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Contagion dynamics
in self-organized systems
of self-propelled agents

Yinong Zhao'?, Cristian Huepe®*>’ & Pawel Romanczuk®267>

We investigate the susceptible-infectious-recovered contagion dynamics in a system of self-propelled
particles with polar alignment. Using agent-based simulations, we analyze the outbreak process

for different combinations of the spatial parameters (alignment strength and Peclet number) and
epidemic parameters (infection-lifetime transmissibility and duration of the individual infectious
period). We show that the emerging spatial features strongly affect the contagion process. The
ordered homogeneous states greatly disfavor infection spreading, due to their limited mixing,

only achieving large outbreaks for high values of the individual infectious duration. The disordered
homogeneous states also present low contagion capabilities, requiring relatively high values of both
epidemic parameters to reach significant spreading. Instead, the inhomogeneous ordered states
display high outbreak levels for a broad range of parameters. The formation of bands and clusters in
these states favor infection propagation through a combination of processes that develop inside and
outside of these structures. Our results highlight the importance of self-organized spatiotemporal
features in a variety of contagion processes that can describe epidemics or other propagation
dynamics, thus suggesting new approaches for understanding, predicting, and controlling their
spreading in a variety of self-organized biological systems, ranging from bacterial swarms to animal
groups and human crowds.

Contagion dynamics are ubiquitous in biological and social systems. They can encompass the spread of disease'?,
rumors®~®, behaviors®’, or information®’. These different types of phenomena are often modeled using generic
descriptions that were developed to represent infection spreading and epidemic outbreaks, in which individuals
can be in a susceptible, infectious, or recovered state. In these models, the contagion typically propagates through
an interaction network that plays a decisive role in the spreading dynamics. In more realistic scenarios, the inter-
actions are time-dependent and determined by a proximity network that changes as a function of the positions
of the individuals. In cases where these agents follow complex collective dynamics, the changing topology can
depend in turn on their self-organized motion. To improve our modeling of real-world systems, it is therefore
important to understand the relationship between the emergence of large-scale contagion processes and the
evolving interaction networks that develop between agents that display collective behavior!®.

In spatially explicit models of mobile agents, in contrast to the idealized mean-field or network models,
the potential contagion interactions are determined by a switching proximity network that changes in time as
the individuals follow a specific set of spatial dynamical rules'!. The core parameters of a typical mean-field
SIR-contagion process, such as the contact rate and contact duration, then become emergent features of the
self-organized spatial dynamics, as it has been shown for gas-like systems of self-propelled active Brownian
particles'>"°. The properties of the spatial dynamics, such as the speed of the individual agents, can thus affect
in nontrivial ways the global contagion process'*. These previously studied examples, however, only considered
the cases where the agents or particles do not form spatial structures, displaying instead homogeneous density
and isotropic orientations, in contrast to what is known to occur in many models of self-propelled agents and in
real-world systems. In particular, in models where spatial interactions such as velocity alignment forces between
neighboring agents are introduced, we expect the formation of states that display long-range order leading to
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coordinated collective movement at the scale of the system and a variety of slowly-evolving, long-lived spatial
structures, such as large-scale, high density bands or clusters'®™?, which results in dynamical irreversibility of the
system’s behavior®. To properly describe the contagion process, we must therefore consider the various degrees
of mixing and density distributions exhibited by different self-organized collective movement states.

In this work, we implement a susceptible-infectious-recovered (SIR) infection process®*! in a system of
self-propelled agents with alignment and repulsion interactions to explore the impact of self-organized spatio-
temporal structures on the contagion dynamics. Our results show that the epidemic outcome depends strongly on
the specific emergent properties of each collective state. We observe that the outbreak thresholds are significantly
lower in ordered states with large-scale clusters or band-like structures, and higher in ordered or disordered
states with homogeneous density distributions. By comparing the contagion dynamics of different states, we
find that the timescales of the emerging spatial structures and of the infection processes play an essential role
in the epidemic outcome.

Results

We consider contagion dynamics in a system of self-propelled particles (agents). Individual particles are per-
forming active Brownian motion, advancing with a constant self-propulsion speed vy while the heading angle
0; is subject to noise of intensity o. Neighboring particles interact through short-ranged alignment forces, that
facilitate the emergence of collective movement, and through distance-dependent repulsive forces. The strength
of the alignment force is set by the inverse alignment relaxation time z ~'. For simplicity, we assume that both
interactions have the same range rin, so that two particles i and j interact (are in “contact”) when their distance
7| = |F; — 7j|is smaller than ri.

In addition to the spatial dynamics, we implement a simple contagion process that does not affect the agent
motion, which corresponds to the standard SIR model in epidemiology. Each agent i can be in one of three states:
susceptible (s;(f) = S), infected (s;(t) = I), or recovered (s;(f) = R). A susceptible agent i can only become
infected, with a base transmission rate 85, while it is in contact with at least one infected agent j. An infected agent
recovers spontaneously with a recovery rate y. Recovered agents cannot be reinfected. A detailed description of
the full model is given in the “Methods” section.

The active Brownian particle model with interactions exhibits a rich phase diagram of different collective
movement states as a function of two dimensionless parameters'®**?% the Peclet number Pe, quantifying the per-
sistence of individual movement, and the dimensionless interaction strength g, quantifying the relative strength
of alignment versus noise. The different collective states can be quantified by the degree of orientational order &,
typically referred to as polarization, and by the degree of clustering A. Detailed definitions of all these variables
are provided in “Methods” section, whereas a detailed analysis of the different self-organized collective move-
ment states has been recently presented by the authors®.

We begin by presenting in Fig. 1 the phase space of the spatial dynamics. Panels (a,b) display the values of the
clustering A and polarization ® for each parameter combination. Following our previous work®?, we identify five
different regions with distinct values of A and @, represented by the characteristic states labeled from (c-g) in
panel (a). A snapshot of each corresponding state is presented in panels (c-g), where each particle is represented
by a point that is colored according to its heading directions, as indicated by the color disk in the top-left corner.
Panel (c) shows a typical snapshot of the disordered states found in the low ® and low A region of the phase
diagram, where there is no orientational order and the particles are homogeneously distributed in space. Panels
(d,f) display the ordered state with bands (OB) and ordered state with clusters (OC), respectively. Both have high
® and A values, but OB states form large density bands that are perpendicular to the heading direction, whereas
OC states exhibit clusters that are elongated along the heading direction. Finally, panels (e,g) show two different
ordered homogeneous states (OH-1 and OH-2), both of which are characterized by high ® and low A values.

We now examine the effectiveness of the contagion process in different regions of the phase diagram, for vari-
ous values of the contagion parameters, by computing the fraction of agents that were infected at some point of
the epidemic process, which is equal to the final fraction of recovered agents. The infection spreading will depend
on the rate and duration of the contacts between infected and susceptible agents that result from the spatial
dynamics, and on the SIR model parameters B, and . We will express the latter in terms of two quantities that
determine the effective contagion rate between susceptible interacting agents: the infection-lifetime transmis-
sibility ® = B /y (a nondimensional number that describes the average total transmission during the infectious
period of an agent) and the mean duration of the infectious period of an agent Tj,¢ = 1/y. The interplay between
these quantities and the spatial dynamics determines the effective infection spread.

Note that there are two limit cases of the spatial dynamics where the final epidemic outcome will only depend
on ©, and not on Tj,s: The well-mixed (mean-field) case, where agents are continuously exchanging neighbors,
and the static interaction network case (if agents are close enough to form a connected graph), where the neigh-
bors remain fixed. In both situations, the newly infected agents are continuously interacting with other agents
that are potentially susceptible, so the duration Tj, of their infectious state will not affect the outcome. Even in
these limits, however, the contagion process before reaching this final outcome will also depend on Tj,f and on
the spatial dynamics of the system, which will affect its timescale’*~'°. In more realistic cases where the interac-
tions are determined by complex temporal networks? or spatiotemporal dynamics, as in the model considered
here, both the epidemic outcome and the contagion process will generally depend on all parameters.

Contagion effectiveness. Figure 2 presents the effectiveness of the epidemic outbreak in different regions
of the phase space for five combinations of the infection parameters. The final fraction of recovered agents
Pr(00) is displayed as a function of Pe and g, for three ® values with fixed Tj,s = 20 (top) and for three Tj,¢
values with fixed ® = 2.0 (bottom). Note that we repeat the same central panel in the top and bottom rows, for
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Figure 1. Spatial collective states of systems of self-propelled agents with alignment and repulsion. Top: Phase
diagram as a function of Peclet number Pe and alignment strength g, showing the fraction of agents in the
largest cluster A (a) and the polarization ® (b). Bottom: Representative snapshots of the states labeled in panel
(a). Disordered (Pe,g) = (32,1) (c); ordered with bands OB (Pe,g) = (32,2) (d); ordered homogeneous OH-1
(Pe,g) = (512,16) (e); ordered with clusters OC (Pe,g) = (32,128) (f); and a different ordered homogeneous state
OH-2 (Pe,g) = (32,1024) (g). Each agent is colored by its heading angle, according to the color disk (top-left
inset).

completeness. We find that, in general, the regions with highest degree of contagion tend to match the regions
with highest clustering in Fig. 1a, and that they grow as © or Ty, are increased.

The central panels shows that, for an intermediate ® = 2.0 value, the region with high epidemic spreading
matches almost exactly the high clustering regions OB and OC in Fig. 1, although some simulations with rela-
tively high level of contagion can also be found in the disordered region. The top right panel shows that, for a very
high ® = 100, almost the whole phase space displays high levels of epidemic spreading, with the homogeneously
ordered (OH) regions presenting the lowest levels. The bottom row shows that we obtain equivalent results if we
instead vary Tjnf, but with larger pr(0c0) differences between the regions with high and low epidemic spreading.

Figure 3 provides a more detailed view of the effectiveness of each epidemic outbreak and its onset points,
plotting pr(co) as a function of ® and Tjyr for the five collective states identified in Fig. 1. Each point displays
the mean value obtained for the 50 simulations performed per parameter combination and the error bar shows
the corresponding standard deviation.

Panel (a) confirms that outbreak onsets occur at the lowest ® & 0.5 values in the inhomogeneous (OB, OC)
states and at higher ® ~ 1values in the homogeneous disordered (D) and homogeneous ordered (OH-1, OH-2)
states. The value of pg (00) then increases with © at a different rate for each case. At an intermediate ® ~ 10, we
find that the OB state has the highest mean pr(00), followed closely by the OC and disordered states. For very
large © 2 200, the disordered and OB states display the highest, very similar pg(c0) = 0.8 values, whereas the
OC case seems to saturate at a slightly lower level. Instead, both OH states display a significantly lower level of epi-
demic spreading, with a fraction of recovered agents pr(co) & 0.3 that is slightly higher for OH-1 than for OH-2.

Panel (b) shows that the outbreak onsets occur at very different Tj,¢ levels in the disordered, OH-1, and OH-2
states (order 10,102, and 10%, respectively). These three homogeneous states eventually reach high infection levels,
but only for very high T, values. This panel also shows that, in the ® = 2 case considered here, states OC and
OB develop high levels of infection for all Tj,s values. Even at a very low Tiyr = 1072 we find that, remarkably,
they still display significant outbreaks, with pr(00) = 0.4. In the opposite limit, for a very high Ti,r = 10%, both
converge to a similar state of full epidemic spreading, with pgr(c0) ~ 1.
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Figure 2. Effectiveness of the epidemic outbreak as a function of the Peclet number Pe and alignment strength
g for different values of the infection-lifetime transmissibility ® = B, /y and the mean agent infection duration
Tinf = 1/y. The colors represent the fraction of agents pr(00) that recovered from the infected state at the end
of each run, averaged over 50 simulations. The red isolines highlight the regions with high relative infection
levels. We observe that the contagion tends to be more effective in the inhomogeneous regions of the phase
space, shown on Fig. 1, and that it covers a larger fraction of the phase space for higher ® or Tj,f values.
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Figure 3. Effectiveness of the epidemic outbreak as a function of the contagion parameters for the five
collective states identified in Fig. 1: Disordered (D), ordered with bands (OB), ordered with clusters (OC),
and two ordered homogeneous states (OH-1 and OH-2). Each panel presents the fraction of agents that were
infected and later recovered during the epidemic outbreak pr(00) as a function of either the infection-lifetime
transmissibility ® = B, /y with fixed T = 20 (a) or of the mean agent infection duration Tj,¢ = 1/y with
fixed ® = 2 (b). Each point shows the mean pg(co) value for 50 simulations and the error bars, its standard
deviation.

Analysis of the contagion process in different collective states. The above results show that the
infection parameters and the spatial dynamics both play an essential role in the contagion spread. In particular,
we observe that complex self-organized states tend to result in higher levels of infection than the typically stud-
ied states with either well-mixed or static interactions. Furthermore, the specific nature of the spatial dynamics
appears to play an essential role that cannot be captured by standard averaged network-based descriptions. In
the following, we will analyze in detail the spreading process in the different identified collective regimes.
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Figure 4. Infection dynamics in a disordered homogeneous state. The greyscale lattice displays the smoothed
local mean density of all agents within each square bin. Overlaid dots, colored from white to red, show the
density of agents in state I (i.e., of infectious agents) only on bins where I > 0. The spatial dynamics corresponds
to the disordered homogeneous state D presented in Fig. 1, with (Pe,g) = (32,1). The panels display the temporal
evolution of a single infection process (with Ti,s = 10> and ® = 2) started by 10 agents at the center of the
arena. We observe that the initial localized outbreak can quickly infect agents anywhere in the system.

Disordered states. 'We begin with the simplest case, the homogeneous disordered state, in which all agents are
continuously mixing with similar contact dynamics that do not change over time. The contagion process is the
closest here to a mean-field SIR system, where the final epidemic spreading can be predicted if Ty is sufficiently
large'. In this regime, agents remain infectious for long periods, while they mix with the whole system. This
implies that initially localized infections will quickly produce outbreaks throughout the simulation arena, as
shown in Fig. 4, We can thus estimate the fraction of infected agents at the end of the run by using semi-analyt-
ical mean-field calculation. We present these results in the Supplementary Information, obtained by extending
the analyses performed in'*-"* for a similar case that considered the SIS model and active Brownian particles. For
a smaller values of Tj,¢, however, the mixing timescale can be comparatively too long for new susceptible agents
to continue to be exposed to infected agents before they recover, since the front advances slower over time, and
the infection will eventually die out. This can be overcome by increasing the spatial density of initially infected
agents, as we also discuss in the Supplementary Information. In a scenario with a spatially homogeneous dis-
tribution of initial infections (or infection clusters), for example, we may observe a percolation-like merging of
the different locally expanding fronts, which can result in almost the entire system being infected even for short
Tinf values.

Ordered homogeneous state. In the ordered homogeneous states, OH-1 and OH-2, the high level of polariza-
tion results in slow mixing and thus in a low mean contact rate between new neighbors. Therefore, sufficiently
high © and T, values are both crucial for the contagion process to develop. For low Tjy, the interaction network
will not experience significant changes before the infected individuals recover, and can thus be approximated by
a static network. In this case, the epidemic spreading can be viewed as a percolation process on this network. For
alow mean density, the sparse connectivity can therefore place the system below the percolation threshold, stop-
ping contagion even for extremely high ® values, as shown in Fig. 3a. For higher Ty, local velocity fluctuations
will lead to the accumulation of contacts with different neighbors during this period, increasing the effective
connectivity, given here by the time-averaged interaction network. This can result in higher epidemic spreading
than in the disordered homogeneous state, as we can see in Fig. 3b. Note, however, that these fluctuations can
also produce more mixing between susceptible and recovered agents at the infection propagation front, which
would reduce the fraction of agents that are available for contagion at this interface and thus limit the epidemic
growth. This effect has been observed in the literature* for a system of particles moving in straight lines with
random directions, where an optimal mixing speed that minimizes spreading was identified in a regime between
quasi-static network percolation and high mixing. Although we did not detect this type of effect in our simula-
tions, it could be present for other parameter combinations.

A more detailed inspection of the contagion process in the ordered homogeneous states shows that it develops
spatial dynamics that cannot be described by simple percolation or mixing approximations. In particular, in this
regime the agents are known to display superdiffusive displacements perpendicular to the mean heading®>*,
which will result in a faster propagation of the infection along this direction. Starting from a localized outbreak,
we thus observe the rapid initial formation of a band-like infected region perpendicular to the mean agent orien-
tation, which is then advected by the mean flow, as shown in Fig. 5. This type of contagion process was identified
in all our simulations of states OH-1 and OH-2; we expect it to also be present in any ordered homogeneous state
of self-propelled particles with similar dynamics.

Although the two ordered homogeneous states seem to display a similar contagion process, the level of
epidemic spreading is strongly conditioned by their specific spatial dynamics. Indeed, since OH-2 has a higher
alignment strength g than OH-1, it will present a lower mean contact rate and longer typical contact duration®,
which will result in a much smaller effective contagion rate. This explains its higher onset value (T;,r > 10%) and
the fact that, even for Tj,r = 10%, the effectiveness of the epidemic outbreak only reaches pr(c0) A 0.5 in Fig. 3b.

The details of the infection dynamics of the two ordered homogeneous states also appear to be different, as
shown in the simulation videos in the Supplementary Material (OH-1.mp4, OH-2.mp4). The outbreaks in state
OH-1 typically develop approximately homogeneously throughout the simulation arena. By contrast, the out-
breaks in state OH-2 appear to develop mainly inside large clusters that emerge sporadically during the simula-
tions and survive for relatively short periods of time, spreading less effectively outside of them. We note, however,
that we only studied the OH-2 outbreaks for Tj,r = 10%, where they become more prevalent. We did not explore
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Figure 5. Infection dynamics in an ordered homogeneous state, visualized as in Fig. 4. The spatial dynamics
corresponds to the ordered homogeneous state OH-1 presented in Fig. 1, with (Pe,g) = (512,16), here advancing
to the right as indicated by the white arrow. The panels display the temporal evolution of a single infection
process (with Tipr = 10*and ® = 2) started by 10 agents at the center of the arena. We observe that the
infection initially propagates forming a band perpendicular to the heading direction.
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Figure 6. Infection dynamics in an ordered band state, visualized as in Fig. 4. The spatial dynamics corresponds
to the ordered band state OB presented in Fig. 1, with (Pe,g) = (32,2), here advancing to the right as indicated

by the white arrow. The panels display the temporal evolution of a single infection process (with Tj,s = 10% and
© = 2) started by 10 agents within the band. We observe that the infection spreads first within the band, and
then outside of the band.

the asymptotic behavior in this state for larger Tins 3> 10* because this would require extremely long simulations
that go beyond the scope of this work, given that the time needed to reach a final infection state grows with T;,¢
and that the dynamics for high coupling strengths can only be resolved with very small timesteps. Finally, we
point out that the differences in the contagion processes of OH-1 and OH-2 are expected to disappear for large
Tinf — 00, since the infection timescales will become so long that the spatial dynamics will effectively result in
well-mixed systems over comparatively short timescales, and can thus be averaged over time.

Ordered band state. In the ordered states with bands, or OB states, the system can be divided into two regions:
the high density, high polarization regions within the bands, and the low density, low polarization, gas-like
regions outside of the bands. The infections that develop outside the bands will thus take place in regions that
are similar to the disordered states and have lower density than the system average. Therefore, for the contagion
to spread in this region, ® and Ti,s must be higher than the corresponding epidemic thresholds in the disordered
state, since lower density implies less interactions between infected and susceptible agents. Otherwise, we find
in simulations that the infection will die out quickly, unless it is transmitted to a band. Instead, the infections
that develop within the bands take place in regions with higher local density and polarization. Agents will have
more interactions that last longer while the combination of high density and repulsion will inhibit mixing, so
the contagion process will be predominantly driven by percolation. Our simulations show that the successful
propagation of infection within the bands requires a significantly lower ® and Tj,¢, as we can see in the left side
of the OB curve in Fig. 3b.

In this context, in the OB states a contagion spreading process that starts within a band will typically develop
as visualized in Fig. 6 and can be described as follows. The initial infections within the bands will propagate more
efficiently, due to their higher local densities. Once a significant fraction of a band is infected, given that bands
advance faster than the mean agent velocity between bands due to their higher polarization, it will develop a
contagion process that can span the system by sweeping through the arena, reaching the susceptible agents in the
gas-like state outside the band. Therefore, the epidemic spreading is initially controlled by ®, which needs to be
high enough to grow the infection within a band, and later by Tj,¢, which will determine the level of contagion
outside the band when compared to the time required for the band to swipe the system.

Ordered clustered state. 'The ordered clustered states, or OC states, typically contain one or more large polar-
ized clusters that are elongated along their heading direction, surrounded by lower density regions. An example
of an infection process observed in one of these states is displayed in Fig. 7. As in the OB states, the contagion
develops differently inside and outside of these clusters. In contrast to the OB states, however, the low density
regions outside of the clusters have relatively high levels of polarization, albeit smaller than within clusters. The
contagion dynamics outside the clusters is thus similar to the percolation process in the homogeneous ordered
states, but will require higher ® and Tj,¢ values to propagate successfully, due to the lower density. Otherwise,
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Figure 7. Infection dynamics in an ordered clustered state, visualized as in Fig. 4. The spatial dynamics
corresponds to the ordered clustered state OC presented in Fig. 1, with (Pe,g) = (32,128), here advancing to the
right as indicated by the white arrow. The panels display the temporal evolution of a single infection process
(with Tipr = 10%and © = 2) started by 10 agents within a cluster. We observe that the infection initially spreads
within the cluster, slowly but robustly, and then reaches other clusters through their fission-fusion dynamics.

our simulations show that any infection that starts outside the clusters will die out quickly, unless it spreads into a
cluster. We also observe that, in cases where contagion does develop outside of the clusters, the infection spreads
faster perpendicular to the heading direction, as in the OH states. Inside the clusters, the contagion spreads pri-
marily through percolation on a quasistatic network, because of the weak local mixing. The densities are higher
within these regions than in the homogeneous ordered states or inside the bands in the OB states, so the infec-
tion process is very effective and requires the lowest © and Tj, values to spread. This explains the low ® and Tj¢
behavior of the OC state in Fig. 3. However, the epidemic spread inside the clusters is significantly slower than
within bands, as we can see by comparing the temporal dynamics of Figs. 6 and 7. This can be explained by the
fact that particles exhibit much stronger diffusion within bands than inside clusters, especially perpendicular to
the movement direction.

After a cluster gets infected in an OC state, the contagion process to other regions can be quite complex, as
it involves two mechanisms. On the one hand, clusters do not frequently interact with new off-cluster agents or
with other clusters, since all the particles in the system are approximately aligned. This implies that, for low or
intermediate Tjyf, the infection inside a cluster may never spread outside. On the other hand, clusters exhibit
rich fission-fusion dynamics at long timescales, through which an infected cluster that disaggregates can infect
other clusters, if its resulting fragments aggregate into them, as shown in a simulation video in the Supplementary
Material (OC-2.mp4). As a result, although the infection within a cluster can be very effective even for low ® and
Ting, its spreading to the rest of the system depends on the balance between these two processes that develops
in each realization of the spatial dynamics. It is this lack of a reliable mechanism for spreading the infection
throughout the system that makes the OC states reach a slightly lower pgr(co) level than the disordered and OB
states for intermediate and high ® and Tj, values in Figs. 2 and 3.

Discussion and conclusions

In this work, we investigated a simple SIR epidemic process in a system of self-propelled agents with alignment
interactions. We showed that the contagion dynamics and the overall outbreak magnitude depend strongly on
the spatiotemporal collective states. In particular, we found that effective infection spreading can be favored by
self-organization. Our analyses followed a minimal modeling approach to show potential generic connections
between emergent spatiotemporal dynamics and the spreading of epidemics that could have strong impact on
a variety of real-world scenarios. Although our results were mainly expressed in terms of epidemic spreading,
we note that they can also describe other processes, such as the propagation of different types of information
within groups of agents. We note that self-organized spatial structures may appear due to different mechanisms.
A prominent example is the emergence of dense stationary clusters for active Brownian particles with repulsion
but without alignment interactions due to motility induced phase separation (MIPS)?**. However, the temporal
dynamics of such disordered, non-moving MIPS clusters is fundamentally different to the dynamical, moving
structures formed by self-propelled particles with alignment interactions studied here.

The analyses carried out above can be summarized in terms of general contagion processes that develop on
evolving networks. From this perspective, the emerging spatial structures (bands, clusters, and homogeneous
fluid or gas states) correspond to different evolving contact networks. The resulting contagion spread is deter-
mined by the dynamics within these structures and by the interactions between them. On the one hand, the
infection process is affected by the self-organized rewiring dynamics inside the corresponding sub-networks,
which is driven by underlying processes such as (active) diffusion, convection, and density fluctuations. It may
therefore exhibit very different ® and T;,r dependencies, as well as rich phenomena, such as asymmetric spread
in the form of a “contagion band” in ordered homogeneous states. On the other hand, the self-organized contact
dynamics between different spatial structures or sub-networks, such as fission-fusion processes that develop
between clusters, plays a decisive role in determining large-scale contagion, thus introducing additional (long)
time-scales that can lead to highly non-trivial spreading processes. This situation changes only in the limit of very
long infection duration Tjnf, where all the timescales of the spatial dynamics become negligible, which results in
an effective contagion process that is equivalent to the well-mixed case.

Revealing the impact of self-organized collective behavior’>*® on contagion processes is essential for under-
standing the functional aspects of a variety of behaviors exhibited by biological collectives (such as the risk-related
behavior observed in fish”). In bacterial swarms, for example, the spreading of genetic information (through
direct contacts or via bacteriophages®) is conditioned by the self-organized coordinated motion and cluster
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formation that emerges from simple physical interactions®*-*2. These genetic propagation dynamics are believed
to play an important role in key processes such as the spread of antibiotic resistance in bacterial populations®*3*.
A better understanding of this type of phenomena will thus require further studies of the interplay between infec-
tion spreading and collective spatiotemporal dynamics that could be built on the results presented in this paper.

At the macroscopic agent scale, the relationship that we analyzed here between spatiotemporal self-organ-
ization and contagion dynamics is expected to be highly relevant for a variety of systems, ranging from ani-
mal groups to human crowds, which are known to often form dense gatherings with complex fission-fusion
dynamics*~¥. This could affect processes that require containment, such as disease spreading, or that are typically
beneficial, such as the diffusion of information.

Despite using highly idealized models, our work could have relevant implications in the development of
strategies for the control of epidemics. For example, our results show that, for a broad range of parameters, out-
breaks are significantly reduced in the homogeneous ordered states when compared to other states with the same,
relatively low, mean density. In the context of the current COVID-19 pandemic, this suggests the development
of crowd control strategies that favor the homogeneous spreading of individuals to help minimize contagion
during large gatherings. On a more general note, our minimal agent-based descriptions show that the contagion
dynamics is often not adequately captured by the averaged network approaches commonly used to predict epi-
demic spreading. This is especially true in the presence of self-organized spatiotemporal features, which could
help explain the very limited success that has been achieved in predicting outbreaks during this pandemic.

Future studies could improve the level of description considered in this paper by including other potential
couplings between the spatial dynamics and the contagion process. In a recent study?®, for example, flocking
agents alter their motion when they get infected, which can strongly affect the contagion spreading. This type of
additional considerations could help complete the characterization of simple systems that combine spatial and
epidemic models, and will be left for future work.

Methods

Individual-based model. We consider a system of N self-propelled agents moving continuously in a two-
dimensional arena of size L x L, with periodic boundary conditions. At time ¢, agent i is located at position 7;(t)
and tends to advance in its heading direction #; = [cos 6;(¢), sin 0;(1)]* with constant self-propulsion speed vy,
while also being displaced by local soft-core repulsion forces F; between neighbors. The corresponding equation
for a system with overdamped dynamics is given by

d?i(t)
dt
We define the interaction set S; = { JlI7il < Fint }, with 7j; = 7; — 7}, as containing all neighbors within a range

rint of the focal particle i. In order to reduce the parameter space, the alignment and repulsive interactions are
defined as having the same range. These interactions are given by

do;(t 1 *
d; ) :;<mod O = 0))c5, + 06> 2)

= vofi(t) + Fi(D). (1)

z Tine — [7jil i
B=3 == e )

jes, Tt I7jil

Here, T is a relaxation time that controls the strength of the alignment, mod*(x) = mod(x + 7,27) — wisa
modified modulo function that produces values between — 77 and 7, and o is the strength of a §-correlated Gauss-
ian white noise introduced through a random variable & that satisfies (§g) = 0 and (€ (£1)&g (£2)) = §(t2 — t1).
Each particle thus tends to align its heading angle 6;(¢) to its neighbors, while subjected to noise, and is displaced
by repulsive forces F;(t) that do not affect its heading direction.

We combine the above movement model with a standard SIR-model. Each agent i is assigned an internal ter-
nary variable s;(t) € {S, I, R}, representing its current contagion state: susceptible (s;(t) = S), infected (s;(t) = I),
or recovered (s;(f) = R). A susceptible agent i can only become infected, with a base transmission rate 8, while
it is in contact with at least one infected agent j (i.e., at a distance smaller than the interaction range |rjj| < riny).

Its infection probability when in contact with a single infected neighbor for a short time period At will thus
be given by pinr = BpAt. If a susceptible agent is in contact with multiple infected agents simultaneously, all
pairwise interactions are assumed to be statistically independent and its infection probability is therefore given
by the sum of the individual probabilities. Note that, for a sufficiently small numerical time step At and a finite
number of neighbors, the infection probability per numerical integration step is typically well below 1. On the
other hand, an infected agent spontaneously recovers at a rate y, that is, with probability equal to y At for a
small enough At. We consider here the recovered state to be an absorbing state of the contagion dynamics, so
no infections can reoccur in recovered agents.

It is important to point out that the base transmission rate S, as defined above, is different from the trans-
mission rate parameter in standard epidemiological compartment models, typically denoted as . For a short
contact duration At the following relations holds 8 = B, v At, with v being the contact rate.

Following the SIR dynamics defined above, an initial number of infected agents can result in a contagion
process that spreads to other agents, all of which will eventually recover spontaneously until no infected agents
remain in the system, ending the outbreak. If we define p;(t), ps(¢) and pr(t) as the fraction of the total popula-
tion that is infected, susceptible, or recovered at time ¢, respectively, this corresponds to reaching a state with
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p1(00) = 0 and ps(00) + pr(c0) = 1, where t = oo denotes any time ¢ after the SIR dynamics has reached its
final absorbing state. The effectiveness of the epidemic outbreak can then be measured by the value of pg(c0).

Dimensionless parameters. We investigate the contagion process for a system of self-propelled agents in
different types of collective states®. These correspond to distinct regions of the phase space that is spanned by
two nondimensional control parameters, the Peclet number Pe and the effective coupling strength g, defined as

Vi
Pe = 02’ (4)
Tint0
1
8= 3 )

The Peclet number quantifies the level of persistence in individual movement, with Pe — 0 corresponding
to noise dominated Brownian motion and Pe — oo describing ballistic motion for vanishing angular noise. The
effective coupling g, quantifies the strength of the alignment interaction relative to the angular noise.

Macroscopic state variables. Each region in the (Pe,g) parameter space is characterized by different
degrees of alignment and clustering, which is measured by two order parameter, ¥ and A, respectively. More
specifically, the degree of alignment is given by the polarization

1 N
<I>=ﬁ;ﬁi, (6)

where @ = 1if all particles are heading in exactly the same direction and ® = 0 if they are moving in random
directions.

The clustering A is defined as the fraction of the total number of particles that conform the largest cluster
in the system, where the members of a cluster are determined to be all particles within a distance iy of any
other particle also in the cluster. Therefore, for the relatively low mean density value considered in this paper,
A = 1/N « 1describes a homogeneous state in which the distance between all neighbors is larger than the
interaction range, whereas A = 1 corresponds to a highly inhomogeneous state where all agents belong to a
single cluster.

Numerical simulations. We considered different collective states in the (Pe,g) phase space by varying the
noise o and alignment relaxation time 7, while keeping a fixed preferred agent speed vy = 0.2 and interaction
range rip; = 1, in order to limit the parameter exploration. We also fixed the mean density to a packing fraction
of N7 12, /(4L%) = 0.3, by simulating N = 10, 000 agents in an arena of size L ~ 161. A detailed analysis of the
different spatial dynamics and collective states obtained in this system was recently presented in*%. Starting from
statistically stationary states of the spatial dynamics, we implemented the SIR process by infecting 100 agents,
which corresponds to 1 percent of all particles. For each parameter combination, we considered 5 independently
converged stationary states and initialized 10 contagion processes, each starting from a different set of randomly
selected infected agents. Hence, a set of 50 simulations was used to characterize the epidemic spreading for each
case.

Code availability

The numerical simulation code is accessible at: https://github.com/promanczuk/flockingSIR.

Received: 4 August 2021; Accepted: 17 January 2022
Published online: 16 February 2022

References
1. Pastor-Satorras, R. & Vespignani, A. Epidemic spreading in scale-free networks. Phys. Rev. Lett. 86, 3200 (2001).
2. Keeling, M. J. & Rohani, P. Modeling Infectious Diseases in Humans and Animals (Princeton University Press, 2011).
3. Nekovee, M., Moreno, Y., Bianconi, G. & Marsili, M. Theory of rumour spreading in complex social networks. Physica A 374,
457-470 (2007).
4. Liu, J,, Niu, K., He, Z. & Lin, J. Analysis of rumor spreading in communities based on modified sir model in microblog. In Inter-
national Conference on Artificial Intelligence: Methodology, Systems, and Applications, 69-79 (Springer, 2014).
5. Zhao, L., Cui, H., Qiu, X., Wang, X. & Wang, J. Sir rumor spreading model in the new media age. Physica A 392, 995-1003 (2013).
6. Rosenthal, S. B,, Twomey, C. R., Hartnett, A. T., Wu, H. S. & Couzin, I. D. Revealing the hidden networks of interaction in mobile
animal groups allows prediction of complex behavioral contagion. Proc. Natl. Acad. Sci. 112, 4690-4695 (2015).
7. Sosna, M. M. et al. Individual and collective encoding of risk in animal groups. Proc. Natl. Acad. Sci. 116, 20556-20561 (2019).
8. Gump, B. B. & Kulik, J. A. Stress, affiliation, and emotional contagion. J. Pers. Soc. Psychol. 72, 305 (1997).
9. Behnke, R. R,, Sawyer, C. R. & King, P. E. Contagion theory and the communication of public speaking state anxiety. Commun.
Educ. 43, 246-251 (1994).
10. Balcan, D. et al. Multiscale mobility networks and the spatial spreading of infectious diseases. Proc. Natl. Acad. Sci. 106, 21484
21489 (2009).
11. Rahmani, P, Peruani, F. & Romanczuk, P. Flocking in complex environments-attention trade-offs in collective information pro-
cessing. PLoS Comput. Biol. 16, 1007697 (2020).
12. Gonzélez, M. & Herrmann, H. Scaling of the propagation of epidemics in a system of mobile agents. Physica A 340, 741-748 (2004).
13. Peruani, F. & Sibona, G. J. Dynamics and steady states in excitable mobile agent systems. Phys. Rev. Lett. 100, 168103 (2008).
14. Peruani, F. & Sibona, G. J. Reaction processes among self-propelled particles. Soft Matter 15, 497-503 (2019).

Scientific Reports |

(2022) 12:2588 | https://doi.org/10.1038/s41598-022-06083-0 nature portfolio


https://github.com/promanczuk/flockingSIR

www.nature.com/scientificreports/

15. Norambuena, A., Valencia, E J. & Guzman-Lastra, E Understanding contagion dynamics through microscopic processes in active
Brownian particles. Sci. Rep. 10, 1-7 (2020).

16. Vicsek, T., Czirdk, A., Ben-Jacob, E., Cohen, I. & Shochet, O. Novel type of phase transition in a system of self-driven particles.
Phys. Rev. Lett. 75,1226 (1995).

17. Chaté, H., Ginelli, F, Grégoire, G. & Raynaud, E. Collective motion of self-propelled particles interacting without cohesion. Phys.
Rev. E77,046113 (2008).

18. Martin-Goémez, A., Levis, D., Diaz-Guilera, A. & Pagonabarraga, I. Collective motion of active brownian particles with polar
alignment. Soft Matter 14, 2610-2618 (2018).

19. Caussin, J.-B. et al. Emergent spatial structures in flocking models: A dynamical system insight. Phys. Rev. Lett. 112, 148102 (2014).

20. Crosato, E., Prokopenko, M. & Spinney, R. E. Irreversibility and emergent structure in active matter. Phys. Rev. E 100, 042613
(2019).

21. Kermack, W. O. & McKendrick, A. G. Contributions to the mathematical theory of epidemics-1. Bull. Math. Biol. 53, 33-55 (1991).

22. Zhao, Y., Ihle, T, Han, Z., Huepe, C. & Romanczuk, P. Phases and homogeneous ordered states in alignment-based self-propelled
particle models. Phys. Rev. E 104, 044605 (2021).

23. Holme, P. & Saramiki, ]. Temporal networks. Phys. Rep. 519, 97-125 (2012).

24. Rodriguez, J. P, Ghanbarnejad, F. & Eguiluz, V. M. Particle velocity controls phase transitions in contagion dynamics. Sci. Rep. 9,
1-9 (2019).

25. Toner, J. & Tu, Y. Flocks, herds, and schools: A quantitative theory of flocking. Phys. Rev. E 58, 4828 (1998).

26. Toner, J., Tu, Y. & Ramaswamy, S. Hydrodynamics and phases of flocks. Ann. Phys. 318, 170-244 (2005).

27. Cates, M. E. & Tailleur, J. Motility-induced phase separation. Annu. Rev. Condens. Matter Phys. 6, 219-244 (2015).

28. Klamser, P. P. & Romanczuk, P. Collective predator evasion: Putting the criticality hypothesis to the test. PLoS Comput. Biol. 17,
1-21. https://doi.org/10.1371/journal.pcbi. 1008832 (2021).

29. Davison, J. Genetic exchange between bacteria in the environment. Plasmid 42, 73-91 (1999).

30. Peruani, F. et al. Collective motion and nonequilibrium cluster formation in colonies of gliding bacteria. Phys. Rev. Lett. 108,
098102 (2012).

31. Chen, X,, Dong, X., Beer, A., Swinney, H. L. & Zhang, H. Scale-invariant correlations in dynamic bacterial clusters. Phys. Rev. Lett.
108, 148101 (2012).

32. Béer, A. et al. A phase diagram for bacterial swarming. Commun. Phys. 3, 1-8 (2020).

33. Mazaheri Nezhad Fard, R., Barton, M. & Heuzenroeder, M. Bacteriophage-mediated transduction of antibiotic resistance in
enterococci. Lett. Appl. Microbiol. 52, 559-564 (2011).

34. Muniesa Pérez, M. T., Colomer-Lluch, M. & Jofrei Torroella, j. Potential impact of environmental bacteriophages in spreading
antibiotic resistance genes. Future Microbiol. 8,739-751 (2013).

35. Sundaresan, S. R., Fischhoff, I. R., Dushoff, J. & Rubenstein, D. I. Network metrics reveal differences in social organization between
two fission-fusion species, Grevy’s zebra and Onager. Oecologia 151, 140-149 (2007).

36. Silk, M. J., Croft, D. P., Tregenza, T. & Bearhop, S. The importance of fission-fusion social group dynamics in birds. Ibis 156,
701-715 (2014).

37. Bierbach, D. et al. An interaction mechanism for the maintenance of fission-fusion dynamics under different individual densities.
Peer] 8, €8974 (2020).

38. Levis, D., Diaz-Guilera, A., Pagonabarraga, I. & Starnini, M. Flocking-enhanced social contagion. Phys. Rev. Res. 2, 032056 (2020).

Acknowledgements

YZ is grateful for the financial support from the China Scholarship Council (CSC). PR and YZ acknowledge
funding by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) through the Emmy
Noether Program—RO 4766/2-1 and under Germany’s Excellence Strategy-EXC 2002/1 “Science of Intelli-
gence’—Project Number 390523135. The work of CH was partially funded by CHuepe Labs Inc and by Grant
62213 from the John Templeton Foundation.

Author contributions
PR., C.H., Y.Z. conceived the model and the numerical experiments, Y.Z. conducted the simulations, All authors
analysed the results, wrote and reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-06083-0.

Correspondence and requests for materials should be addressed to P.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:2588 | https://doi.org/10.1038/s41598-022-06083-0 nature portfolio


https://doi.org/10.1371/journal.pcbi.1008832
https://doi.org/10.1038/s41598-022-06083-0
https://doi.org/10.1038/s41598-022-06083-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:2588 | https://doi.org/10.1038/s41598-022-06083-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Contagion dynamics in self-organized systems of self-propelled agents
	Results
	Contagion effectiveness. 
	Analysis of the contagion process in different collective states. 
	Disordered states. 
	Ordered homogeneous state. 
	Ordered band state. 
	Ordered clustered state. 


	Discussion and conclusions
	Methods
	Individual-based model. 
	Dimensionless parameters. 
	Macroscopic state variables. 
	Numerical simulations. 

	References
	Acknowledgements




