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Multiscale feedback drives viral evolution and epidemic dynamics
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We introduce a minimal multiscale framework that links within-host virus dynamics to population-level
susceptible-infectious-recovered-susceptible (SIRS) epidemiology through explicit, bidirectional coupling. At
the microscopic layer, a two-variant quasispecies (master and mutant genomes with packaged virions) evolves
on a fast timescale. At the macroscopic layer, two infectious classes (master- and mutant-infected), susceptible,
recovered, and deceased individuals evolve slowly. The two scales are connected through transmission rates that
depend on instantaneous virion abundance and through prevalence-weighted effective replication rates. Exploit-
ing the timescale separation, we formalize a coarse-grained slow-fast closure: The genome-virion subsystem
rapidly relaxes to quasisteady states that parametrize time-varying transmission in the slow epidemiological
system. This yields an integrated expression for the basic reproduction number and sharp inequalities that
delineate coexistence versus exclusion. A key prediction is a context-dependent error threshold that shifts
with the prevalence ratio, enabling transient pseudo-error catastrophes driven by epidemic composition rather
than intrinsic fidelity. Linearization reveals parameter regions with damped oscillations arising solely from
the microscopic-macroscopic feedback. Two illustrative extremes bracket the model’s behavior: An avirulent
strongly immunizing strain that benignly replaces the master, and a hypervirulent weakly immunizing strain that
self-limits via host depletion and collapses transmission. This framework yields testable signatures linking viral
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load, incidence, and within-host composition.
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I. INTRODUCTION

Viruses infect every form of life, from viruses and mi-
crobes to plants and animals. Most coexist with their hosts, but
spillovers into new hosts can cause disease and reduce host
fitness. At the same time, viruses can drive host innovations
(e.g., Refs. [1,2]). Viral biology is studied across multiple
scales: molecular virologists dissect replication, pathogenesis,
and antiviral defenses within cells; clinicians focus on indi-
viduals; and ecologists and epidemiologists track incidence,
transmission, and ecosystem-level impacts. Accordingly, what
constitutes the “host” (cell or tissue, individual or population,
and ecosystem) and the operative “viral unit” (mutant swarms
within individuals, infected hosts in ecological studies, or evo-
lutionary lineages in phylogeography) shifts with scale. Yet
the ultimate host is the cell, where viral genes are expressed,
replication organelles form, genomes and proteins are synthe-
sized, host defenses are countered, particles assemble, and in-
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fection spreads to neighboring cells, tissues, new hosts, and ul-
timately through populations and ecosystems. Selective pres-
sures also differ across scales: Rapid replication may confer
an advantage within hosts but prove suboptimal for between-
host transmission [3]. Thus, although the qualitative link
between within-host infection dynamics and population-level
transmission is widely acknowledged, a comprehensive, quan-
titative framework that integrates these scales remains lacking.

As complex dynamical systems, viruses can exhibit phase
transitions involving abrupt changes in dynamical behavior
or internal structure [4]. At the molecular level, critical phe-
nomena are exemplified by the error threshold associated
with highly mutagenic replication of viral genomes [5,6]. At
the epidemiological level, the spread of viral diseases across
heterogeneous contact networks displays complex dynamical
behavior and phase transitions associated with the existence
of highly connected hubs [7,8]. So far, models connecting
phase transitions across biological scales deserve further ex-
ploration. In particular, no comprehensive framework has yet
been developed to investigate whether transitions at one level
may result from the dynamical properties of the lower levels.

There have been few attempts to model multiscale
selection in viruses. Existing studies have treated between-
host transmissions as a function of within-host replication
parameters [9-15], or tissue and organ colonization as
an extension of within-cell replication processes and their

Published by the American Physical Society
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interaction with host factors [16—18]. Unfortunately, the
former models usually neglect the inherent within-host com-
plexity, while the latter rarely extend beyond individual tissues
or single hosts. Modeling multiscale processes in full mech-
anistic detail is therefore unfeasible. One alternative is to
extract the essential features of lower-scale models to embed
them into higher-scale descriptions [10]. An approach that has
been successfully taken is to separate timescales, which en-
ables the construction of effective reduced models that operate
at distinct biological scales.

Predicting when a viral mutant genotype will rise to
dominance and potentially trigger an epidemic is a critical
challenge. This problem inherently involves two scales: a mi-
croscopic scale, at which a mutant genome is generated from
a master sequence, and a macroscopic, or population scale,
at which the new virus must sustain a transmission chain to
remain in circulation and outcompete existing strains. At the
microscopic level, quasispecies theory provides a dynamical
description of replicator evolution under mutation selection
[5,19]. Within this framework, a quasispecies is understood as
a structured distribution of closely related variants maintained
by the balance between mutation and selection, rather than a
single dominant genotype [20]. In this sense, selection acts
on the population as a whole, shaping the collective compo-
sition of variants rather than favoring an individual sequence
in isolation. A fundamental result of quasispecies theory is
the existence of an error threshold, beyond which mutation
dominates over selection and the population delocalizes in
sequence space, preventing the stable maintenance of genetic
information [5,6,19]. This threshold has been experimentally
identified in RNA viruses [21] and has been proposed to
operate in hepatitis C virus-infected patients through replica-
tive, rather than mutational, thresholds [22]. At the population
level, a range of epidemiological models describes viral trans-
mission in terms of biologically meaningful parameters, with
the susceptible-infectious-recovered (SIR) model and its vari-
ants being among the most fundamental.

These two scales are deeply interconnected. Evolution-
ary pressures acting on viral populations may depend on
macroscopic factors such as host availability, population im-
munity, transmission opportunities, or behavioral changes,
while the epidemiological success of a variant depends
on microscopic properties such as replication rate, muta-
tion rate, and within-host viral production. The COVID-19
pandemic provides a clear example of this coupling, with co-
circulating SARS-CoV-2 variants emerging through random
mutation and spreading under the combined action of bio-
logical, epidemiological, and social selection pressures [23].
Understanding variant emergence and competition therefore
requires a framework able to connect intracellular viral dy-
namics with population-level transmission.

In this work, we propose a multiscale modeling approach
that integrates known intracellular replication dynamics with
macroscopic population-level transmission. Our objective is
to better understand the characteristics a mutant virus must
possess to become dominant, potentially replacing the master
sequence entirely. The link between both scales has been
explicitly made by expressing the macroscopic transmission
rates as a function of the number of viral particles produced
in infected cells. In addition, we explore how population-level

processes can drive the extinction of specific viral strains and
how intracellular dynamics can trigger nontrivial epidemic
events.

Among our findings, we present a formulation for the basic
reproduction number, R, that incorporates parameters from
both scales, thereby providing a more comprehensive mea-
sure of viral fitness. Among the many scenarios that can be
analyzed within our framework, we illustrate two extremes
along a continuum: an avirulent virus with rapid recovery that
induces temporal immunity (i.e., a vaccinelike virus) and a hy-
pervirulent virus with slow recovery (i.e., a burnout virus). In
the first scenario, the master sequence is replaced by the aviru-
lent mutant, which persists at a high incidence in the host pop-
ulation. In the second scenario, all infected individuals eventu-
ally die, extinguishing the infection, leaving only susceptible
individuals in the population. Together, these examples show
how coupling microscopic mutation-selection dynamics with
macroscopic transmission can generate qualitatively differ-
ent epidemic regimes and provide a minimal framework for
studying viral emergence across biological scales.

II. MULTISCALE MATHEMATICAL MODEL

We propose a minimal multiscale model that links within-
host and population dynamics: A quasispecies module de-
scribing mutation from a master to a single dominant mutant
genome within an average host is coupled to a two-strain
susceptible-infectious-recovered-susceptible (SIRS) system
that distinguishes individuals infected by each variant. Here,
multiscale denotes the coupling of processes across distinct
levels of biological organization (within host and between
host), which is translated in our model into a separation of
characteristic timescales. This usage is well established in
infectious disease modeling and evolutionary epidemiology
[10,24,25]. For analytical clarity, mutation is assumed to be
unidirectional (no reverse mutation or lineage diversification).
This is a common assumption in quasispecies models: The
probability of backward mutations is extremely low due to
the enormous size of the sequence space [26]. The model
comprises two layers and two timescales (Fig. 1): A fast
microscopic layer tracking genome and virion abundances for
the master (go, vg) and for the averaged mutant (g;, v;), and
a slow macroscopic SIRS layer with infectious classes Iy and
I;; no inflow of susceptible individuals is included. The ratio
between their respective characteristic timescales is set by the
parameter €. This is a classical multiscale approach and has
been extensively employed in biological modeling to describe
systems with fast and slow dynamics [27]. The layers are bidi-
rectionally coupled: Transmission rates in the SIRS module
depend on the virion distribution, while key microscopic pa-
rameters are modulated by the current epidemiological state.
Despite its idealization, this framework captures the emer-
gence, competition, and replacement of dominant variants and
clarifies conditions that favor the rise of strains. The detailed
models at each level are as follows:

(1) Microscopic level. At the genome’s level, the model
follows a variant of the Swetina-Schuster quasispecies ap-
proach [28]:

£go = fo(1 — pu)vogo — Pgo, (D

eg1 = fouvogo + fivigr — Pgi, )
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FIG. 1. Schematic representation of the multiscale model (left) and summary of the associated parameters (right). Microscopic variables
include the master and mutated genomes (go, g;) and their corresponding virions (vy, v;), while macroscopic variables comprise susceptible

(8), infected (I, I), recovered (R), and deceased (D) individuals.

where gy and g; are the master and the pool of mutant
genomes respectively, fo > f; > 0 are their fitness rates, and
0 < p < 1 is the mutation probability. The parameter ¢ > 0
is assumed to be small [29]. Moreover, being Iy and I; the
prevalence of two different types of infectious individuals, we
denote by

Iy
I+ 1

v 1% 1 ,1 ———
1 10 1 IO Il

and

vo = vo(lo, I1) =

it (I, 1)) #(0,0), (3)
and O otherwise, the relative prevalence of I; with respect
to the total infected individuals Iy + I;. Since, in our case,
all the infectious individuals arise from these two types, it
follows that v; = 1 — vy, except when [y = I} = 0, in which
Vo=V = 0.

The function @ in Egs. (1) and (2) is the standard outflow
term introduced to keep the total population of genomes,
8o + g1, constant. In this scenario, this is given by

81
+ fivi

80
@ = fovo .
8o+ &1 8o+ &1

If we take g¢, g1 such that go(0) + £1(0) = 1 (so, we will talk
about frequencies), this function becomes

® = fovogo + fivigr

and hence go(t) + g;(¢t) =1 Vr > 0. This will be assumed
along this work. Whenever both infected populations Iy, [;
simultaneously vanish (total virus extinction), the system (1)
and (2) becomes gy = 0, eg; = 0.

It is well known in quasispecies theory that the existence
of the so-called critical mutation driving the system into error
catastrophe, a value for u beyond which the master sequence
disappears and only mutants persist [4—6]. In our case, it is

given [30] by
i)
c=1- — =1}, 4
g % “

only defined for Iy > O (otherwise gy cannot replicate). The
terms vy and v; connect the microscopic to the macroscopic
layers by incorporating the assumption that infected individ-
uals become a necessary substrate for the replication of viral
genomes. The fitness rates are modulated by the fraction of
infected individuals of each type.

Concerning the virion’s layer, we consider

&)
(6)

where vy and v; are the corresponding virions for the genomes
go and gj, respectively, & ; > O denote their encapsidation
constants, and yp; > 0 denote their degradation rates.
Notice, for the genome’s and virion’s systems, the inclu-
sion of the small parameter ¢ > 0 that makes the microscopic
level to evolve much faster in time than its counterpart macro-
scopic one (see below). This leads to a two-timescale model.
(2) Macroscopic level. This is defined as an SIRS epidemi-
ological model with feedback with the microscopic layer. The
variables § stands for susceptible individuals, /; for infected
[33] by virions’ type v; (j = 0, 1), R for recovered, and D for
dead. The model does not include coinfection by the master
and mutant strains, nor any conversion of infected individuals
between the classes Iy and I;. Precisely, this model reads

evo = 080 — Yovo,

ev; = &181 — v,

S = —(Boolo + Porlo + B1111)S + xR, (7)
Iy = BooloS — (o + 80)lo. ®)
I = (Borlo + B11l1)S — (my + 8D, )
R = moly + m 1) — xR, (10)
D = 8ol + 8111, (11)

where &y; denote the viral-induced mortality rates, g ; the
recovery rates, and the infection rates Byg, Boi, B11 that will
connect the micro- and macroscopic levels (see below) being
functions of the viral composition, which itself depends on
the epidemiological state. The parameter y > 0 is the waning
immunity rate; it is assumed (for simplicity) to be the same
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for both type of viruses (master and its mutant). The absence
of the small parameter ¢ makes this macroscopic system slow
in comparison with the microscopic level.

Observe that S+Ip+I, +R+D =0 and so S(t)+
Io(t) + 1I;(t) + R(t) + D(¢) is a first integral of the system
(7)—=(11). This implies that S(z)+ Ilo(z) + () + R() +
D(t) = S(0) + 1p(0) + 1;(0) + R(0) + D(0), for any ¢ > 0. It
is not a loss of generality to assume this value equal to 1 and so
consider the variables S, Iy, I, R, and D to represent fractions
of the total (invariant) population.

Multiscale coupling between microscopic
and macroscopic dynamics

The coupling between microscopic and macroscopic levels
in our model arises through the construction of key parameters
that bridge the two scales. We propose the following bidirec-
tional connections:

(1) From microscopic to macroscopic dynamics via trans-
mission rates. A connection from the intrahost to the
population level is established through the transmission rates,
denoted by B;;(v;(¢)). These rates quantify the efficiency with
which an individual infected with variant i transmits the infec-
tion to a susceptible individual, who subsequently develops an
infection caused by variant j. Crucially, we assume that these
rates depend on the instantaneous concentration of virions,
v;(t), associated with each viral variant [34]. This dependence
is modeled using a hyperboliclike function, which captures the
saturating nature of transmission dynamics with increasing
viral load.

To account for the different infection pathways, we define
three [37] distinct transmission rates:

(a) Boo(vg): Transmission from a master-infected indi-
vidual leading to a new master infection.

(b) Bo1(vy): Transmission from a master-infected indi-
vidual leading to a new mutant infection.

(¢) Bi1(vy): Transmission from a mutant-infected indi-
vidual leading to a new mutant infection.

To estimate the effective availability of mutant virions v,
within the population, we assume a proportional distribution
of v; between the two types of infected individuals. Specifi-
cally, we define
fj

v(j) )
! Iy + I

= v X = V1V;.
This assumption reflects the idea that the total mutant viral
load is partitioned among infected individuals proportion-
ally to their prevalence. Furthermore, these expressions then
inform the variant-specific transmission terms used in the
population-level model.

The transmission rates are assumed to follow a saturation
function of the form

Boo = Buo(vo) =~ By = ot (v)) = ot
= v = . = v = -,
00 00(v0) = 7= 01 01(v1 R
apviv ar(1 —vo)v

= v = - 3
B = Bri(vr) T S p—
with constants ag | > 0, by > 0, and vg = v(lp, I;) as de-
fined in Eq. (3). Biologically, ap; represents the contagion
potential (i.e., the maximum value of the transmission rate

function) and by ; represents the characteristic viral load at
which the contagion rate reaches half of its maximal value.
The terms vov; and vyv; in Bop, B represent the fractions
of mutant virions produced within master-infected individuals
and mutant-infected individuals, respectively. This splitting is
a mean-field closure: Instead of introducing separate micro-
scopic viral populations for each infected class, their effective
contributions are represented by averaged quantities weighted
by the prevalence ratios vy and v;. Accordingly, the depen-
dence of the transmission coefficients on the epidemiological
state should be interpreted as an aggregate approximation of
viral composition.

(2) Macroscopic to microscopic levels via prevalence.
Conversely, to represent how population-level dynamics in-
fluence viral evolution at the intracellular scale, we modulate
the replicative fitness of each variant based on the relative
abundance of host types in the population. Since infected
individuals act as the primary replication environment for the
virus, the availability of hosts directly affects the success of
the variants. Although mutant virions may replicate to some
extent in individuals originally infected with the master vari-
ant, for simplicity, we assume that each viral variant replicates
predominantly within its corresponding host type. Thus, the
replicative fitness parameters are defined as functions of the
current population state:

Fo) = fo x —2O__ iy fo,
X SO+ 1h©

_hw =v@)fi =0 =w@)f
o+ 0 — T
where fy and f; are the baseline fitness values for the master
and mutant variants, respectively. These bidirectional links en-
able the model to capture feedback loops between within-host
dynamics and between-host transmission, offering insights
into how selective pressures at one scale shape dynamics at
the other.

It is important to note that, in this framework, the term
“multiscale” refers not only to interactions between biological
levels (intracellular and population) but also to the separation
of timescales between them. Specifically, we assume that
microscopic (within-host) dynamics occur on a much faster
timescale than macroscopic (population-level) dynamics.

Regarding notation, from this point onward we denote
v =1y and, consequently, v; = 1 — vy = 1 — v. This conven-
tion fails only in the special case Iy = I} = 0, for which
vo =v; =0. This case is explicitly addressed at the appropri-
ate point in the analysis.

fit) = fi x

III. RESULTS AND DISCUSSION
A. Equilibrium points

We begin by computing the equilibrium points of systems
(1), (2), (5), (6), and (7)—(11). Together with other invariant
objects, these equilibria constitute the dynamical skeleton of
the system and fully determine its dynamics. Their analysis
is therefore essential for understanding the possible long-
term regimes of the model, identifying which viral strains
may persist or disappear, and clarifying how the coupling
between microscopic mutation dynamics and macroscopic
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epidemiological processes shapes the global behavior of the
system. Henceforth, we assume that the virions encapsidation
and degradation rates are positive, i.e., §,; > 0 and yp; > 0,
and that p € (0, 1] (i.e., there is always g; production due to
errors in g replication).

The different classes of equilibrium points are classified
according to the type (if any) of infected individuals that
remain

(1) DFE: disease-free equilibrium, when Iy = I} = 0.

(2) NME: equilibrium with no master-infected individuals,
I() = 0, Vi 1> 0.

(3) NmutE: equilibrium with no mutant-infected individu-
als, Iy > Oand I; = 0.

(4) CSE: cocirculating strains equilibrium, with Iy > 0,
11 > 0.

Notice this is a macroscopic-level criterion, defined from
an epidemiological perspective. The explicit expressions of
such equilibria are provided in the following propositions.
To ease the reading, their proofs have been deferred to
Appendix A.

We also impose the following assumptions on model pa-
rameters to restrict the range of feasible scenarios:

(1) Microscopic system: p e (0,11 and fy > f1 >0
(genomes); &1 = 0 and yp; > O (virions).

(2) Macroscopic system: ap,; =0, by >0, 8,1 =0,
1.1 = 0, and x > 0 (individuals).

The link between the relative prevalence v(ly, ;) and the
critical mutation probability . derives into a close connection
between the microscopic and macroscopic equilibrium points.
Namely, let us assume (I, I]') # (0, 0) being /-equilibrium
infected populations of system (7)—(11). Denoted by v* =
vy = vy, I}) € (0, 1), as defined in Eq. (3), the correspond-
ing relative prevalence of I with respect to I + I}, and by p%
its critical mutation rate [see Eq. (4)]:

W= —ﬁ(i—l) (12)

Recall that this value p} determines the survival of the master
strain or the dominance of the mutant. Their steady states are
strongly related to the difference between the current mutation
rate p and this critical threshold u?. The following lemma
specifies the form of these microscopic equilibrium points. It
will be taken into account to determine the complete sets of
equilibria discussed afterward.

Lemma I (macroscopic to microscopic equilibrium points).
Let I}, If be equilibrium points of the macroscopic
system above. Then, their associated genome-virion
equilibrium points take the following form:

(1) * * * * I w 50*51*

Qs -”:(g,g;v,v)=< ——, =80 —& |

mic 0281270 ¥1 sz /L: Yo 0 Vi 1
if0<p<pl,

(80, 815 V05 VT) = (O, 1;0, i—l) ifpu, <p <L
1

The full set of equilibrium points of the coupled system (that
is, the points of type DFE, NME, NmutE, and CSE defined

above) is characterized in the following propositions. Their
microscopic and macroscopic expressions are determined and
necessary feasibility conditions are explicitly stated.

The first result refers to the existence and form of the DFE
points. These equilibrium points correspond to the lack of
infection in the macroscopic system: no individuals remain
infected by either the master or the mutant strain. Recall that
in this case, vy = vi = 0.

Proposition 1 (Disease-free equilibrium points). Let us as-
sume an equilibrium point satisfying that Ij = I = 0. Then,
the microscopic equilibria take the form

& &
QSyic: (805 &1, Vo, V1) = (go, 1 —go, —go, —(1—go) ),
Yo Vi

for arbitrary go, g; such that gy + g; = 1. Concerning the
macroscopic equilibrium point, it is of the form

(Svl*all*aR’D) X (80,81 5 V0, U]) = (Sv 05 O,R,D) X QSmiC’

where R = 0 if there is no permanent immunity (i.e., x > 0)
or R > 0, otherwise. In all cases, S+ R+ D = 1.

As a general notation rule along this section, concrete
equilibrium values will be accompanied by an asterisk, for
instance 1;-‘, g’;, ...; while variables without it, R, D, S, ...,
will correspond to arbitrary values, restricted always, to the
total “mass” being equal to 1.

The second type of equilibrium points, denoted by NME,
describes a situation in which the mutant population dom-
inates at the macroscopic level, with no presence of the
master-infected population. As shown in the following propo-
sition, such equilibria are feasible only if mutant-induced
mortality vanishes, so that individuals in /; do not die. The
resulting macroscopic and microscopic steady-state values
are then determined by the waning immunity rate x and the
transmission rate 8.

Proposition 2 (No master equilibrium points). Equilib-
rium points with no master-infected individuals and surviving
mutant-infected individuals, i.e., IJ = 0, I] > 0, exist if and
only if there is no mutant-induced mortality, §; = 0. More-
over, the microscopic system at equilibrium falls into one of
the following two cases:

* ok ok EO
str(l)i)c:(gnglvv()sU]): (1701_,0 or
Yo
S(”'****—Oloé
Q miC'(gO’gl’v()’v])_ s 1y Uy " .

The complete equilibrium set must belong to one of the fol-
lowing cases:

(1) Case x > 0, waning immunity: They are two possible
scenarios, according to the value of the mutant transmission
rate 8.

(a) If B11 > 0, they are given by

(S*,I;, I}, R*, D*) x (g5, &1 s V5 v})

b4 T
= (ﬂ—lll,o, Iy, %1;‘,1)*) x QS

(b) If B11 =0, then necessarily the mutant recovery
rate must also vanish, ; = 0, and the equilibria are of the
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form

(S* I, I, R*, D*) x (g, &15 v, v))
</311 0, If, 111*,D*) x Qs

with arbitrary S and D.

(2) Case y =0, permanent immunity: In this situation,
equilibria exist only if there is no mutant recovery rate, w; = 0.
Like in the previous case (1), their form depends on the trans-
mission rate B1;. Namely,

(@ If B >0

(8", 15, It , R, D) x (g, &) 5 V5> V7)
= (0,017, R, D) x {QS{) . QS l,

mic mic

with arbitrary R and D.
(®) If =0

(S, ;. IT, R, D) x (g5, 815 v5- v7)
= (5,0,11, R, D)x{QS, QS iffa; =0or g =0

mic’ mic }

with arbitrary S, R, and D.

Recall that, in all cases, the sum of the variables must be
equal to 1.

The case of equilibrium points of type NmutE shows, in
some sense, the symmetric situation to the latter. In this frame-
work, the master strain infection dominates (at macroscopic
level) and mutant-infected individuals disappear. As in the
previous proposition, a key point is the necessary and suffi-
cient condition for the master strain of not being lethal. The
variety of possible macroscopic steady states is given by the
waning immunity rate x and the transmission rates By, Boi-
On the other side, the microscopic equilibrium depends on the
value of the mutation probability u € (0, 1].

Proposition 3 (No mutant equilibrium points). An equi-
librium point with I > 0, I} = 0, that is, with no mutant-
infected individuals and survival master-infected individuals,
exists if and only if the master induced mortality vanishes
8o =0.

If so, the corresponding microscopic equilibria are of the
form

* * * * S
QSi: (g5, 855 v, v]) = (0 1,0, 2L

Y1
or

ngﬁ (go,gl;vo,vl)z( — W, M,—O(l— ), V_II/L

O0<u<l,

and the equilibria of the macroscopic system must fall into
one of the following cases:

(1) Case x > 0, waning immunity. There are four different
scenarios according to the value of the transmission rates Sy
and Bo;:

(a) If Boo = 0 and By; > 0, then it follows that, neces-
sarily, the master recovery rate must vanish, my = 0; the
macroscopic equilibrium point takes the form

(S*algall*aR*ﬂD*) = (Oalga 07 0’ 1 _I(;k)

(b) If Byp > 0 and By; = 0, then the macroscopic equi-
librium reads

(8%, Iy, IT, R*, D*)

( 10@1*1—3—1(1+@>>
,300 0’ ’X 0’ Boo 0 X '

* = ﬂo/ﬁoo
with 0 < [§ =

(c) If ,300 >0 and Bo1 > 0, it follows that 7y = 0 and
the macroscopic equilibrium is

(S*, I IF, R*, D¥) = (0,15,0,0, 1 — I}).

(d) If Boo =0 and By; = 0, then, again, necessarily
1y = 0; the macroscopic equilibrium has the expression

(S, 5, If,R,D) = (S,1;,0,0, D), with arbitrary S and D.

(2) Case x =0, permanent immunity: It necessarily im-
plies the master recovery rate to vanish, wy = 0. This, in its
turn, is divided into four cases, since their microscopic states
at equilibrium might differ. They depend on the transmission
rates Boo and Bo .

(@ If Boo = Bo1 = O, then

S, 5, I ,R,D) = (S,I;,0,R, D),
with arbitrary S, R, and D.

(b) Otherwise, they take the form
(S*. I;.I{,R,D) = (0, I;,0,R, D),
with arbitrary R and D.

The corresponding macroscopic and microscopic steady-state
solutions are linked through compatibility conditions imposed
between both systems. In our particular case, these constraints
depend on the value of By and By as follows:

(i) If Boo = 0, then either ay = 0 or vj = 0. The latter may
occur either because &, = 0 or g = 0, which in turn implies

w = 1 in the microscopic equilibrium QSfr’flg

(i) If Bo1 =0, then either a; = 0 or v} = 0. The second
case implies either £ = 0 or g} = 0, which is only possible in
the extreme case u = 0 (see Sec. III E).

(iii) The case By > 0 never applies, since it necessarily
requires that vy > 0, which is incompatible with the micro-

scopic state QSSI)c

Remark 1. Like in the latter proposition, any full equilib-
rium state emerges from the coupling between the macro-
scopic and microscopic equilibria. They are subjected to
mutual constraints, each one imposing compatibility condi-
tions on the other. The number of admissible configurations
can be substantially reduced by fixing certain parameters in
advance.

And last but not least, the type of equilibrium states in
which both strains, master and mutant, cocirculate. As men-
tioned in the previous remark, in most of their cases, some
micro-macro compatibility conditions have to hold in order to
be real equilibrium points.

Proposition 4 (Cocirculating strains equilibrium points).
Let us consider a cocirculating strains equilibrium point, i.e.,
I > 0 and If > 0. Then, necessarily, both mortality rates
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must vanish, § = §; = 0. If so, the corresponding equilibria
for the microscopic system are of the form

0 w o & . &

QS”.(g,g,v,v)—<——— g0 —8&1 |

mic 0°81°%0 1 Mc MC )/()0)/11
if0<p<pul,

(&5 &1 vp. V) = (O, 1;0, %) ifur <p<l,
1

where p? is given in Eq. (12). Moreover, it follows that the
transmission rates By, and 8, either vanish simultaneously or
are both nonzero. The complete macroscopic and microscopic
equilibria must fall into one of the following cases:
(1) Case x > 0, waning immunity, with two scenarios ac-
cording to the value of the transmission rate Bo:
(a) If Boo = 0, then, necessarily, the master recovery
rate must vanish, ro = 0. Moreover, we have:
(1) If Bo1 > 0, B11 > 0, they are of the form

(S*, I3, I, R*, D) x (g, &5;v5, v)
7'[11* * * Ty * * (M
——— Iy, I{, — I, D" ) x QS .
<ﬁ01]*+,311]* 0 1 X 1 Q mic
(i1) If Bor = B11 = 0, then there must be no mutant
recovery m; = 0, and they are
(S, ;. IT, R, D) x (g5, 815 v v7)

= (S.I.I*,0,D) x QS

mic °’

with arbitrary S, D, and provided QS](L‘]C) satisfies
Bor = Bi1 = 0.
(b) If Byp > 0 and the condition
T > @ﬂo
Boo

holds, then it follows that 8;, > 0 and B}, > 0, and the
equilibrium points take the form

(S, I;, I, R, D) x (g, &1 v, v})
— (7[0 * 13017-[0 *
30, " B — Biymo o
B0
o1 X, D* ) x QS

1
X < o 1:350771 _,3;(1770
(2) Case x =0, permanent immunity. Necessarily, both
strains must have null recovery rate, that is 7y = m; = 0.
Then, several scenarios arise:
(a) If Boo = 0, we have two possible situations:
(1) If Bor > 0, B11 > 0, then the equilibria are of

type

(S*, 15, I, R, D) x (g5, &7 v, v7)

= (0,171, R, D) x QS

mic °’

with arbitrary R, D, and provided that QS%? is compat-
ible with the condition Byy = 0.
(ii) If Bo1 = B11 = 0, they take the form

(S, I5, If , R, D) x (g5, &1 vg» vT)

= (S, It It R, D) x QS

mic ’

with arbitrary S, R, and D, and provided that QSI(]’;Q i
compatible with the conditions By; = f;; = 0.
(b) If Boo > O, then

(8%, 1y, I, R, D) x (g5, &1 vg, v7)
= (0,17, I7, R, D) x QS

mic

with arbitrary R, and D.

Remark 2. Itis easy to see, from equation D= Soly + 6111,
that the only possible scenario admitting—if any—periodic
solutions is when both strains (master and mutant) do not
induce mortality. Indeed, D > 0 and so D increases unless
8o = §; = 0. This is clearly an interesting point to study but it
is out of the scope of this work.

Figure 2 provides a schematic representation of the sys-
tem’s equilibrium structure as a function of the transmission
rates Boo, Boi> P11, and the waning immunity parameter x.
Lines, planes, and prisms are labeled with the corresponding
equilibrium point form they give rise to. Dashed lines mean
“open” in the space of parameters (i.e., they do not include
the boundary).

B. Computation of the basic reproduction number R,

The basic reproduction number Ry is a threshold quantity
that measures the potential for the spread of an infectious
disease. It is usually defined as the average number of
secondary infections generated by a single infectious indi-
vidual introduced into a fully susceptible population (see
Ref. [38] and references therein). The computation of R
provides an equivalent criterion, in terms of the parameters
of the model, for determining the local stability of the DFE
prior to the introduction of the first infectious individual.
In our model [Egs. (7)-(11)], the DFE corresponds to the
state

(S, 1o, 11, R, D) = (5(0),0,0,0,0) = (1,0,0,0,0),

in which the population consists entirely of susceptible in-
dividuals (with no recovered or deceased individuals, as the
disease has not yet emerged).

To compute Ry, we use the so-called next generation
matrix (NGM) method, introduced in Ref. [39]. The NGM
method we use in this work is based on Refs. [40,41].
To this end, we split the variables (S, Iy, I;, R, D) into two
compartments: the disease compartment x = (ly, I;) and the
disease-free compartment y = (S, R, D). We then write the
original system in the form

xi = Fi(x,y) = Vi(x, y),
yi=gixy), j=1,....m, (13)

where F; denotes the inflow of infections in compartment i
and V; the rate of transmissions between compartment i and
other infected compartments. As noted explicitly in Ref. [41],
the decomposition into F and V is not unique and depends
on the biological interpretation of the compartments and on
whether the transitions correspond to infection events or trans-
missions among infected states. In this notation, the DFE is
(0’ B O)~

The required NGM assumptions are checked in
Appendix B. Hence, the linearization of the infected

i=1,...,n,
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DFE NME NmutE CSE
X A X A
b S =R'—0,D"—1-1, >0 v
X X s=0 (4 /\ 50 —
R D =f(1;) >0 £ LR D f(1)>0
R =0
S>>0 Qﬁ N
Kd//\\\\ RID"=f(I})>0 Por ~_ ] ﬁbbfﬁz
) N /§1 1 -
C— S=0
®: arbritrary S, R, D //3()0 [1300 §=0

FIG. 2. Schematic representation of the four different equilibrium points (DFE, NME, NmutE, and CSE) in terms of the parameters
Boos Po1, P11, and x. Dashed lines represent open faces of the prism not included in the corresponding domain. The black dot indicates the

origin.

subsystem at the DFE (0, yg) reads

| o7,
x=F —V)x, where F = a—(O, Y0),
J
aV; ..
VZ_(O’yO)a la.lzl""’n' (14)
ax]'

It was shown in Ref. [39] that the local stability of system
x = F(x,y) — V(x,y) around the DFE (0, yy) is determined
by the linear stability of Eq. (14). Furthermore, the matrix
FV~! is referred to as the next generation matrix. Defining
Ro = p(FV™1), as its spectral radius, the following result
holds: The DFE (0, yy) is locally asymptotically stable if
Ro < 1 and unstable if Ry > 1. In our case, the disease com-
partment satisfies the ordinary differential equation (ODE),

Iy BooSlo > ((YTO + 30)10)
) = = = F(X) — V(X),
<11> (ﬂOISI()-i—,BnSIl (my + 8 ) &)
(15)
and the disease-free subsystem is given by
N —(Boo + Po1)Slo — BuiShH + xR
R|= molo + il — xR = g(X), (16)
D Solo + 811

where X = (S, I, I1, R, D). Consequently, the NGM is

Boo 0
_ —1 __ [ mo+do
K=Fv— = < Boi Bu )

0+30 m+8

and the basic reproduction number is

Boo B
7'[()-f-8()7 T+ 8

Rozp(FV_l)zmax{ },

which corresponds to the maximum between the basic repro-
duction numbers of both viral strains when they are assumed
to occur independently. However, recall that in the DFE case,
Io = I, = 0, we have defined vop = 0 and v; = 0 and therefore

ajvov1(0)

by +vvi(0)
avivi(0) _

b+ (1 —=v)vi(0)

Bor = Bo1(v1(0)) = =0 and

B = Bi11(v1(0)) =

Hence, the basic reproduction number is given by

Boo
o + 8o ’

the same as the one corresponding to the master strain. This
fact agrees with the intuitive idea that at the very starting point
of the epidemics, the role played by the mutant strain is, for a
while, secondary. The quotient Boo/ (7o + &g) represents the
proportion between the infectious Iy inflow (Byo, infection)
and outflow (79 + 8o immunization and death) rates. How-
ever, this criterion only describes the initial stage, when the
viral population is effectively monomorphic. As the epidemic
evolves, mutation and transmission generate a mixture of
strains, and the dynamics can no longer be captured by the
master strain alone. This motivates the study of the condition
for a pandemic growth that extends the inflow-outflow balance
to account for the combined contribution of both strains and
their cross-scale interaction.

Ro=p(FV™') =

a7

C. On the condition for pandemic growth

In analogy with epidemic models based on the instanta-
neous effective reproduction number—often denoted by R,
when it varies in time—the goal of this section is to derive
a condition that ensures pandemic growth and to relate it to
the dynamics of both infected populations. Focusing first on
individuals infected by the master strain, we obtain

Iy = (BooS — (0 + 80))Io,

which leads to the definition of

Boo i
RO =0 g ifl) £0,
t 7o + 50 0 75
where S = S(¢) and
_apuo(t)
P = G T o)

This is the standard definition for the (time) reproduction
number in a one-strain epidemic. It satisfies that I, grows if
and only if /p # 0 and R;O) > 1. We can analogously seek
for a condition of I;-infected individuals. Thus, for I; # 0, it
follows that

I = Borlo + pul)S — (1 + 81)I1 > 0
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is equivalent to R,(l) > 1, for
1 Iy
RY = = S, 18
’ S ﬂmll + Bn (18)

where § = S(t),I; =1;(t), j =0, 1, and
_apou (1) ar(l —vjvi(t)

by + voy (1) by + (1 —v)ui ()’
where recall that we denote vp = v and v{ = 1 — v when
0 < vg < 1. Let us now compare the conditions above with
the one ensuring the growth of the pandemic, whatever the

strain (master or mutant) is causing it. This is equivalent to
impose that Iy + I; > 0. Indeed,

Io+1; = ((Boo + Bolo + Biil1)S — (0 + 80)lo

Bot and B =

—(m 46 >0
& G = (mo+ 8)h(R” — 1)
+(m + 8L (R — 1) > 0. (19)

Notice that the terms (w; +§;)I;, for j =0, 1, in the ex-
pression (19) above correspond to the outflow (either by
immunization or death) of infectious population density /;. If
we denote by

09 = (; +8)I;(1), j=0,1,

the outflow rate at time ¢ of /;, then G, > 0 is equivalent to
G =0PR” -1)+O0"(R" ~1)>0. (20)
Remark 3. Let us denote by

RV = P g,

) —— (1)
the corresponding R; value of a pandemic driven uniquely by
the mutant variant (v;, and so I; only). From Eq. (18) and the

expression above, it turns out that

RO = Bor I + R,
m+ 681 1y

which relates the R, values of a v; mutant-driven pandemic

when I; acts alone, i.e., R,“), and when it comes from a

mutation/competition relation with its master virus sequence,

i.e., Rfl). Notice that

RO bl

gy Py
R B I

being, therefore
R > R,

both of them computed assuming the same quantity S(¢) of
susceptible individuals at time 7.

D. Case of interest 1: A vaccinelike viral strain

One illustrative scenario chosen to demonstrate the appli-
cability of the model concerns the emergence of a mutant
strain that elicits a faster recovery than its master strain,
i.e., my > 1o, while both strains are nonlethal (§o = §; = 0).
Several real examples fall within this vaccinelike regime.
The best-documented case is Sabine’s live attenuated oral
poliovirus vaccine type 2 (OPV2), which replicates in the gut,

induces strong mucosal immunity, and can secondarily spread
to close contacts, thereby boosting herd immunity [42,43].
This example maps directly onto our case assumptions: low
81, high m;, and transmission rates tied to fecal viral load,
such that larger v; drives f; toward saturation. OPV’s historic
impact stems from this benign circulation, tempered by the
rare risk of genetic reversion to circulating vaccine-derived
poliovirus—exactly the mutation-selection tension our frame-
work captures via p.(v). From 2021 to 2025, Novel OPV2
(nOPV2) was deployed at scale to preserve OPV’s mucosal
and transmission benefits while improving genetic stability.
Field and laboratory data show substantially fewer emer-
gences than OPV2, consistent with an avirulent, strongly
immunizing agent that can circulate without appreciable mor-
tality, squarely “vaccinelike” [44].

A second example is the live-attenuated rotavirus vac-
cines. They are shed in stool following the first dose, and
although documented transmission to contacts is uncommon,
it can confer indirect protection [45]. Recent studies link shed-
ding to seroconversion, and surveillance data report very low
transmission without symptomatic disease in exposed infants
[46], again matching high m;, §; & 0, and a typically low-
to-moderate, short lived B;;(v;) as the recovered population
accumulates.

The assumptions 7y > mp and §o = §; = 0 allow, in princi-
ple (Sec. III A), the existence of all four types of steady states:
DFE, NME, NmutE, and CSE equilibria. Another direct im-
plication of §y = §; = 0 is that D= dolo + 611, = 0 and so
D is a first integral. Recall that the total mass S + Iy + I} +
R + D is also a first integral of the macroscopic system. Since
it is expected that, at the beginning of the process, D(0) = 0,
henceforth it will be assumed that D(¢) = 0 V¢ > 0 and D will
be excluded from further analysis.

For a first numerical exploration, we have conveniently
fixed the following parameters:

JT():O.S, fo: 1,
bp=0.1, & =1,

with §o = 8; = 0 and the ratio between the slow and fast
timescales equal to ¢ = 0.01. For values of the recovery rate
m > 7y, the mutant fitness fj, the maximal potential thresh-
old for By; and B, and the master’s mutation error i, ranging
in suitable intervals, we compute the w-limit of the trajectory
starting with initial conditions

(S, 1o, I, R, D) x (8o, g15 Vo, V1)
=(1-10"%107%,0,0,0) x (1,0;0,0).  (22)

& =2,
y1 =0.5,

X = 2, Yo = 08,

ap =4, by =0.1, (21)

Along the paper, we will refer to the solution with these initial
conditions (i.c.) as the principal trajectory. According to the
type of equilibrium point reached (its w-limit), for any choice
of the latter parameters, we paint [Fig. 3(a)] the corresponding
point in the parameter’s space with colors: NME, DFE, and
CSE. In Fig. 3(b), the time evolution of the macroscopic
and microscopic variables, respectively, for three particular
choices of these parameters is shown. To analyze the varia-
tion of the w limit (and its time evolution) of this principal
trajectory in terms of the mutant recovery m;, we fix the rest
of parameters as a; = 6, fj = 0.2, and u = 0.675.

Figure 3 suggests the following points to investigate in
terms of m;: (1) the existence of equilibrium points and their
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FIG. 3. (a) w limits of the principal trajectory with i.c. (22) and fixed parameters (21) for three different combinations of parameters. Each
point of the plot is colored according to the type of equilibrium reached: NME, DFE, and CSE. The first and second panels correspond to
a; = 6, while the third one fixes u = 0.675. These, together with f; = 0.2, will be the nominal values employed for the case study. They are
highlighted in the plots using solid white lines to facilitate visual reference. (b) Time evolution of the macroscopic and microscopic variables

for three scenarios, highlighted in the upper panel. Each simulation illustrates convergence toward a different equilibrium.

types; (2) their local stability and multistability scenarios, and,
when possible, (3) to find out mechanisms underlying changes
in the w limit of the principal trajectory with i.c. (22).

1. Equilibrium points

The existence and expression of these equilibria follow
from the propositions in Sec. III A. Further analysis will show
how variations in the host immune response (encoded in the
value of 1) influence their behavior. We will particularly be
concerned with the possibility of cocirculation of both the
master and the mutant viral strains. Recall that D = 0 will
always be assumed. Thus, regarding the equilibrium points in
this particular case, it follows that

(1) Disease-free equilibrium. They are of the form

DFE: (S*, I;, I, R*, D*) x (g5, &}, v5. v})

=(1,0,0,0,0) x (go,l—go, Dot La—gh).
Yo Y1

for g € [0, 1]. However, they represent a segment in the full
system space, and so there are infinitely many of them; in
terms of the macroscopic equilibrium, they correspond to the
same steady state ($*, 1§, I, R*, D*) = (1,0, 0, 0).

(2) No master equilibrium. From Proposition 2, the only
microscopic equilibrium is given by (go, g1) = (0, 1), which,
in its turn, yields to

&
4 Vi

T
b1+yl1

(v07 Ul) = (07 %) and .300 = 07 ,301 = 07 ﬂll =

From the expression for the /; equilibrium, the following
constraint is derived:

Ty

% I T
If' = —— 0,1 1——>0
1 T o €0, 1)= ,311> =1 < Bu
a1&;
< —,
! by +&
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which in our particular case reads 7y < 40/7. If such condi-
tion holds, the expression for the unique NME equilibrium is

NME: (S*, I}, I}, R*, D*) x (g, &15 v, v])

Ty -3t m  1—5 &
= ) Ov é[l] , — X ‘73.[1] 5 O (O 1 0 )
B I+ x 1+ I
(3) No mutant equilibrium. There are no equilibrium points

of this type. Briefly, the only possible microscopic solutions
(g0, 81) = (1 — p, w) with 0 < pu < I'lead to

(vo, V1) = (S_o(] —u), i,u) and

5 ao (1= 1) p a B — 0
00 = —7 01 = 7 & 11 =Y.
b()+f/—‘(’)(1—u) b1+%,u

From the third equation of the macroscopic system, fy11pS =
0, it turns out that either § = 0 or Bg; = 0 (i.e., a; = 0). The
first of both cases, S = 0, does not lead to any equilibrium
solution since it leads to myly = 0, which is not possible. On
the other hand, from the third equation of the macroscopic sys-
tem, Bo1lpS = 0, it follows that either § = 0 or By; = 0. The
first case, § = 0, implies again that Iy = 0, a contradiction.
The second case is only possible if a; = 0 (a nontransmissible
mutant), which is not the case under consideration.

(4) Cocirculating strains equilibrium. This is the most
general and intrincated case, as it is subject to the fewest
restrictions. We seek for equilibrium points with both infected
populations nonvanishing. This implies that v* = v([§, I{) €
(0, 1) and, according to the Swetina-Schuster model, the
genomes’ equilibrium is given either by

wowy o
(gT),gT)=<1—E,E>, if0<u<pl
c c

or (go,g1)=(0,1) (master extinction) if

ni < < 1, where we recall that

genome’s

Let us analyze both cases separately.
(a) Case 0 < u < puk. Here, we have

(g* g*)z <1_i i) ( * *)_ (SO % 3 g*)
e ur o %0y,
and

aovo
by + v*’

Cl11) Ul
b] +1)* by + viur’

ar(1 —v*

Boo = Bo = B = bt (= vy

Notice that g, B;;, and B}, are all three strictly positive. On
the other side, from Proposition 4, the following expressions
for the macroscopic variables at equilibrium hold:

T wol + m I} T
Ly S Uil 1,*:1;;(—’?01 . )
00 X ,300771 _,311770

(23)

S* =

Hence, a necessary condition for the existence of I} (and,
therefore, of CSE) is that

o T
Fra TR
/300 B,

If it holds, macroscopic CSE solutions must satisfy

+ *( ﬁglno )
:300 B — B0

" 7'[()16k + 7'[111*
X
or, equivalently, 7 (I, 1) = 0, where

=1

T T
f(l*,z;*):_ngHg(—* Poro. )
00 Boo™1 — Biimo
wol¥ + m I}
+ (V2] 141 _1.
X

This is an involved (but rational) equation in Ij, I{", since
B, and B, in turn, also depend on them through v*. This
equation has been numerically solved in Fig. 4.

Remark 4. At this CSE equilibrium, the I)- and I;-
reproduction numbers (see Sec. III C) at the equilibrium,

ﬂ* * I* *
Rio) =25 ) Ril) ,301 i ,311 S,
TTo I

are both equal to 1. Indeed, first, havmg in mind Eq. (23), it
follows that

=0 _ Poo g _ Boo 0 _
* o o ,330
Regarding the second assertion
o Boo1 — Biimo
1 00 1
Ry = (/301 " + Bl
/300” 1 B0

——(Boomm1 — B0 + Bym0) = 1.

ﬂoo

(b) Case pue < u < 1. In this scenario, there are no

equilibrium points of this type. Indeed, the microscopic

equilibrium is (go, g1, vo, v1) = (0, 1, 0, &, /y1), which means

Boo = 1. But this implies Iy = —moly = O that can only be

satisfied if myp = 0 or Iy = 0, in contradiction with our assump-
tions.

2. Equilibria stability

In the previous section, we identified the admissible equi-
librium states of the system under the parameter regime of
interest. In this section, we analyze the local stability of each
equilibrium point by evaluating the corresponding Jacobian
matrices. Recall that the parameter choices are specified in
Eq. (21), with §g = §; =0, ¢ = 0.01, and 7; varying in the
interval (7rg, 10).

The Jacobian matrix determines the linearized dynamics of
the system in the vicinity of an equilibrium, and its eigenval-
ues determine the local behavior. In particular, an equilibrium
is locally asymptotically stable if and only if all eigenvalues of
the Jacobian have negative real parts. Conversely, the presence
of any eigenvalue with a positive real part implies instability.
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FIG. 4. Cocirculating strains equilibrium points, computed numerically, as a function of 77; € (779, 10) = (0.5, 10). If we define JTIT ~ 1.675
and 7 >~ 8.875, then for m; € (my, nf') there is no equilibrium point; for 7, € (nf', 7;) there are two, and for 7r; € (77, 10) there is only one.
They are plotted in the left and right panels above (top: macroscopic, bottom: microscopic). These two families of CSE equilibria show relevant
differences: On one side, family CSE, (left) starts at a point with equal infective individuals I = I} and exhibits a monotonous decrease of
the I} population as 77; grows; on the other side, family CES, (right) begins with /; > I; and undergoes a bifurcation [namely, collision with

the DFE equilibrium (1, 0, 0, 0)] as m; — 7y (see Fig. 5).

This analysis allows us to identify parameter regions in which
qualitative changes in stability occur, providing insights into
potential bifurcations and transitions between different dy-
namical regimes.

(1) Disease-free equilibria. They are of the form

DFE: (S*, I}, I, R*, D*) x (g, &}, v v)

. « 50 & .
= (1,0,0,0,0) x (go, 1 —gp —8p—U—gy),
Yo Y1
parametrized in terms of gf; € [0, 1]. Their Jacobian have the
following spectrum:
—7I }

All the eigenvalues are real. Three of them are zero (associated
with the freedom in Iy = I} = D = 0), four negative, and a
unique eigenvalue

4 1

A = _27 =y T A
PrE { 502

175g5 — 1

0,0,0, ————,
50gp +2

175g5 — 1

Aore(gh) = ————.
50g5 +2

exclusively depending on gfj, which determines their stabil-
ity. This was expected since the macroscopic equilibrium is
always (S*, I, I, R*, D*) = (1,0, 0,0, 0). The variation in
the complete system equilibrium comes from the microscopic
equilibria, given by a segment, parametrized by gf, in the
genomes-virions space. Namely, it is easy to check that a
DFE is asymptotically stable (indeed, attractor in the normal

bundle space to the invariant manifold {l =1} = D = 0})
provided that gf; € [0, 1/175) and unstable (a saddle point) if
gh € (1/175,1].

Notice that the stability condition is equivalent (as ex-
pected) to the basic reproduction number Ry < 1 defined in
Eq. (17). Indeed, from the fact that 8}, = 0, from the values
of the parameters in Eq. (21), and taking into account that
vy = &0gy/ v, it follows that

_ B 20g

R, — =750
T my  0.1+25g)

| & ot ,
<18 <175

for any value of 7.
(2) No master equilibrium (NME). The spectrum of the
Jacobian matrix evaluated on the NME points

NME: (8, I, I, R*, D) x (g5, &5 V5> VT)

11— & 11— &
S (L S TR L1 S TR x<0,1;0,$—1>,
Bu I+ x 1+ V1

defined for m; < 40/7, is denoted by

NV S U T U P )
NME — 51 27 2a 59 51 ) 7(7[1_'_2)1
54+ 2y
T +2) |
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FIG. 5. (a) Evolution of the family of CSE,; points, varying with m; [see Fig. 4 (left)], for the (S, Iy, 1;) variables (left) and B, B;, (right).
(b) Mechanism leading the CSE; point [see Fig. 4 (right)] toward its collision with the DSE point (1, 0, 0, 0) as 7; tends to 7;. Left: (S, I, I})

variables. Right: Transmission rates A, and B, .

with ¥ = /A and A = A(rr)) 1= 4977 — 84n? — 9247, +
338. As in the previous case, it has one zero eigenvalue (as-
sociated with the neutral (or central) manifold Iy = 0), five
real negative eigenvalues, and a couple of complex conjugate
eigenvalues

54 — 2y

B 54 4+ 2y
T(m +2)]

1M +2)]

)"NME’ -

NME+t —

which can be real or complex depending on the sign of
A. This discriminant is A < 0 if 7y € (0.356..,40/7) and
A > 0if m; < 0.356.. or r; > 40/7. Figure 6 shows the real
and imaginary parts of these two eigenvalues as functions of
.

Therefore, for m; € (;y,40/7), we have two regions of
stability according to its value as follows:

(a) Case m; € (7, 5.128..): In this scenario, ¥ = VA is
complex and so Ayme are a couple of complex conjugate

eigenvalues, namely,

4 J=2A
J— 1 s
Tm +2) | 1 +2)

ANME- = ANME* = Anme-
Since their real part is negative, the corresponding NME
point is attractor (out of the neutral manifold). In the two-
dimensional manifold associated with Appe+, the trajectories
exhibit damped oscillations. It is known that, on this plane
and close to the equilibrium point, the quasiperiod of such
oscillations is

27 _ N2r(Tmy +2)

Im (Anme-) VA ’
where A = A(my) (Fig. 7).

(b) Case m(5.128..,40/7): Now the discriminant A > 0

implies that both A+ are real. Furthermore, A+ < 0 and
Anme- < 0. Hence, the NME point is stable.

T () =~ (24)
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T

10

FIG. 6. Eigenvalues spectrum of the Jacobian matrix at the NME point. The background color stands for the corresponding numerical @
limit of the principal trajectory (22) (see Fig. 3), which are NME, DFE, and CSE. The two vertical green lines indicate the region in which
the system exhibits complex eigenvalues, i.e., where the Jacobian has eigenvalues with nonzero imaginary parts, corresponding to the interval

m € (0.357..,5.129..).

(3) Cocirculating strains equilibrium (CSE). For the set of
parameters (21), our model has two distinct families of CSE
points, denoted as CSE; and CSE, and found numerically
and illustrated in Fig. 4. To assess their local stability, we
numerically compute their Jacobian matrices and calculate
their spectrum. Figure 8 shows the results of this analysis.

Figure 8(a) shows the real and imaginary parts of the eigen-
values as functions of m; for the equilibrium point CSE; (left
panel in Fig. 4), for a range of values of the parameter ;. In
this case, all eigenvalues exhibit negative real parts across this
interval, meaning that the equilibrium is asymptotically stable.
Nonetheless, the presence of complex conjugate eigenvalues
introduces damped oscillatory modes into the local dynamics
near the equilibrium. Two eigenvalues, highlighted in orange
and yellow, remain a complex conjugate pair across the en-
tire range of m; explored. This persistent nonzero imaginary
part indicates the existence of an oscillatory mode whose

™

FIG. 7. Quasiperiod T (;r1) [see Eq. (24)] of the damped oscilla-
tions in a neighborhood of the NME point for 7r; € (1/2,5.128..).

frequency and decay rate vary with m;. In contrast, three
other eigenvalues (blue, green, and red) alternate between
being real and forming complex conjugate pairs. These tran-
sitions correspond to bifurcations occurring at critical values
of 1, denoted by 7{, nlb, 7y, and nf in the figure. At these
bifurcation points, the corresponding eigenvalues collide on
the real axis and subsequently branch off into the complex
plane (or vice versa), thereby introducing or annihilating ad-
ditional oscillatory modes. Figure 8(b) provides a schematic
representation of these bifurcations in the complex plane. The
trajectories of the blue, green, and red eigenvalues are illus-
trated to emphasize their transitions between real and complex
configurations. Collectively, these bifurcations enrich the sys-
tem’s dynamical landscape, enabling multiple qualitatively
distinct oscillatory regimes depending on the parameter ;.

Finally, Fig. 8(c) shows the eigenvalue spectrum corre-
sponding to CEE, (see the right panel in Fig. 4). Across the
range of | studied, one eigenvalue exhibits a strictly positive
real part, which reveals the instability of CEE,. Additionally,
two eigenvalues form complex conjugate pairs, indicating the
presence of an oscillatory mode, although the dynamics would
be ultimately dominated by the unstable direction. This com-
plex conjugate pair also exhibits a bifurcation right before
CSE; vanishing. Due to the repelling nature of CSE,, the
simulated principal trajectories will never converge to this
equilibrium.

3. The limit case m11 —> +00

An extreme scenario arises when the mutant strain induces
a very rapid recovery in the host, r; >> 1. This regime can be
mathematically approximated by taking the limit 7; — +o0.
In this extreme case, the dynamics resemble a situation in
which the master variant gives rise to a mutant strain that lacks
self-replicative capacity (see Fig. 9). In this setting, the mutant
can only increase in frequency due to erroneous replication of
the master genome (go), which occasionally produces virions
(vy) capable of infecting hosts. However, upon infection by

033097-14
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FIG. 8. (a) Real (left) and imaginary (right) parts of the eigenvalues associated with the numerically computed equilibrium point CEE;.
Insets enhance resolution within the gray-marked region. (b) Schematic representation of the evolution of the three eigenvalues undergoing
bifurcations at 77| = rri" , with j = a, b, ¢, d (see main text). (¢c) Same as panel (a), for the equilibrium CEE,. In panels (a) and (c), background
color indicates the w limit of the principal trajectory (Fig. 3): NME, DFE, or CEE. Color coding links real and imaginary parts of each
eigenvalue; black indicates a vanishing imaginary part.
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FIG. 9. (Left) Schematic representation of the reduced model in the limit case m; — oo. (Right) Macroscopic reaction network of the
model. Note, in particular, the reaction in which contact between Iy and S, mediated by mutant virions v; (with transmission rate B, ), results in
an individual that is neither infected nor susceptible, i.e., belonging to the recovered class R. The microscopic component remains unchanged,
except that f; = 0 as I; — 0, implying that no substrate is available for mutant replication.

this defective strain, the host rapidly recovers and temporarily
acquires immunity, governed by the parameter .

Under these conditions, we may assume that I; — 0, since
recovery is effectively instantaneous. This implies v; — 0
and either vp — 1 (when Iy # 0) or vy — 0 (if Iy = 0). Con-
sequently, B;; — 0, fi = fiv; — 0 and either fy = fovy —
Jo Gf Iy #0) or fo = fovo — 0 (if Iy = 0). Henceforth, we
assume that all variables and parameters take their corre-
sponding limiting values.

From Sec. III D 2, we know that two type of equilibrium
points exist in this limit: the DFE and the CSE. In the former
case, Iy = 0 implies vy = 0 and fy = 0, leading to a trivial
genomic system go = 0, g; = 0. Its equilibrium solutions are
of the form (gj, 1 — gf;) for gf € [0, 1]. Together with the
corresponding virion equilibria, these states yield to the pre-
viously defined QS,,;. (see Proposition 1). In this case, it is
straightforward to show that the unique macroscopic DFE is
(8*,I;,R*) = (1,0,0). In contrast, in the CSE case, when
Iy > 0, the microscopic system becomes

go = fogo(l —w—go), &1 = fogo(it — &o),

for 0 < u < 1. This system has two equilibrium points

(g €)= (0. 1) (repeller) and (g}, g}) = (I — 1. 1) (attrac-
tor), which derive into

(vy. v]) = <0, $—1> and (v, v}) = (5_0(1 — ), i#)
Yo Y1

4!

respectively, for the virion equilibria. In this scenario, the
macroscopic system reads

S = —(Boo + Bo)loS + xR,
Io = (BooS — o)y, R = BorloS + moly — xR.

Notice that v; = 0 implies Boo = 0 and so, from the second
equation above, that 7y = 0 (since Iy > 0), a contradiction
with the fact that we are assuming 7y = 2 in this section. The

second microscopic equilibrium solution is QSfffig,

£ ek &o 3|
(g()s 815V Ul) = <1 — ;=1 —=p), —un
Yo Y1

already defined in Eq. (Al). The corresponding equilibrium
for the macroscopic system is easily derived:
To e X

St = =
B
Boo X+<]+ﬁ_g(lj)770

, RP=1-8" -1,
(25)
such that the three variables sum 1.

Concerning their local stability, the computation of the
spectra of their associated Jacobian matrices, gives rise to (1)
{—x1, Boo — mo} for the DFE point (1, 0, 0), which means
that it is stable if my > Bgo (i.e., it has Ry < 1) and unstable
otherwise; (2) for the CSE point (25), it is straightforward to
show that its determinant is positive, the trace negative and,
hence, it is always stable. Furthermore, its behavior moves
between a stable node or focus (so, oscillations appear) de-
pending on the values of By, Bo1, 7o, and x. These parameters
also determine, in the cases of bistability, the configuration of
the corresponding basins of attraction.

Biologically, this setting is reminiscent of defective viral
genomes (DVGs), which, despite their inability to au-
tonomously sustain a replication cycle by themselves, can still
be packaged into master-encoded viral particles and trans-
mitted [47]. Although such transmission does not establish
a productive infection, it may nevertheless be sufficient to
trigger an immune response in the host, for example, through
superinfection exclusion or the induction of immune memory.
Indeed, this property has opened the tantalizing possibility
of using engineered versions of DVGs as self-transmissible
vaccines [48].

E. Case of interest 2: The burnout viral strain

Below, we highlight three well-documented examples that
lie near the burnout corner of our parameter space, charac-
terized by very high virulence (§; > 0), transmission rate
sufficient to ignite large outbreaks (effectively large a;), and
slow recovery at the population level (effectively small ;).
Each example exhibits the core macroscopic level signa-
ture reproduced by our model: rapid epidemic growth, high
mortality, and self-limitation throughout host depletion or
behavioral change, sometimes followed by longer-term evo-
lutionary relaxation.

First, the introduction of myxoma virus (MYXV) into
Australia to control invasive European rabbits provides a
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classic illustration [49]. Initial mortality reached approxi-
mately 99%, and MYXV spread explosively via arthropod
vectors, collapsing rabbit populations from an estimated ~600
to ~100 million within a few years, a textbook burnout
pulse (huge realized a; in a highly connected host-vector
system combined with extreme §;). Remarkably, subsequent
coevolution reduced virulence and increased host resistance,
gradually shifting the system away from the burnout regime
[50]. Second, the 2014-2016 West African outbreak of Zaire
Ebolavirus was the largest filovirus outbreak on record, with
estimated case fatality rates around 60%—-70% [51]. Simple
growth models during early spread gave Ry ~ 1.6-2.0, indi-
cating sustained human-to-human transmission [52]. These
outbreaks typically burn out once susceptible depletion, im-
proved infection prevention, and control reduce effective
transmission, consistent with a high &; process that self-limits
in the absence of continuous replenishment of susceptibles.
Third, since 2021-2023, highly pathogenic avian influenza
virus (HPAIV) H5N1 clade 2.3.4.4b has caused unprece-
dented die-offs in wild birds and mass mortality in marine
mammals [53]. These events reveal intense transmission in
dense breeding colonies coupled with extremely high mortal-
ity, exemplifying the “ignite fast, die fast” pattern. Genomic
epidemiology provides evidence consistent with mammal-
to-mammal transmission in pinnipeds. In such colonies, the
realized a; becomes very large while §; is extreme, leading to
rapid exhaustion of susceptible and epizootic burnout [54].

To explore the evolutionary consequences of virulence
emergence, we devote this section to analyzing a scenario
in which an initially avirulent master strain (§y = 0) with
moderate transmission (a¢p = 2) gives rise to a mutant variant
with higher virulence and transmissibility, here §; = 1 and
a; = 3. All the remaining parameters of the model have been
conveniently fixed at the following values:

X=2, 5():0, 5121, 7T()=7'L'1=O.2, a0=2,
a) = 3, b() = b] = 05, f() = 1, f] = 01, Yo =Y1 = 05,
§o=4§ =3, =08 (26)

Again, the slow-fast time ratio is taken as ¢ = 0.01.

As a first step in this study, we vary the mutation prob-
ability p and analyze its impact on the dynamics of the
system. In particular, we monitor (1) the evolution of the
state variables, (2) the effective transmission rates of both
strains (Boo, Bo1, and Bi1), and (3) the instantaneous fitness
of each variant (f and f;) and the dynamic critical mutation
threshold [u. = u.(¢)], both characteristics being crucial in
the interlevel connection. Three snapshots of this analysis are
shown in Fig. 10.

We highlight the particularly interesting case arising in the
central panels of Fig. 10, where the master variant appears to
overcome a pseudo-error catastrophe. This abrupt transition
arises due to the micro- to macroscopic coupling inherent in
the model.

When the mutation probability is very high (e.g., u = 0.4),
continuous generation of mutant genomes g; drives a rapid
rise in virions vy, which boosts the strain-specific transmission
rate and shifts prevalence so that I; > Iy. This macroscopic
level shift depresses the master’s context-dependent error
threshold . (¢), pushing the within-host quasispecies beyond

the threshold and causing a transient microscopic pseudoex-
tinction of gp, a behavior consistent with error-catastrophe
experiments in poliovirus exposed to ribavirin [21]. Because
the mutant is highly virulent §; > 0, mortality rapidly de-
pletes I, transmission collapses, and conditions that favor the
master return: As g; declines, the master’s effective replica-
tive fitness f; increases, . (¢) rises above u, and residual g
genomes can resume replication. A macroscopic scale analog
of this “ignite fast, die fast” endgame appears in the afore-
mentioned HPAIV wildlife pulses, where explosive spread
with extreme lethality in dense colonies (e.g., sea lion mass
mortality in Peru) is followed by rapid chain collapse [54].
Ultimately, the epidemic wanes as cumulative deaths disrupt
infection chains; in our parameter region with 6o =0 and
81 > 0, only DFE are feasible, and numerical simulations
show the principal trajectory converges to DFE across com-
parable parameter sets. We analyze the DFE behavior as a
function of u for the representative parameter choice given in
Eq. (26).

(1) Disease-free equilibria (DFE). From Proposition 1,
they are of the form

(S, Ip, I, R, D) x (go, &1 ; Vo, V1)

>k 1_ k
= (5°.0.0,0,1 - 5% x (g1 - g5 050, LB,
Yo 4!

These DFE equilibria fill a two-dimensional plane, governed
by the variables (S*, go). Their local stability can be ap-
proached by their linearized system. Indeed, the spectrum of
the corresponding Jacobian matrices is given by

)"DFE = {O’ 07 09 0’ — X _VOa _ylv _(51 + jT]), w(S*7 g?))}7
where

aokogyS™

V(S g)=—"—5—
O boyo + £ogl

The four zero eigenvalues come from the first integrals
Ip=0,I, =0,R=0,andS+ Iy + 1, + R+ D = 1. There are
four more negative eigenvalues and a last one, ¥ (S*, gf),
whose sign determines their (transversal) stability. Indeed,
¥ (8", gp) = 0 1is equivalent to the hyperbola (see Fig. 11),

boyo 1
s*=@<1+°—”°—*>, g e 1. @)
ap §o &

IV. DISCUSSION

We have presented a minimal, mechanistically grounded
multiscale framework that links within-host quasispecies
dynamics to population-level SIRS epidemiology through ex-
plicit, bidirectional coupling: Transmission rates 8;; depend
on the instantaneous virion abundance v;(¢) (microscopic
to macroscopic), and the effective replicative rates fj are
weighted by the prevalence of each infected host class (macro-
scopic to microscopic). The imposed slow-fast structure
(¢ < 1) yields a natural quasisteady reduction of the genome-
virion subsystem and explains why, on epidemiological
timescales, transmission can be treated as time-varying pro-
cess inherited from the fast layer while preserving a conserved
quasispecies backbone. This construction moves beyond ad
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FIG. 10. Numerical integrations of the system for nonvarying parameter set (26). The slow-to-fast time ratio is fixed at ¢ = 0.01. To avoid
false recoveries from pseudoextinction, we set to zero any variable below the numerical tolerance of the ODE numerical integrator (i.e., 107'4).

hoc scale-bridging approaches by keeping the error-threshold

mechanism explicit and intrinsically context dependent.

Our NGM calculation at DFE yields Ry = max{Byo/ (o +
80), Bi11/(m1 + &1)}, clarifying that the cross-seeding pathway

Bor does not affect invasion, because the Jacobian block

is triangular at DFE (no mutant virions are present). In
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FIG. 11. Stability regions of the DFE plane. The attractive
(unstable) region of each DFE point is represented in black (gray)
color, in terms of g and S*. The hyperbola ¥ (S*, g;) = 0 dividing
both zones is given by Eq. (27).

and shapes transient dynamics of strain replacement. The
slow-fast closure further justifies the introduction of time-
dependent effective reproduction numbers Rfo) and Rfl), and
the growth diagnostic G, > 0 [see Eq. (20)] that decomposes
overall expansion into outflow-weighted excess reproduction
of each strain (Sec. III C). These quantities admit clear bio-
logical interpretation and naturally connect to empirical data
through longitudinal proxies of viral load v;(t), which control
the saturating transmission functions B;;.

A central theoretical contribution of this work is the
demonstration that the error threshold becomes epidemic-
state dependent [see Eq. (4)]. As a transmissible mutant
rises in prevalence (v decreases), the critical mutation rate
uc(v) decreases, so that, at fixed polymerase fidelity, the
master go can transiently fall below its error threshold. This
produces a pseudo-error catastrophe driven by cross-scale
feedback rather than a biochemical change in replication fi-
delity (Sec. III E; central panel of Fig. 10). As mortality and
host depletion subsequently collapse /;, (. (v) increases again
above u, allowing residual gy to resume replication, thereby
explaining the observed “disappear-then-reappear” micro-
scopic signature during a macroscopic burnout pulse. This
mechanism cannot be recovered when within- and between-
host scales are analyzed in isolation.

The model yields sharp feasibility inequalities that de-
lineate end points and coexistence regimes. For example,
at candidate coexistence one obtains the condition my 3, <
1 Bi; (Sec. III A), where starred quantities denote the qua-
sisteady transmission rates inherited from the fast layer.
Because B/ retain hyperbolic saturation and depend explic-
itly on (§;, y;, fj), these inequalities make transparent how
within-host production efficiencies bias population-level to-
ward coexistence, no master or disease-free end points.

Linear stability analysis reveals complex conjugate eigen-
values for NME and CSE across broad parameter regions
(Figs. 6 and 8), predicting damped oscillations in Iy, /; and
gj» vj, even in the absence of external forcing, a distinctive dy-
namical signature of the multiscale feedback. The quasiperiod

near NME follows directly from this complex eigenvalue pair
[see Eq. (24) and Fig. 7].

Two illustrative regimes bracket the model’s behavior and
directly connect to well-documented biology. In the “vaccine-
like” quadrant (§9 = §; = 0, m; > mp), the mutant benignly
replaces and persists at appreciable prevalence, generating
high seroprevalence without excess mortality (Sec. III D and
Fig. 3), consistent with live attenuated, strongly immunizing
circulation. In the “burnout” quadrant (6; >> 0, modest or
weak ), a hypervirulent mutant self-limits throughout host
depletion: the epidemic surge can pass through a pseudoex-
tinction of gy before collapsing back to the DFE, as observed
numerically across a wide range of mutation rates (Sec. [l E
and Fig. 10). Together, these extremes emphasize that epi-
demic composition, rather than intrinsic polymerase fidelity
alone, governs transient excursions across error thresholds.

We can also draw several practical implications from our
study. (1) Transient sequencing signatures: During mutant
ascents, we predict a temporary loss of the master sequence
in within-host spectra, coupled to peaks in incidence, inter-
pretable as a population-driven passage through the threshold
Ue(v). (2) Oscillatory returns: Damped endemic waves should
arise where the two-strain slow system has complex eigen-
values; these oscillations can be quantitatively fitted with
virion-dependent transmission functions B;; applied to joint
incidence and viral load time series. (3) Design criteria for
benign replacement: The coexistence inequalities translate
empirically measured load-transmission curves (a;, b;) and
immune induction (;r;) into operational thresholds for safe
dominance.

We intentionally compressed within-host diversity into
a two-type, unidirectional quasispecies and neglect explicit
immune kinetics, host heterogeneity, demographic turnover
(births and immigration of susceptibles), contact structure,
and stochastic fade-out. These simplifying choices enable
analytical tractability but preclude phenomena such as di-
versification fronts, antigenic escape, and age or network
effects on epidemic thresholds. The explicit slow-fast struc-
ture of the model suggests a rigorous Tikhonov reduction to
a closed slow system, a global bifurcation analysis (saddle-
node, Hopf) expressed in terms of measurable parameters
(e.g., peak viral load and decay), and extensions incorporating
reverse mutation, multilineage competition, host heterogene-
ity in susceptibility and waning immunity, and stochastic
invasion dynamics. Finally, the 7; — oo limit (Sec. III D 3)
motivates the study of defective viral genomes within the
same multiscale closure, in which the cross-seeding pathway
Por functions as an “immunizing contact” that induces host
immunity without productive mutant infection.

V. CONCLUDING REMARKS

By tying transmission directly to intracellular produc-
tion and allowing epidemiological prevalence to feedback
on effective replication, our model shows how selection
pressures at one scale can induce phase transitionlike
shifts at the other. Most notably, how a mutant surge can
transiently trigger an intrahost error catastrophe and how
extreme virulence self-limits transmission and spread. The
“vaccinelike” and “burnout” regimes bracket a continuum
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of realistic outcomes, unify microcroscopic and macroscopic
thresholds [from w.(v) to Ro], and yield testable signatures
in coupled incidence-viral-load time series. We anticipate that
combining quasisteady reductions, joint inference on B;;(v;)
from viral load and contact data, and explicit heterogeneity
will transform this conceptual bridge into a practical tool for
anticipating which mutants are poised to dominate, coexist, or
extinguish themselves—and why.
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APPENDIX A: EQUILIBRIUM POINTS:
PROOFS OF THE PROPOSITIONS

1. Proof of Lemma 1

Notice that if one defines fy = fov* and f; = fiv*, the
microscopic system becomes
£g0 = fo(l — u)go — Pgo. €21 = fougo + figr — Dg1.
with ® = fg0 + figi. This is a standard quasispecies model
with fitnesses fy and f;. It is well known [19] that there
are two possible scenarios for its equilibrium points in terms

of the relation between the mutation probability © and the
corresponding critical mutation probability:

“ fi fl<l )
-2 ).
fe fo So\v*

(1) If 0 < p < p, then the equilibrium point is

T
(g*,g*)=<1——,—)-
oo i

(2) On the contrary, if u¥ < p < 1, the equilibrium point
is uniquely composed by mutant genomes (g, g1) = (0, 1).

The expressions for the equilibrium virions derive straight-
forwardly from the ones for the genomes. |

2. Proof of Proposition 1 (DFE)

Under the assumption I = I = 0 the macroscopic system
becomes

S=xR, Iy=0, =0, R=—xR, D=0.

Equating them to zero (to seek for equilibrium points), we
get R* =0 if x # 0 or arbitrary R when x = 0. Regarding
the microscopic system, since Iy =1 =0 = vj =] =0,
we have fy = fi = ® = 0 and so

ego=0, €g =0,

which leads to equilibria with arbitrary (go, g1) such that go +
g1 = 1. Regarding virions, it is straightforward to show that
the equilibria are of type

&0 £
Vo = —&0, V1= —&I1,
Yo V1
for any (go, g1) satisfying go + g1 = 1. -

3. Proof of Proposition 2 (NME)

Substituting Ij = 0 in D= 8ol + 811 = 0 it turns out that
811} = 0. Since I} > 0 it follows that, necessarily, §; = 0. We
consider two cases:

(1) Case B;; > 0. This is divided, in its turn, into the
following:

(a) Case x > 0. From v* = 0 we have, in particular, that
Bor = 0. Substituting I = 0 into Eq. (9), [; = 0, we obtain

w44
BuS—(m+86)[=0=S = ! L

B

which becomes
T

"B
since §; = 0. Substituting now Iy = 0 into Eq. (10), we get

S*

T
R=ml —xR=0= R = -1,
X

which is well defined since y > 0. The variable D* is defined
such that S* + I} + R* + D* = 1.

(b) Case x = 0: We have, from the same argument as
above, that S* = m;/8;;. However,

R=0&mlf=0=m=0=S5"=0.

That is, in this scenario, necessarily 7; = 0 and the equi-
librium point for the macroscopic system is of the form
(8, I3, I, R, D) = (0,0, I, R, D) with arbitrary R, D, such
that[f + R+ D = 1.

(2) Case B1; = 0: The conditions for having an equilibrium
point reduce to xR =0 and —m I = 0. From the second
equation, it follows that, necessarily, 7| = 0. From the first
one, we have two possible solutions:

(a) If x > 0, then R* = 0 and the point are of the form
(S, I5, I, R*, D) = (S, 0,11, 0, D) with arbitrary S and D sat-
isfying that S + If + D = 1.

(b) If x =0, the equilibrium is of the form
(S, 15, I}, R,D) = (S,0,I, R, D) with arbitrary R, S, and
Dsuchthat S+ Iy +R+D = 1.
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In both cases (1) and (2), at the genome’s level, v* =0
translates into ® = f;g; and so

ego = —Pgo = —f18180 =0,
eg1 = fig1 — Pg1 = figi(1 —g1) =0.

Since go + g1 = 1 the only two solutions of the latter equa-
tions is either (g, g7) = (1, 0) or (g3, g7) = (0, 1). Therefore,
joint to the corresponding solutions for the virion’s system,
one obtains the following two possible equilibrium points for
the microscopic system:

QS0 (gh, g1svg, v}) = (1, 0, S—O, 0) and

Yo
&1
QS (85 &1:v5. V) = (0, 1,0, 2% ).
Y1
For QSS;C the condition 8, = 0 implies that either a; = 0 or
& = 0. Condition #;; > 0 is not compatible with equilibrium
QSY) since B1; > 0 = v} > 0. |

4. Proof of Proposition 3 (NmutE)

Let us start computing the possible equilibrium points of the

microscopic system. Indeed, I =0 = v* =1 = ® = fyg.
Thus, the equilibrium points of the genome’s system must
solve

ego = fo(l — w)go — (fogo)go = fogo(l — . — go) = 0,
£g1 = forgo — (fogo)g1 = fogo( — g1) = 0.

Since fy > 0, they become

go(l—u—go)=0 and go(u—g1)=0,

which leads to two possible cases depending on g, vanishing
or not.

(1) Case go =0: So gy =1 and then (gj, g7) = (0, 1).
Regarding the virion’s system, it becomes

ey = &gy — Yovo = —Yovo =0 = v5 =0,

. &1
£V ZEIgT — Y1V1 =& — Y11 =0= UT = )/_
1

So, the equilibrium point is

* * * * El
(g5, g v, vl = (o, 1,0, )= Qs!l).
1
Notice that v = 0 implies that 85, = 0, and from v* =1 it
follows that 8, = 0.
(2) Case gy # 0: This implies (gf, g7) = (1 — u, 1), with
0 < p < 1. Again, substituting into the virion’s system, we
get

- . «_ 50
evg = &0gy — Yovo =0 = vy = —(1 — ),

_Vo

) &
ev = &8 — vy =0= vf = y—,u.
1

So, the equilibrium point for the microscopic system is

o ex s &o &
(80, &1: Vg, V7)) = (1 =, — (=), —p| = QSfT’;EZ-
Yo Vi

(AD)

Moreover, 817 = 0 (since v* = 1) and
* aov(’)‘ * alvT
Poo = by + vy’ Por = by + v}’
which vanish if and only if ag =0 or v; =0 and a; =0 or
vj = 0, respectively.

Having in mind these two equilibria for the microscopic
system, we seek the equilibrium points of the macro-
scopic system. From the assumptions /5 #0 and I =
0, the macroscopic equations $=0, fj =0,R=0,D=0
(j =0, 1) become

(Boo + Bo)I;'S = xR, (A2)
(BooS — (o + o))y =0,

BoilyS =0,

xR = moljj, (A3)
Soly =0, (A4)

where it has been taken into account that /' = 0 implies
v*=1. From Eq. (A4) it is clear that a necessary condition
to have an equilibrium of such type is that §p = 0. In the
following, this will be assumed.

To analyze it, we discuss two cases: x > 0 and x = 0.

(1) Case x > 0: In this scenario and using that I} > 0,
Egs. (A2) and (A3) become

(Boo + BoIS = xR, PooS =mo, PoiS =0, xR =molj.

From here, we have four possible scenarios:

(a) Case Bpp = 0 and By; > 0: Second and third equa-
tions require p and S* = 0 respectively. Given this result,
the first and last equations result into R* = 0. With this, the
equilibrium reads as

(S* IF I R*,D*) = (0,13,0,0, 1 — I}).

(b) Case Byo > 0 and By; = 0: Second equation leads
to §* = my/Boo and last equation to R* = mol;/x. There-
fore, the equilibrium under this assumptions is

(S*9I(>)k9]ik7R*s D*)

Ty T T T
(0 - (1))
( w0’ 0T x 0 Boo X

with 0 < If < (1 —mo/Boo)/(1 +mo/x) to keep all
species between 0 and 1. Notice that the condition Syy > 0
implies an incompatibility with the microscopic state
ngi)c’ as it requires vy = 0.

(c) Case Bop > 0 and Byp; > 0: To accomplish third
equation, S* = 0 is required. Substituting this into first and
second equations is trivial to see that R = 0 and m( are

needed. With this, the equilibrium reads as
S I}, I ,R*,D*) = (0,1;,0,0, 1 — I}).

Again, the condition Byy > 0 excludes the possibility of
having QS;L)C as the microstate at equilibrium.

(d) Case Byo = 0and By; = 0: Second equation implies
w9 = 0, fourth equation R* = 0, and the other two equa-
tions are satisfied no matter the values of S and /. Thus,
the equilibrium under this condition is

(S’ I*’II*’R*7D) = (S’ 1*507 0’ D)?
with S, I, and D such that S + I + D = 1.
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(2) Case x = 0: Equations (A2)—(A4) simplify to
(Boo + Bo)lyS =0,  (BooS — mo)ly = 0,
BorliS =0, oIy = 0.

Taking into account that /j > 0 it follows that 7y = 0 and the
latter system reduces to the following three equations:

(Boo + Bo1)S =0, PooS =0,

Regarding at the first equation above, it suffices Boo + Bo1 > 0
to imply S* = 0. Otherwise, if Byo = Bo1 = 0 then S remains
arbitrary. Thus, the solutions of these two possible scenarios
are as follows:

(a) Case Boo = Bo1 = 0:
(S7 1*7 IT? R’ D) = (S’ I*’ 0’ R’ D)’

Bo1S =0.

with S, I}, R, and D such that § + I + R+ D = 1.
(b) Otherwise, that is, if Byo + Bo1 > 0, we have

($*. 15, If, R, D) = (0,15, 0, R, D),

with I§, R, and D such that Ij + R+ D = 1. Again, the
condition Byo > 0 is incompatible with the microscopic
state QS(I) |

mic*

5. Proof of Proposition 4 (CSE)

From the assumption I} # 0,/ # 0 and Eq. (11) it fol-
lows that, necessarily, 6o = §; = 0. That is, both master and
mutant variants do not induce mortality. Moreover 0 < v* =
v, I¥) < 1 so, in particular, the equilibrium point for the
microscopic system is given by Lemma 1, that is,

(P, (o sk s ok [ M.SO*EI*
Qsmic~(gngl’Umvl)—(1—17:,#_?’%80’ zgl>7
if0O<u<pul,

Y1

¥ kL% ok ‘i:l
(g()ag];v09v]):(osl;01_ )
if uy <p <,

where the critical mutation probability associated with (5, I})
is defined as

We study the possible equilibria for the macroscopic system.
Like in the precedent proofs, we distinguish two cases, ac-
cording to the common waning immunity rate: (1) x > 0; (2)
x =0.

(1) Case x > 0. The macro equilibrium points come from
the solutions of

(Boody + Boidy + Bul{)S = xR,  PooS = 7o,
Borly + Bul)S = mIy, wolj + ml = xR,
(AS)

where we have taken into account that I > 0. Let us now
consider two cases:

(a) Case By = 0. From the second expression in Eq. (AS),
it follows that 77y = 0, and from the fourth one

T
R* = —I.

In order to get S, notice that either both By, 811 > 0 or By =
B11 = 0. This is clear from the fact that 0 < v* < 1 and hence,
Boi =0« (a; =0 or v; =0)< i1 =0. Therefore, two
cases arise:
(i) Case Bo1 > 0, B11 > 0. From equations (AS), one
gets

N 7T1[ik
© Bouls + Bul

Thus, the complete equilibrium point is of the form

*

(S*, I3, I, R*, D*) x (g, &55v5, v)

nl[ik ok Loy ()
~ (s ot 5007 x o5
provided that $* + I + I} + R* + D* = 1.

(i) Case By = B11 = 0. Having in mind the third equa-
tion in Eq. (A5), we get that 7; = 0 and so R* = 0. There
is no constraint for S. This means that the macroscopic
system equilibrium points are given by (S, I, I}, 0, D)
provided that S+ Ij + I +D = 1. Concerning the re-
strictions that B9; = 811 = 0 imposes on the microscopic
equilibrium point stxﬁi)’ we have that they come from
the fact that By; = 811 = 0 < a; = 0 (and then, Bo; =0,
B11 =0) or vi =0 (which in our case is only possible
if £ =0 or in the limit case w =0, not included in
QSfl’fii)). That is, the complete equilibrium points are of

the form
(S, I;, I, R*, D) x (g, &1 v, v])

= (5. 17, IF, 0, D) x QS

mic °’
with arbitrary S, D such that S+ +If +D =1 and
provided QS;’;E) satisfies B3, = B, = 0.
(b) Case Byy > 0. From (AS), it turns out that
5t =0
Boo

Substituting this value into the third equation in Eq. (AS), we
have

biq
ﬂ;‘OOOI; + %m)ll* =ml
and, therefore,
o P (A6)
YT Boorri — Bumy °
provided that
e ,3117_[
1> —T
Boo

Since I > 0, expression (A6) implies that By >0
and, consequently, B;; > 0, where we have taken into
account the assertion in case (a) above. Finally, substituting

033097-22



MULTISCALE FEEDBACK DRIVES VIRAL EVOLUTION ...

PHYSICAL REVIEW RESEARCH 8, 033097 (2026)

Eq. (A6) into the fourth equation in Eq. (AS5), we obtain
R* = l<7'ro +mﬂ> I
X Boor1 — Brimo
Thus, the complete equilibrium point is of the form
(S*, I3, IT . R*, D*) x (g5, &5 v5, v})
_ (ﬂ * Boi o
By’ v BooT™1 — Biimo

1 * *
—(no-i—m—* Fomo )15,0*) x QS
X ,300771 _,3117TO

(2) Case x = 0. From equation o} + 7l = xR, we get
that 7y = m; = 0 and so, the equations for the macroscopic
equilibrium points become

(Booly + Boily + Buli)S =0,
(Borly + Bul)S =0.

As before, we consider two cases:
(a) Case Bop = 0. As before, we distinguish two possible
situations:
(i) Case Bo1 >, P11 > 0. From the equations above, it
follows that S* = 0 and arbitrary R. Hence, the complete
equilibrium point is of the form

(S*, I3, I, R, D) x (g, &1 vy v7)

I,

BoolyS =0,

= (0, I}, I*, R, D) x QS

mic °
with arbitrary R, D such that Iy +1 +R+D =1 and
provided QS(“‘) is compatible with g, = 0.

mic
(i) Case Byo = P11 = 0. In this scenario, we have that
S, R, and D are arbitrary. So, the complete equilibrium is

of the form
(S, I, If . R, D) x (g5, 13 Vg, v7)
= (S.I;, I, R, D) x QS )

mic *
with arbitrary S, R, and D such that S+ I + I + R+
D =1 and provided QSfl'fig) is compatible with the condi-
tions B, = B, = 0.
(b) Case Byy > 0. In this case, it follows that S = 0. So,
the complete equilibrium point takes the form

(S*,I;, I}, R, D) x (g5, &5 vg, v)
= (0. I3, I} R, D) x QS

with arbitrary R, and D such that [§ + I} + R+ D = 1. [ |

APPENDIX B: ON THE NEXT GENERATION
MATRIX METHOD

The application of the NGM method, as used in Sec. III B,
requires the verification of some assumptions on the system
(see Refs. [40,41]). Following these references, the system is
written in the form

xi:E(x,Y)_Vi(x’Y)’ yj:gj('x7y)v

where x denotes the infected compartments and y the
disease-free compartments. The functions F and V and the
disease-free subsystem must satisfy several mathematical as-
sumptions, namely,

(1) 5@©,y)=0 and Vi(0,y)=0 Vy=>0 and
i=1,...,n That is, all the new infections arise solely
from secondary infections generated by infected individuals.

2) Fi(x,y) 20Vx,y >20andi=1,...,n,reflecting the
fact that the rate of new infections cannot be negative.

3) Vi(x,y) <0 whenever x; =0,i=1,...,n. Since V;
represents the outflow from compartment i, these conditions
ensure that the flow is inward whenever the compartment is
empty.

4) >0, Vi(x,y) =0 Vx,y > 0, implying that the total
outflow from the set of infected compartments is non-
negative.

(5) The disease-free subsystem y = g(0, y) has a unique
equilibrium, DFE, which is asymptotically stable.

In our particular case, we assume x > 0 [55]. It is straight-
forward to check that decomposition [Egs. (15) and (16)]
in Sec. III B satisfy NGM assumptions (1)-(4). Concerning
(5), in the absence of infected individuals, the disease-free
subsystem is

S=xR, R=—xR, D=0.
The point (S,R,D) = (1,0,0) is therefore a disease-free
equilibrium. To prove its asymptotic stability in the biologi-
cally relevant invariant set with D(0) = 0 and S(0) + R(0) =
1, observe that R = — xR implies R(t) = e *'R(0), and hence
lim,_, o0 R(t) = 0. Moreover, since D = 0, we have D(t) = 0
for all ¢ > 0. Finally, using S = xR,

S(i)=S80)+ x / R(s)ds = S(0) + R(0)(1 —e™"),
0

so that
) HT S#)=S50)+ R0)=1.

Therefore, every solution in this disease-free invariant set
converges to (1, 0, 0), which proves assumption (5).
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