

17
Ma

r
24

 M
ar

31
Ma

r
07

Ap
r

14
 Ap

r
21

Ap
r

28
Ap

r
5 M

ay
12

Ma
y

03
 M

ar
10

Ma
r

17
Ma

r
24

 M
ar

31
Ma

r
07

Ap
r

14
 Ap

r
21

Ap
r

28
Ap

r
5 M

ay
12

Ma
y

0
5000

10000
15000
20000
25000
30000

Spain



Compartmental model

Modelling COVID

Dg

Sg Eg Ag

Susceptible
Healthy, 

can get infected

Exposed
Infected but 

not yet infectious

Asymptomatic
Infectious but displaying 

no or mild symptoms

PH
g

PD
g

Ig

Infected
Infectious and

displaying symptoms

Rg

Hospitalized in ICU
With good prognosis

Hospitalized in ICU
With fatal prognosis

Deceased

Recovered
No longer infectious, 
develops immunity

!A, !I "g

μg (1-$
g )(1-
%g )

μg(1-$g)%g

μ g $ g

&g

'g (1-(
g )

' g ( g

) g

*g

Cgh{Ah, Ih}
A Susceptible individual becomes 

Exposed upon contact with Asymptomatic 
or Infected agents, according to the 

contact matrix C.

HR
g

HD
g

+g

Pre-
Hospitalized

Pre-
Deceased

Epidemiological dynamics



Compartmental model

Modelling COVID

Dg

Sg Eg Ag

Susceptible
Healthy, 

can get infected

Exposed
Infected but 

not yet infectious

Asymptomatic
Infectious but displaying 

no or mild symptoms

PH
g

PD
g

Ig

Infected
Infectious and

displaying symptoms

Rg

Hospitalized in ICU
With good prognosis

Hospitalized in ICU
With fatal prognosis

Deceased

Recovered
No longer infectious, 
develops immunity

!A, !I "g

μg (1-$
g )(1-
%g )

μg(1-$g)%g

μ g $ g

&g

'g (1-(
g )

' g ( g

) g

*g

Cgh{Ah, Ih}
A Susceptible individual becomes 

Exposed upon contact with Asymptomatic 
or Infected agents, according to the 

contact matrix C.

HR
g

HD
g

+g

Pre-
Hospitalized

Pre-
Deceased

Clinical dynamics



Age structured

Modelling COVID

Dg

Sg Eg Ag

Susceptible
Healthy, 

can get infected

Exposed
Infected but 

not yet infectious

Asymptomatic
Infectious but displaying 

no or mild symptoms

PH
g

PD
g

Ig

Infected
Infectious and

displaying symptoms

Rg

Hospitalized in ICU
With good prognosis

Hospitalized in ICU
With fatal prognosis

Deceased

Recovered
No longer infectious, 
develops immunity

!A, !I "g

μg (1-$
g )(1-
%g )

μg(1-$g)%g

μ g $ g

&g

'g (1-(
g )

' g ( g

) g

*g

Cgh{Ah, Ih}
A Susceptible individual becomes 

Exposed upon contact with Asymptomatic 
or Infected agents, according to the 

contact matrix C.

HR
g

HD
g

+g

Pre-
Hospitalized

Pre-
Deceased

Dg

Sg Eg Ag

Susceptible
Healthy, 

can get infected

Exposed
Infected but 

not yet infectious

Asymptomatic
Infectious but displaying 

no or mild symptoms

PH
g

PD
g

Ig

Infected
Infectious and

displaying symptoms

Rg

Hospitalized in ICU
With good prognosis

Hospitalized in ICU
With fatal prognosis

Deceased

Recovered
No longer infectious, 
develops immunity

!A, !I "g

μg (1-$
g )(1-
%g )

μg(1-$g)%g

μ g $ g

&g

'g (1-(
g )

' g ( g

) g

*g

Cgh{Ah, Ih}
A Susceptible individual becomes 

Exposed upon contact with Asymptomatic 
or Infected agents, according to the 

contact matrix C.

HR
g

HD
g

+g

Pre-
Hospitalized

Pre-
Deceased

Dg

Sg Eg Ag

Susceptible
Healthy, 

can get infected

Exposed
Infected but 

not yet infectious

Asymptomatic
Infectious but displaying 

no or mild symptoms

PH
g

PD
g

Ig

Infected
Infectious and

displaying symptoms

Rg

Hospitalized in ICU
With good prognosis

Hospitalized in ICU
With fatal prognosis

Deceased

Recovered
No longer infectious, 
develops immunity

!A, !I "g

μg (1-$
g )(1-
%g )

μg(1-$g)%g

μ g $ g

&g

'g (1-(
g )

' g ( g

) g

*g

Cgh{Ah, Ih}
A Susceptible individual becomes 

Exposed upon contact with Asymptomatic 
or Infected agents, according to the 

contact matrix C.

HR
g

HD
g

+g

Pre-
Hospitalized

Pre-
Deceased



Dg

Sg Eg Ag

Susceptible
Healthy, 

can get infected

Exposed
Infected but 

not yet infectious

Asymptomatic
Infectious but displaying 

no or mild symptoms

PH
g

PD
g

Ig

Infected
Infectious and

displaying symptoms

Rg

Hospitalized in ICU
With good prognosis

Hospitalized in ICU
With fatal prognosis

Deceased

Recovered
No longer infectious, 
develops immunity

!A, !I "g

μg (1-$
g )(1-
%g )

μg(1-$g)%g

μ g $ g

&g

'g (1-(
g )

' g ( g

) g

*g

Cgh{Ah, Ih}
A Susceptible individual becomes 

Exposed upon contact with Asymptomatic 
or Infected agents, according to the 

contact matrix C.

HR
g

HD
g

+g

Pre-
Hospitalized

Pre-
Deceased

Mobility data and mobility restrictions

Modelling COVID

Mobility and confinement: 

• Mobility data was gathered from INE on normal week and weekend statistics 
• A fraction 𝛋0 of the population is confined in their households 
• Confined population keep in contact with other confined households with probability 𝝓 
• Non-confined individuals reduce their contacts due to social distancing by a fraction 𝝳
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∞

∑
s=t
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∑
j=1

G

∑
h=1

kgh
ij (s) ρ̃S,h

j (s)ℛg
i (t) =

Basic reproduction number R: Assuming an infection probability per contact β, 
the expected number of individuals infected by an infected individual on a time 
period τ is

Ｒ= τ β ⟨k⟩ ρS

Basic reproduction number R for COVID using our model by patch and age

τ β ⟨k⟩ ρS
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i (t)] ng
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Grasping the physics: 

• Neglect heterogeneities among subpopulations 
• The pool of susceptible  remains constant  during the intervention

(βAτA + βIτI) (1 − κ0(1 − ϕ)) (κ0 kg
home +(1 − δ)(1 − κ0) kg

home+work)
G

∑
h=1

Cgh⟨ρS,h(tc)⟩ℛg(tc) =

The dependence of R(t) on the confinement 𝛋0 is quadratic, confinement will force a phase transition in  
the incidence curve
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Conclusions

HIGHLIGHTS

The model is suitable for monitoring the evolution of an epidemic outbreak, specially 
in the acceleration part. 

Gives accurate information about the geographical spread, pinpointing regions at risk. 

Useful to project scenarios evaluating the degree of lockdown needed to bend the 
curve. 

LIMITATIONS

Mean-field approach within patches. 

Indistinguishability of individuals. 

International mobility not included so far



• The Macroscopic Markov Chain Approach is a good compromise between models that are 
very robust and models that are accurate. 

• MMCA can be used in generic problems as well as in more elaborated scenarios
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