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Abstract: Quiescence or dormancy plays an important role in biological systems, from

spore formation in bacteria to predator-prey cycles. In a mathematical framework, quies-
cence is modeled by diffusive coupling of the active dynamics to quiescent phases. Al-
though coupling a given vector field to the zero field may appear simple at first glance,

quiescent phases have biologically relevant effects which can be cast into rigorous math-
ematical formulations: permanence of stationary points, stabilization against oscillations
and Hopf bifurcations, decrease in amplitude of periodic orbits. These features are com-
mon to ordinary and partial differential equations and delay equations and persist to some

extent even for density-dependent transition rates. Applications range from tumor growth
to engineered bacteria.

6.1 Introduction

On all levels of biological organization we find quiescent phases although these may
occur with different names. Genes may be suppressed, tumor cells quiescent, nerve
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102 BIOLOGICAL MODELING WITH QUIESCENT PHASES

cells at rest, animals hibernating or just inactive. Although these phenomena are quite
diverse, there are some common general features. There is an active phase and a
quiescent phase and there are transition laws which govern the exit to the quiescent
phase and reentrance into the active phase.

In this chapter we investigate mathematical models for biological systems which
have a sedentary, quiescent, removed or immobile phase. A quiescent phase typi-
cally describes immobile periods of mobile individuals, or refuges from predation,
shelters and nests, as well as quiescent phases in a cell cycle, or bound state of dif-
fusible proteins. For the purpose of the general analysis, we call all these phenomena
guiescent phasekater, in the application section, we come back to the more specific
notions.

Modeling with quiescent phases can be summarized in a common mathematical
framework. We will first introduce the general mathematical set up and then present a
selection of applications, including ecological and epidemiological models, and cell
and protein dynamics.

Itis a general trend in all the results presented here, that a quiescent phase stabilizes
the system; stable equilibria become more stable in the presence of a quiescent state,
Hopf bifurcations become less likely, attractors become more stable, and traveling
waves slow down.

In the following section, we introduce the class of models with quiescent phase and
we summarize some basic mathematical properties.

6.2 Diffusive Coupling and Quiescence

Supposen types of particles can exist in two different phases € IR" that are
governed by two systems of ordinary differential equations

= W)
o = glw) e

Particles switch between phases according to Poisson processes with rates depending
on the type of particle. Then we have a systerRif{*,

fw) = Pv+ Quw
g(w) + Pv — Quw
with diagonal matrices>, Q with positive entries. We say that the vector fiellg

are diffusively coupled. This type of coupling is very different from seasonal switch-
ing which leads to non-autonomous systems.

U

i (6.2)

The vector of total particle densities= v + w and the vector of probability flows
z = Pv — Qu satisfy the equations

Ji(@q#— Sz)+ g(]?u —52)
Pf(Qu+ Sz) — Qg(Pu— Sz) — z

]

S (6.3)
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with positive diagonal matrices
P={P+Q)'P, Q=(P+Q)'Q, S=(P+Q) "
If the particles switch frequently (rates going to infinity with fixed proportions) then
we get the limiting system, again IR",
i = f(Qu) + g(Pu). (6.4)

The situation of quiescent phases occurs whes the zero vector field. Then we
compare the system

i = f(u) (6.5)
in IR™ to the system
v = f(v)— Pv+ Quw
w = Pv—Quw (6.6)
in IR?". One may think that adding a zero field does not change much. But from (6.6)
we get the three following equations
v = fl(v)y— Po+ Qu
Qi = QPv—Q%*w
Qv = Qf(v) —QPv+ Q*w.
We add these equations, multiply I8y and get an equivalent second order equation
in IR™ for the active component,
Si+ (I —Sf'(v))o=Qf(v). (6.7)

This equation has the general form of a damped oscillator. Hence introducing a qui-
escent phase may lead to new phenomena. The following examples suggest that this
is indeed the case.

From (6.4) we get the limiting equatian= f(Qu) for u = v + w (the total popu-
lation) and from (6.7) the limiting equatian= Q f (v) for v (the active population).
These are equivalent hy= Qu.

Example 6.1 The equation for exponential growth,= au, with ¢ > 0, leads to
the system, withp, ¢ > 0,

u = au—pu+qr

T = pu—qx. (6.8)
For the system (6.8) the exponent of growth is
1 2
p=p(a7p,Q)=§{a—p—q+\/(a—p+Q) + 4pq| . (6.9)

It is easy to see that < p < a and thatp is a decreasing function g¢f and an
increasing function of. In the limiting cases we have

p(aap70):max(a7p50)7 p(a’aovq):a'
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The first formula shows that there may be population growth even if there is no return
from the quiescent phase.

If we choosen negative, the result is reverted, we get. p < 0.

Example 6.2 (Hadeler and Hillen, 2006) The logistic equation= au(l — u/K)
is coupled to a quiescent phase and the limiting equation for the total population
becomes: = agu(l — gu/K), whereG = q/(q + p).

Hence the growth rate is reduced by the fagipand the carrying capaciti is
enlarged td</q. A quiescent phase slows down population growth and increases the
capacity.

The equation with an Allee effect = u(1 — u)(u — ), with 0 < a < 1, leads to
the limiting equation: = gu(1 — qu)(Gu — «). Here the threshold is increased to

a/q.

Example 6.3 The harmonic oscillator (which can be seen as the linearization of a
\olterra population system)
U = v

b = (6.10)
becomes
U = v—pu+qr
v o= —u—pv+qy (6.11)
T = pu-—qx ’
y = pv—aqy.

The characteristic polynomial of the matrix is
N(p+q+2)°+(g+A)?

or
X420+ N+ (1+ (0 +0)*)A° + 20X + ¢

and hence the Routh-Hurwitz criterion tells that all roots have strictly negative real

parts. The example shows that quiescence stabilizes the system.

In the following we show that the features of the examples are not accidental. In
systems with quiescence (and equal rates) real eigenvalues move towards zero while
purely imaginary eigenvalues move into the left half-plane (as has been observed first
in Neubertet al. (2002)).

We mention in passing that quiescent phases need not be exponentially distributed. In
fact, allowing other distributions and studying the stability properties of the resulting
systems is a challenging problem (Hadeler and Lutscher, 2008). A case of particular
interest is when exit to the quiescent phase is Poisson distributed with aatbthe

length of the quiescent phase is exaetly 0. Then the limiting equation is

o(t) = f(v(t) + p(o(t —7) — v(t)). (6.12)

Again, the model is controlled by two parameters; instead ofp, ¢ above.
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6.3 Stationary States and Stability

From a biological point of view we want to know how the dynamics of the system
(6.5) is changed by introducing quiescent phases. This problem is also interesting
from a mathematical point of view. Some aspects concerning global existence of so-
lutions and of compact global attractors are presented in Hadeler and Hillen (2006).
General results on global attractors are surprisingly difficult. On the other hand we
have some detailed results on stationary points and their stability and some prelimi-
nary results for periodic orbits.

At first glance introducing quiescent phases seems similar to introducing delays. For
delay equations we know that combining a negative feedback with sufficiently large
delays leads to oscillations and then periodic orbits. Quite on the contrary, quiescent
phases stabilize against oscillations.

Suppose: is a stationary point of the system (6.5), i.£(#%) = 0. Then
(0, w) = (u, Q" Pa) (6.13)

is a stationary point of (6.6). Let = f'(u) be the Jacobian matrix of (6.5) at the
stationary point. Then the Jacobian matrix of (6.6) is given by

_(A-P Q
B_( P _Q>. (6.14)
The eigenvalue problem of the matrikis equivalent to that of the matrix pencil
NI+ AP +Q—A) - AQ. (6.15)

Equal rates: In the case of equal rates we hakle= pI, Q = ¢I, the matrices
P,Q, A commute and we can apply the spectral mapping theorem to the pencil
(6.15). To each eigenvalye of the matrix A there are two eigenvalues and A,
ordered byRA2 < R\, which can be obtained from the equation

N+ Np+q—p) —pg=0. (6.16)

This is a very simple quadratic equation. In principle the two solutions can be rep-
resented by an explicit formula. The problem is thais a complex humber. The
following can be shown. Alway®\, < 0. Hence); does not affect stability. Sta-
bility is governed by the eigenvalug .

Now there are three quite distinct casesu If= 0 then\; = 0. If p is real then\;

is located between and0. Hence, with respect to real eigenvalues, quiescence does
not change stability. If: is complex (with non-vanishing imaginary part) then, gen-
erally speaking, for eigenvalues with positive real parts the real parts are decreased
by introducing quiescence and may eventually become negative. This effect is most
prominent for eigenvalues with large imaginary parts, i.e., high frequency oscilla-
tions are damped. Detailed information is given by the following theorem.

Theorem 6.1 (Hadeler, 2008a)et . = o+ i3 be an eigenvalue of the linearization
of (6.5) at a steady state. Then the linearization of (6.6) dti, pu/q) has two
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corresponding eigenvalues , Ao with Ay < R\;. The eigenvalueg and \;, A,
are related as follows:

(@)Lety = o € IR. Then\y, \; are real.
(@) If a <0theniy < a < A <0.
(@ii)Ifa=0thends = —(p+4q) < 0= ).
(@.iii) If a > 0thenly <0< A1 < a.
(b) Letpy = a£1i5, 8 > 0. ThenRA2 < 0.
(b.i) If « < 0thenk\; < 0.
(b.ii) If @ > 0thenRA; < .
(b.iii) If « < 0 and
B2+ (p+q+a)+4ap>0andBi(q+a)+alp+q+a)? >0,
thenR\; < a.

(b.iv) If « > 0 and

6% > 4aq — (p+q—a)2 andg(p — a) > a(p+q—a)2,

then®A; < 0.

Unequal rates: If the matricesP and @ are not multiples of the identity and the
various types of particles go quiescent and return with pairwise distinct rates, then the
situation is quite different and the stability problem has about the same complexity
as the Turing stability problem. Indeed, here as in the Turing problem we have a
given stable matrix and a matrix pencil depending on positive diagonal matrices. So
far only the casen = 2 of two types has been dealt with (Hadeler, 2008a). Recall
that a2 x 2 matrix A = (a;;) is stable iftr A = a11 + a22 < 0 anddet A =

ai1ase — ajeaz; > 0, and strongly stable (in the sense of Turing) if, in addition,
a11 < 0,a9; < 0. (A is excitable ifA is stable, but not strongly stable). Suppose
that A is stable. Then the matri® is stable for all choices oP and(@ if and only

if Ais strongly stable. Thus, ifl is excitable in the sense of Turing, the system may
become destabilized by introducing quiescent phases with suitably chosen distinct
rates. The problem fat > 2 is open.

However, there are classes of problems for which additional mathematical tools are
available (Hadeler and Thieme, 2008). For example, if the system (6.5) is cooperative
then the system (6.6) is cooperative as well; or if the system (6.5) is competitive then
the system for and—w is competitive as well.

6.4 Periodic Orbits

Numerical simulation of standard biological systems like the MacArthur-Rosenzweig
model (Holling type Il predator response) as well as analytic results on highly sym-
metric systems show that limit cycles of the system (6.5) undergo some systematic
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changes if quiescent phases are introduced. From the local stability analysis at a
stationary point it is evident that introducing a quiescent phase works against Hopf
bifurcations. Suppose we have a system depending on some paramétarh un-
dergoes a Hopf bifurcation. A stationary state is stablenfor. 0 and unstable for

« > 0in such a way that a pair of eigenvalues crosses the imaginary axis-al.

The stability Theorem 3.1 suggests that by introducing a quiescent phase the Hopf
bifurcation is shifted to some parameter vatue- 0. This is what indeed happens in
concrete examples.

Example 6.4 (Bilinsky and Hadeler, 2008) The MacArthur-Rosenzweig model with
guiescence reads

u uv

— 1%y, B
U au(l — ) T~ Prut @

. U B n

vo= e 1+mu 1+ mB R LA

W = pu—qw (6.17)
Z = pav— qaz.

It is known that the two-dimensional system without quiescence has either a stable
coexistence point or a unique (stable) limit cycle. In the latter case the system with
quiescence either has no limit cycle at all or again a limit cycle, this time in dimension
four, whereby the “size” of the projection in the active phase gets smaller. If the
coexistence state in the problem without quiescence is stable then it is strongly stable.
For every choice of and(Q there is a gain in stability. Létandr be the determinant

and the trace at the coexistence state of the system without quiescencer)i-the
plane the stability domain is given by > 0, 7 < 0. For givenP, @) the stability
domain extends into the range> 0. The boundary of the stability domain can be
found explicitly as a curve = ¢(d) with ¢(0) = 0 andg(d) > 0for o > 0 (Bilinsky

and Hadeler, 2008).

In numerical experiments, the four-dimensional limit cycle of (6.17) can be visual-
ized by presenting the total population sizesw andv + z for prey and predator. In

this projection the effect of a quiescent phase is not easily recognized because the po-
sition of the (projection of) the stationary point is shifted. It is easier to project to the

u, v-plane and also to the, z-plane. Then one sees that the “size” of the projected
limit cycle in theu, v-plane is smaller than the limit cycle in the system without qui-
escence and gets ever smaller if the rates are increased. Eventually the limit cycle
may contract to the stationary point.

Here “size” is used as a phenomenological description. For the typical egg-shaped
limit cycles of predator prey models area and circumference and diameter all shrink
(see Figure 6.1) . Itis interesting to observe that at the same time the projection onto
thew, z-plane gets larger. For symmetric systems the shrinking of the periodic orbit
can be rigorously proven, see Hadeler and Hillen (2006).
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active predators

-0.5 0 0.5 1 1.5 2 25 3
active prey

Figure 6.1 (Bilinsky and Hadeler, 2008) Phase plane for the MacArthur-Rosenzweig system
(solid) and projection to the, v-plane for the system with quiescence (dashed). Both systems
have limit cycles. The projected limit cycle of the quiescent system is much smaller.

6.5 Rates Depending on Density

There are various biological models that can be interpreted in terms of quiescence
and in which transition rates depend on the state. An example is Malik and Smith
(2006, 2008), where chemostat models are extended by quiescent phases. A general
formulation of the problem is

v f(w) = p(v, w)v + (v, w)w
w = —q,w)w+ plv,w)v. (6.18)

Such a model, withf (v) = Awv, has been used in the discussion of swarming be-
havior (Edelstein-Keshett al., 1998). Forf(v) = 0 this system is equivalent to a
scalar differential equation. Here we consider the case where particles in the active
compartment avoid crowding,= p(v), with p'(v) > 0, andq constant,

w = pv)v—quw. ’
This system is equivalent to the second order equation for the active phase
i+ g+ (p(v)v) = f'(v)]0 = qf(v) (6.20)

and then, for large transition rates, we get the limiting equation

=1 F(v) (6.21)
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which may be used (for instance in ecological applications) to estimate the total
population from the observed active phase. The equations (6.5) and (6.21) have the
same stationary points. The derivative at a stationary point of (6.21) becomes

f' (@)
q — - 6.22
q + p(v) (6.22)
Hence the sign of the derivative does not change but the absolute value gets smaller
than| f'(v)|.

Example 6.5 Some bacteria go quiescent (become spores) if conditions are unfa-
vorable. Letv, w denote active and quiescent bacteria aadsubstrate. Assume that

the rate of going quiescent is increasing with decreasing substrate concentration. As-
sume further that substrate uptake is fast in comparison to reproduction and making
spores. Then we have a system

v = F(s,v) — P(s)v+quw — wv
€ = —sv+r
w = P(s)v—quw.

Consider the limiting case— 0. Thens = r/v. Define

p(v) = P(2),  f(v) = F(r/v,v) - po.

Hence we arrive at the system (6.19) and the rate (6.22) (which determines stability)
can be computed.

6.6 Slow Dynamics

Rather than assuming that individuals switch between an active and a quiescent phase
one can assume that they switch between a vector fialt a “slow field’x f where
k € (0,1). Then we have the system (with equal rates)

v o= flv)—pv+quw
w = kf(w)+pv—quw. (6.23)

Suppose thaf (a) = 0. We look for a related stationary point of (6.23). The choice
v = w = @ works only for the special cage= ¢. Otherwise it is not evident how to
proceed. In (Hadeler, 2008c) it has been assumedftisahomogeneous of degrée
and thatii exp{\¢} is an exponential solution. Then we find two related exponential
solutions of the form

(v,w) = (a4, B;u) exp{\it}, 1=1,2

from the eigenvalue problem

S\—p Aq (67 _'Oéi .
(57 ) ()2 (5) e
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It can be shown that both solutions are real and that the larger eigenvalue is between
A ando0. It can further be shown that if is stable then the solution corresponding

to the larger eigenvalue is also stable (Hadeler, 2008c). We illustrate the use of this
result on a predator prey system with Holling type 1l functional response:

Example 6.6 (Hadeler, 2008c) Consider the homogeneous predator-prey system

u = au— b2
5w Y (6.24)
u+v ’

with a,b,c,d > 0. This system can be completely analyzed e.g. in terms of the
variable¢ = u/(u + v) for which we get a scalar equation

E=E(1—-8[a+d—b—(c—Db)]. (6.25)

From this equation we can determine the stationary points and their stability. A
stationary solution of (6.25) corresponds to an exponential solution of (6.24): If
(u, v) exp{ At} is an exponential solution of (6.24) thér= @/ (i + 1) is a stationary

point of (6.25). And if¢ is a stationary point of (6.25) then there is a correspond-
ing exponential solution of (6.24). Furthermore, the exponential solution is stable (in
the sense of stability of exponential solutions) if and only if the stationary gamt
stable. Hence the existence of exponential solutions and their stability follows from
the scalar equation, but the exponents cannot be retrieved from (6.25). It turns out
that for the equation (6.25) there are four orthants in parameter space with different
gualitative behavior (as in a Lotka competition model).

I) ¢ < a + d < b: Unstable coexistence point, attractfrand1.

II) a4+ d < banda + d < ¢: No coexistence point. The poifitattracts|0, 1).

) ¢ > a+ d > b: Coexistence point globally attracting (0, 1).

IV) a + d > banda + d > ¢: No coexistence point. The poihtattracts(0, 1].

In cases I) and Ill) the exponent of the coexistence solutipns(bc—ac—bd) /(b—
¢). The exponenp is negative in the unstable case | and positive in the stable case
.

These observations are easy to verify but a similar analysis of the problem with slow
dynamics is very difficult. However, the general results guarantee that to each stable
exponential solution of the two-dimensional system corresponds one stable exponen-
tial solution of the four-dimensional system. In particular, in case Ill, the system with
slow dynamics has a stable exponential solution where prey and predator coexist.

6.7 Delay Equations

In section 6.3 we have seen that a quiescent phase and a delay have different effects.
Hence it may be worthwhile to study the effect of a quiescent phase in a scalar delay
equation with constant delay> 0

at) = f(ult), u(t - 6)) (6.26)
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with f(0,0) = 0. The system

o(t) f(o(t),v(t = 0)) = po(t) + qu(t)

. 6.27

w(t) = polt) — qu(?) ©.27)
could be called the natural quiescent extension of (6.26). We linearize=at0

and at(v,w) = (0,0), respectively, and test with exponentials. Then we get the
characteristic equatiorf(@nda are the partial derivatives gf)

ae ™ 4+ B8 —pu=0 (6.28)
for (6.26) and
Y o
det(ae th-p=A g ):o (6.29)
p —q—A

for the system (6.27). The connection between the eigenvalaed is clearly not

as simple as in (6.16). Hence the “natural extension” is not covered by Theorem 6.1.
One easily understands this fact if one replaces the delay equation by a succession
of ordinary differential equations representing the statetat h,t — 2h,.... Then
Theorem 6.1 requires that each component, and not just the first, goes quiescent with
the same rate.

Hence, in order to get the analogue of Theorem 6.1 for the delay equation, we should
write the delay equation as an evolution equatiot'|r-6, 0],

d L iy (s) —-0<s<0
il —J astt = 6.30
= Fl) oy 125 (630
(as usualy, denotes the “segment”, i.e., the restrictiorudb the intervalt — 0, t]).

Now each “component.;(s) must go quiescent with the same rate. So we get the
system

ivt(s) — {ddg vi(s) = pui(s) + qui(s) —0<s<0
dt f(0i(0),04(=0)) — pve(0) + qui (0) s =0
%wt(s) = pu(s) —qui(s) —0<s<0. (6.31)
We write the equations in an elementary notatioft(s) = v:(s), w(t, s) = w(s))
gt v(t,s) = Ew(t, s) —pu(t, s) + qu(t, s)
5 w(t,s) = po(t,s)—quw(t,s), —0<s<0 (6.32)
v(t,0) = f(v(t,0),v(t,—0)) — pv(t, 0) + qw(t, 0) '

But0) = po(t.0) — qu(t.0)

Again we linearize ab = w = 0, test with exponentials, and get a differential
equation and three further equations

i(s) = (A+p(s) —qu(s)
A+ qQuw(s) = pv(s), —-0<s<0
A+pw(0) = av(—=0)+ pu(t) + qw(0)
A+ @uw(0) = pv(0).
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We eliminate the functiow and arrive at a differential equation foand a boundary
condition,

o(s) = po(s)
(At p= T 0(0) = av(=0)+ Bo(0)
where at this stage
Pq
= - 6.33
CaEARE A s (6.33)

is just an abbreviation. We solve this linear differential equation and insert the solu-
tion into the boundary condition. We find thaiand: satisfy the equation

ae ™+ 3—pu=0 (6.34)

which is again (6.28). If we would insert (6.33) into (6.34) then we would get the
characteristic equation fox. Assumey is a solution of (6.28). Thep and A are
indeed connected by the equation (6.16) simply because (6.33) and (6.16) are equiv-
alent.

Equation (6.27), however meaningful it may be from a modeling point of view, within
the framework of quiescent phases is a system with distinct transition rates while
(6.32) is a system with equal transition rates.

Example 6.7 The difference between the two approaches can be shown in the ex-
ample of the blowfly equatiorr(is the duration of the juvenile state)

at) = bu(t — 7))e 7 — p(u(t))u(t) (6.35)

which can be derived from the Gurtin-MacCamy system (Nisbat, 1980; Bocharov
and Hadeler, 2000; Hadeler and Bocharov, 2003; Hadeler, 2008b) with adult birth
rateb(u), adult death ratg(u), and constant juvenile mortalify. If there is no qui-
escence in the juvenile state (which amountg te ¢ = 0 for the juvenile state and
hence to different rates in the adult and in the juvenile state) then we get the “natural
guiescent extension” in the form

at) = blu(t —7))e T — p(u(t))u(t) — pu(t) + qu(t)
o(t) = pu(t) — qu(t). (6.36)

If there is juvenile quiescence with the same rates as in the adults, then we get a
similar system where the factexp{—puo7} is replaced by a larger number =
k(po, p, g, 7) which accounts for reduced juvenile mortality due to quiescence. For
largep, ¢ we havex =~ exp{—quo7/(p + ¢)} (which follows immediately from the
properties of Poisson processes).
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6.8 Spread in Space

6.8.1 Reaction-Diffusion Equations

The idea of coupled dynamics as in (6.2) can be applied to the parabolic system of
two coupled scalar reaction diffusion equations:

DiAv + fi(v) — pv + qw
DyAw + fo(w) — qu + pu.

Ut

o (6.37)

If we imitate the procedure of (6.7), replaciigv) by DAv + f(v) etc., we end up

with rather clumsy “viscous damped wave equations” where there are spatial deriva-
tives within the non-linearities, see Hadeler and Lewis (2002). If eitheand f, or

D, and f5 vanish, then one arrives at a single standard damped wave equation. The
limiting equation of (6.37) for large, ¢ is

ug = (D1 + pD2)Au + fi(qu) + fa(pu).

The following two systems have been studied in Hadeler and Lewis (2002). In the
first scenario the particles diffuse and are subject to mortality and #hearticles
react,
v = DAv—pv—pv+quw
wy = f(w) —qw+pv
(see also Lewis and Schmitz (1996)), while in the second scenario a quiescent phase
is coupled to a reaction diffusion equation,

vy = DAv+ f(v) —pv+quw
wy = —qw + po.

(6.38)

(6.39)

A single equation in the form of a damped wave equation results if one chooses to
focus on one of the two variablesw. For the system (6.38) with = 0 we choose
w and get the equation, with=1/(p + q),

Twi + (1 — 7f'(w))wy — TDAw; + TDAf(w) = gDAw + pf(w),  (6.40)
while for (6.39) we choose and get
v + (1 — 7f'(v))vy — TDAv, = GDAv + G f (v). (6.41)

These equations have features of damped wave equations (terAsdjledrrespond

to viscous damping) but they are parabolic because of the (almost) equivalence with
(6.38) and (6.39), respectively. These systems have been studied in bounded domains
with zero Dirichlet boundary conditions in Hadeler and Lewis (2002).

The problem of traveling fronts and the spread rate has been discussed in Lewis and
Schmitz (1996) and Hadeler and Lewis (2002). Traveling waves are those solutions
that can be expressed in terms of a single moving reference frame — ct. The
spread rate is the speed at which a locally introduced population spreads spatially.
The two problems are connected. Traveling waves connecting the trivial steady state
to a nontrivial steady state describe population spread with spdadhe case that
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the nonlinear growth functions satisfy a convexity constraint (no Allee effect), the
cooperative nature of the interaction dynamics in (6.38) and (6.39) mean that the
traveling wave solutions and spread rates can be fully characterized using the meth-
ods of Weinbergeet al. (2002). Specifically, there exists a family of traveling wave
solutions for various speeds Solutions exist for all speedsgreater than or equal

to a minimum speed*. The minimum traveling wave speed is also the spread rate
for a locally introduced population. Finally, the value &fcan be determined by
linear analysis about the leading edge of the invasive wave. Details are in Lewis and
Schmitz (1996) and Hadeler and Lewis (2002).

6.8.2 Reaction-Transport Equations

In Hillen (2003) transport equations for spatial spread have been coupled to qui-
escent phases. Transport equations present alternative models to classical reaction-
advection-diffusion equations, if detailed information about the movement of indi-
viduals is available. Modern tracking techniques, such as GPS data for collared mam-
mals or birds, allow one to follow the paths of individuals and measure their mean
speed, mean rate of change of direction and the distribution of turning angles. These
measurements can be directly used for transport equations.

Besides moving, individuals will also stop movement to rest, to find shelter, or to
forage. To model the dynamic between activity and resting the transport equation
is coupled to an equation for the resting compartment, whereby the rate of stop-
ping is spatially dependent. Lett, z, s) denote the density of moving individuals,
wheret > 0 denotes timegx € IR™ space and € V velocity. The set of possi-

ble velocities,V, is assumed to be a spherical shell alid denotes its Lebesgue
measure. The resting compartment is denoted-(byz) and the total density by
N(t,z) = [, u(t,z,s)ds+r(t, z). Resting individuals that start moving can choose
any velocity uniformly inV/, hence a factofV/|~! shows up in the corresponding
transition term. The stopping raj€x) is spatially dependent, while the rageat
which individuals start moving is constant. Also the turning rate 0 is assumed

to be constant. The distribution of the newly chosen velocity is giveffy s') .

The functiond (), g(N) denote loss and gain-terms, respectively. The full transport
model reads

u+s-Vu = —pu+ u/ T(s,su(.,.,s)ds
v
—p(@)u + %r ~I(N)u (6.42)

ry = p(x)/vu(.,.,s)dsfqurg(N)rfl(N)T.

Notice that the arguments of the functions have been suppressed, except in the in-
tegrals. The turning kerndl'(s, s’) needs to satisfy certain positivity conditions as
described in detail in Hillen (2003). It is sufficientf is positive and square inte-
grable.
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A useful tool to study transport equations is the so called “parabolic limit” (see Al,
1980; Hillen and Othmer, 2000; Dickinson, 2000; Hillen, 2003; Chaiud., 2004).

This is in fact a scaling method for large speeds and large turning rates, or equiva-
lently, for macroscopic time and space scales of the form

T =€, E=ex

for a small parametet > 0. The details of the formal asymptotics and the corre-
sponding convergence estimates are given in the literature cited above. Here, we only
summarize the results. Up to leading order, the total populdfion &) satisfies the
parabolic reaction-advection-diffusion equation

N
Ny = V¢ <qu(f)v§N—qu(f)mvgp(f))

. é’gi SGNN I(N)N, (6.43)

whereD,,,(£) denotes theliffusion tensor

Dy (€) a4 /V VF,(€)v dv;

CGETR
F»(€) is a pseudo inverse:

-1
fp(f) = (['p‘mi)
and.Z, denotes theffective turning operator

L,0(s) = —(u+p(£))(s)
i , p(ﬁ) N gt
+(p +P(5))/V <M--IJ(§)T(878)+W|(N‘*‘IJ(§))> ®(s)ds

and(1) c L?(V) denotes the linear subspace of functions constastdnV’. The
functionsg, [ are rescaled versions @f= €23, [ = €21, ensuring that death and repro-
duction occur on the macroscopic scale, and not on the scale of individual movement.

Remarks: The diffusion limit in (6.43) is remarkable in several ways:

1. The procedure quite naturally leads to non-isotropic diffusion expressed through
the diffusion tensoD,,,. In many situations, however, the diffusion will be isotropic
in which caseD,,, = d,,I with a diffusion constant/,, and the identity/. For
example, if individuals have a constant speeg 0, V = 5™ ! and change of
direction is uniformly distributed (s, s') = |[V'|~! then, as shown in Hillen and
Othmer (2000), we obtain isotropic diffusion with

_ o’ q

o = AV 0 + 0 @) T )

More general conditions for isotropy and examples for non-isotropic diffusion are
given in Hillen and Othmer (2000) and Othmer and Hillen (2002).
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2. It is remarkable that (6.43) shows a taxis term includwig(&). This is a drift
term in direction of higher levels gf(¢). Since the stopping rate(¢) is larger
in favorable environments (more food, better shelter), the corresponding term de-
scribes taxis towards favorable environments. Reaction-diffusion equations with
drift towards favorable environments were studied by Cosner and Lou (2003). Al-
ternatively, the appearance of this additional taxis term can be directly motivated
from a quiescent-diffusion equation, where the stopping rate is spatially depen-
dent:
v = DAv—p(z)v+ quw
wy = p()v—qu,
wherewv describes individuals moving in space andndividuals at rest. Notice
that this model corresponds to model (6.38) and model (6.39) fer 0 and
spatially dependent stopping ratér).
For large transition rates ¢ we obtain the limiting equation

o= A (q+qZ(x)>

N ¢ o, .
- Dv(q+mmv <q+mmﬂvﬂ)>’

which shows the same taxis term as in (6.43).

(6.44)

3. To look at steady states that are induced by the taxis term, we assume there is no
birth and death{ = g = 0). We consider a one-dimensional version of (6.43) on
an interval[0, /] with homogeneous Neumann boundary conditions. We find that
for steady states we have the relation

N (&) = (g + p(£)),

with an integration constant
o N©de
al + Jo p(€)de

This means that the shape bf(¢) follows the shape of the stopping rate, i.e.
N (&) andp(&) have common maxima and minima.

6.9 Applications
Applications of systems with quiescent phases have been mentioned throughout the

previous sections. Here we specifically discuss applications to the river drift paradox,
to radiation treatment of tumors, to engineered bacteria and to infectious diseases.

6.9.1 The River Drift Paradox

The “river drift paradox” describes the phenomenon that various animal species per-
sist in rapidly flowing rivers although continually individuals are drifting down the
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river. Apparently this problem is of a kind that showed up in example 6.1 and also in
a chemostat with washout.

Pachepskyet al. (2005) investigated the interaction of a benthic reproducing phase
w and a moving phase where individuals move (by diffusion) and can be carried
away by convection. In a non-dimensional form their model reads (compare (6.38))

V¢ = Ugg — VUp — PV + qW

wy = w(l—w)+pv—quw, (6.45)

wherer denotes the drift velocity.

The river drift paradox can be approached in several ways. First one can consider
a classicatritical domain size problerwith advection. When the link between the
stationary and the mobile phases is weak:(1) thenw; remains positive for small

w, and the population persists unconditionally. However, when the link is strong
(¢ > 1), then persistence depends upon both the advection spaed the domain
(river) lengthL. A necessary condition for persistence is that the advection speed lie
below a critical thresholdf < v* = 24/p/(¢ — 1)). When this threshold condition

is satisfied, the critical domain size approach employs the domain |&ragla bifur-

cation parameter for existence of nontrivial solutions (i.e., persistence). Reasonable
boundary conditions for the moving phase are zero flux at the top end of the stream
(z = 0) and hostile at the bottom end of the stream~ L) (Pachepskgt al., 2005).

The condition for persistence is then

2 1 [/ 4
L>————tan* <— e I/2) . (6.46)
47171 _ 2 v{qg—1

Second, the authors consider spread in a river of infinite length, and calculate up-
stream and downstream traveling wave speeds. The methods for this traveling wave
analysis are similar to those outlined in Lewis and Schmitz (1996) and Hadeler and
Lewis (2002), but now with advection included (Pachepsksgl, 2005). The anal-

ysis can be connected to the critical domain size analysis through the threshold

A positive upstream traveling wave speed is conditional upon v*. At v = v*

the upstream invasion stalls. Thus, quite separate approaches, traveling wave speeds
and critical domain size, are linked together by the critical advection speed. This ap-
proach has been extended to include generalized dispersal behavior in Letsaher
(2005).

Pachepskyet al. (2005) also derived the limiting equation under rapid transfer be-
tween mobile and stationary phaspsg — oo, with ¢/p = p), which they call the
“second Fisher approximation” for the total density of individuals,

(1 + p)ut = u(l - u) + PUzz — PYUL. (647)

They use the limiting equation to find simple conditions for persistence and inva-
sion under the assumption of strongly linked mobile and stationary populations. In
agreement with our general results the authors state that “... finite residence time on
the benthosif, ¢ < oo) enhances persistence of a population.” (Pachepslgl.
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2005, page 12). Also, in this problem the resting phase (immobile phase) stabilizes
the dynamics.

6.9.2 Spread of Genetically Engineered Microbes

Genetically engineered microbes (GEMs) can provide useful services in agriculture,
and field trials are likely to increase in the future. Services include, for example, an
extension of the growing season. This is due to prevention of ice nucleation on crops
by engineered “ice-minus” bacteria (Levas al., 1996). However, concerns remain
regarding proliferation and spread of GEMs, as well as the potential for ecosystem
disruption and gene transfer.

Lewis et al. (1996) modeled spread of GEMs in the presence of competition with
wild bacteria. For example, the wild counterpart to “ice-minus” bacteria is a naturally
occurring “ice-plus” strain that nucleates ice crystals. While a traditional ecological
approach would emphasize details of local competition, a key to modeling spread of
GEMs is inclusion of a mobile compartment, describing aerosols, or surface water
and groundwater suspensions, where there is rapid movement but high mortality.
Here the model is

05
% = Suw(l = 8w — YwSe) + PMw — 5w
0Ose
;t = T‘Se(l — Se _'Vesw)+pme —({Se
(6.48)
Oy, . . 0%my,
= UMy — PNy Sw a5 9
at K b ¢ 92
Ome N +582me
= —HeMe — PMe Se :
at a pite 4 D2

wheres andm refer to stationary and mobile compartments, and subsariptisde
denote wild and engineered strains. Note that spatial spread of strains requires linked
growth and dispersal and hence nonzero transfer gedesp.

The simplest case, which we consider here, is where wild and engineered strains are
identical in all aspects but their ability to compete=£ 6 = 1 and ., = pe = p).

The case with competitive exclusion of one strain by another requires one competi-
tion coefficient larger than one, and the other less than one. When one strain is only a
slightly better competitor, it is reasonable to also asstime- . =~ 2. Without loss

of generality we consider the case where the engineered strain is the better competi-
tor (v. < 1). Although this may not always be true, it is the case of interest when it
comes to the spread of GEMs.

We start by considering the limiting equation, where there are strong, balanced links
between sedentary and mobile classg® (— oo, with ¢/p = p). Here the system
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(6.48) simplifies to a modified spatial Lotka-Volterra competition equéation

aSw 62811}
1 = — — _ _ Tw
( + p) ot Sw [1 PH — Sw waSe] +p 022
(6.49)
0Se 9?5,
(1+P) ot = Se[l_p,u_se_’)/esw]—"_pax2'

In this case the approach of Okubbal. (1989) can be employed: addition of the
two equations and application of the conditigp + 7. = 2 yields a single equation
of Fisher form for the sedentary individuals

2
(1+p)%:s[1—pp—s]+p%. (6.50)
Although the sedentary individuals do not actually diffuse, their behavior is con-
sistent with the diffusion-type term in equation (6.50), because they are coupled
strongly to a diffusive mobile component. This equation has a globally attracting
invariant manifolds = 1 — pu, which is positive, providing the growth during time
spent in the stationary class exceeds mortality during time spent in the mobile class.
We expect initial conditions to start close to this invariant manifold, with= 1—pp
ands. ~ 0 except at a local perturbation which corresponds to localized introduc-
tion of the engineered strain. Hence it is reasonable to consider the case of population
spread on the invariant manifold. Substitutionspf= 1 — pu — s, into the second
of equation (6.49) yields another Fisher type equation

9se (1= pp)(1 —1e) _ Se p_ Ps.
ot (1+p) se |1 1—pp Jrl—&—p@a:Q’ (6.51)

with asymptotic spread rate

V(I = pp)(1 = 7e)p
1+p '

Note that spread is slowed by interstrain competitjprand mortalityu, but is non-

monotonic with respect to the transfer rate balapce- ¢/p. Indeed, the worst,

or speediest, invasion occurs when the mobile to stationary transfer rate slightly

exceeds the stationary to mobile rate so that ¢(1 + 2u), with speedc* =

V(1 —7)/(1+ p). As the mortality rate in the mobile clags, approaches zero,

the speed simplifies to* = /1 — 4., which is exactly half the rate calculated by

Okuboet al. (1989) for the spread of a competitively superior species into another

via Lotka-Volterra with simultaneous competitive growth and diffusion. The halving

of the spread rate comes from differing original assumptions. Rather than allowing

for simultaneous competitive growth and diffusion, equation (6.48) assumes that in-

dividuals either compete and grow, in one class, or diffuse, in another.

=2

(6.52)

The case with weakly linked mobile and stationary classes can be understood using
similar mathematical methods (see Lewisal. (1996), Appendix). The invariant
manifolds are found by adding the first two and second two equation of (6.48), under

* Note the typo in the equivalent equations (16) and (17) from Letvid. (1996).
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the assumptiory,, + v. = 2, to obtain a reduced system

0s
5% = w(l —w) +pm —gqs
(6.53)
om st M
or <~ Mmoo prmTET G

Here the variables = s,, + s, andm = m, + m. represent the total number of

microbes, both genetically engineered and wild, in the stationary pool and the mobile

pools, respectively. Spatially homogeneous steady-state solutions to this system are

(0,0) and(s, m), where

pl-—q)+p g _
m= ———

. (6.54)
w+p w+p

g =
Contracting rectangle arguments (Smoller, 1982) show(that) is a globally stable
equilibrium point for (6.53) (Schmitz, 1993), and henge+ s, = s andms+m, =
m is a globally attracting invariant manifold. On this manifold, the invading GEMs
obey

a;te = Se(l—5c—7e(5 = sc)) +pme — gse
(6.55)
ome a2me
ot = —HMe — PMe + qSe + or2

Becauses < 1 (6.54) andy. < 1, equation (6.55) describes logistic growth in

the stationary state and switching between sedentary phase and a mobile state (see
Section 6.8.1). Here the spread of GEMs can be calculated as for equation (6.38). As
with the strongly coupled case (above), zero mortality< 0) and balanced transfer
ratesq andp lead to a spread rate of = /1 — ~.. Figure 2 of Lewiset al. (1996)

shows spread rates for nonzerand unbalanced transfer rates.

6.9.3 Tumor Growth: The Linear-Quadratic Model

We can use the mechanism of quiescent dynamics to derive the linear quadratic
model in cancer radiation treatment. There it is assumed that the surviving fraction
S(D) of a tumor after radiation treatment with doB¢t) can be expressed as

S(D) = ¢ @PM-ADO?, (6.56)

wherea and 3 are non-negative constants. It has been shown that this model fits
many data really well (Wheldon, 1988).

Itis known that proliferating cells can enter a quiescent phase to eventually enter the
cell cycle again. The quiescent phase is of particular interest in radiation treatment of
cancer because radiation is most damaging to highly active proliferating cells. Qui-
escent cells are hit by radiation as well but they have time enough to repair DNA
damage and recover. Hence for treatment to be successful it is important to estimate
the quiescent phase. Cancer control cell cycle models were studied by Dawson and
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Hillen (2005) and Swierniakt al. (1996) and many others. Here we study the fol-
lowing model.

Let N(¢) denote the active tumor cells ai{t) the resting tumor cells. It is assumed
that cells randomly switch between the active and quiescent phases. An alternative
model, where cells after proliferation directly enter the quiescent phase has been
studied in Dawson and Hillen (2005). Here we study:

N = uN(1—N/K)—pN +qR— (A, + BD(t))D(t)N,

R = —qR+pN — A,D(t)R.
The growth of the tumor is modeled through a logistic term. Alternative models use
a Gompertz law, the Bernoulli equation or a von Bertalanffy growth law (see Gyllen-
berg and Webb (1989), Britton (2003)). We describe the radiation damage through
the hazard functiom(t) = (A, + 2BD(t))D(t) (see Zaider and Minerbo (2000)),
whereD(t) is the total dose and)(t) is the dose-rate. The parametets and A,
describe the radiation damage caused by single hit events while the coefficient
scribes double hit damage. Itis assumed that quiescent cells can recover from double
hit events, since they have time to repair the damage. We also assurdg thatl; .

The limiting equation reads
@ = qu(l — gu/K) — ((§A1 + pA2)D(t) + GBD(t)D(t))u. (6.57)
To derive the linear-quadratic model (6.56) we assume that cell proliferation is slow
on the time scale of radiation treatment. Hence we study
i = —((§A1 + pA2)D(t) + GBD(t)D(t))u (6.58)
which has the solution
u(t) = u(0) exp(—aD(t) — BD(t)*),
with
o = GA1 + pAs, 08 =qB.

The a/5-ratio is used in clinical applications to choose the best radiation protocol.
It has been observed experimentally that cells in a long cell cycle have adaye
ratio, while cells in a short cell cycle have a lew 3-ratio. The model shows that

is a weighted mean ofl; and A, while g is proportional ta; and B. Then a large
a/3-ratio corresponds to smajl or small B. Smallg implies that a small fraction

of the population is in the active compartment.

6.9.4 Infectious Diseases

Introducing quiescent phases in the classical Kermack-McKendrick model amounts
to assuming that individuals avoid contacts at random intervals (Castillo-Chavez and
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Hadeler, 1995; Hadeler and van den Driessche, 1997). One obtains

= —aZ+pl—qZ
= S+I+W+Z+R

whereS denotes active susceptibleactive infected R the recovered, and’, Z in-
dividuals that temporally leave the risk group. The parameenotes the infection
rate andv is the recovery rate. Here one can assumenfhatconstant. Hence it does
not matter whether one uses mass action kinetics or standard incidence.

S = —ﬁ%—plSﬂquW
I = ﬁ%—a[—pgf-i-qu
R = al+aZ

W = mS—aW

Z

N

However, the interpretation of a quiescent phase matters. It makes a difference if
people avoid social contact at all or just contacts that could cause transmission of
the disease. It also matters if the total number of contacts is reduced or if it remains
constant and hence the same number of contacts is distributed in the smaller then
active population.

The basic reproduction number is

b ete (6.59)
apr+q p2t+qta

Inview of d(S+I1+W+2)/dt = —a(I+Z) itis evident that eventually+Z — 0.
Fromd(S +I)/dt = —pS1 it follows that the total number of potential susceptibles

S + W is decreasing. Hence on limit seis+ W is a constant angh S = ¢;W. In
contrast to the classical case there is no explicit formula or equation for the proportion
of individuals which have never been infected.

Hence the model behaves essentially as the classical Kermack-McKendrick model
but the quiescent phase reduces the basic reproduction number. Hadeler and van den
Driessche (1997) discussed more general (and more realistic) situations where the
rates depend on the prevalence of the disease.

6.9.5 Contact Distributions Versus Migrating Infective

Traditionally, the spread of epidemic diseases in space has been modeled in different
ways, by contact distributions (Kendall) and by migrating individuals (Noble). A
contact distribution describes the infectious force which one infectious individual at
positiony exerts upon a susceptible individual at positioThe contact distribution

is a non-negative symmetric convolution kerhedith &£« 1 = 1,

(rx @) = [ Ko~ g)ulw)s
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The model assumes the form

Sy
I

—B(k=1)S
Blkx1)S —al.

On the other hand, one can model the motion of individuals by migration processes
via

(6.60)

Sy = —pIS+ds(kxS—S9)

I, = pIS—al+di(k+xI—1)
where agairk is a non-negative symmetric convolution kernel with 1 = 1 and
dg, dy are diffusion coefficients, typically different for susceptible and infected. For
instance, in rabies models one assumes that only infectious individuals thove,
0.

(6.61)

The contact model and the diffusion model describe different scenarios. In the con-
tact model each individual “sits” at some location and meets other people at other
locations with probability of contact decreasing with distance. The diffusion model
is based on the idea that people move around and get into contact with other people.
Of course this model does not imply that every person has a home base to which
he/she will eventually return.

In either model, one can perform a diffusion approximation (using that the kernel is
normalized and symmetric)

1
kExum~u+ - k(z)zidzAu. (6.62)
2 Jrn
Then the contact model (6.60) becomes Kendall’s model and the diffusion model
(6.61) becomes a standard system of reaction diffusion equations.

In practice the contact models and the migration models show very similar behavior.
In order to compare the two approaches we consider the SIS case for both models.
The contact model:

Sy = —pBSUT+o0l)+al

I, = BS(UI+o0lu)—al
and thus

L=p01-0{I+o0l.)—al.
The diffusion model:

St = —-pBSI+al+DS,,

I, = BSI—al+ DS,
and thus

Iy =p(1—-1)I—al + DI,,.

Notice that this last equation is essentially the logistic equation with diffusion. We
get the wave speed simply by linearizing at the leading edge (this argument can be
made rigorous):

co = 24/ (8 — a)Po for the contact model.
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¢o = 24/ (B — a) D for the diffusion model.

Hence the two formulas agree if we pt= So.

The question is whether these are just two similar but different models or whether
there is some deeper connection. One connection can be made by designing a larger
model for two types of stochastically moving individuals, the “quiescent” who move
only in their neighborhood and the “active” who travel far. Then the two models
before can be obtained as limiting cases of a larger model. Such a larger model is

Si = =S(BIW + B 1))
1Y = 5k 1D — [O) — oW 4 g1 — p1@) (6.63)
I = S(BIM 4 BoI @) — al®@ — qI? 4 p1D)

with a non-negative convolution kernel z « 1 = 1 and a coefficiend > 0.

There are susceptiblé and infected individuals of two kinds, migrating? and
sedentaryl (). The parameter$, and 3, are the transmission rates for sedentary
and migrating infected individuals, respectively. A sedentary susceptible can be in-
fected by either an infected individual residing at the same position or by a passing
migrating infectedl = I") + I is the total number of infected individuals.

Hadeler (2003) showed that different scalings of this system lead to limiting models
with contact distributions (6.60) or to limiting models with migrating infective (6.61).
The migration models correspond to the situation of slow progression of the disease
within the population while contact models describe spread by rapid excursions of a
few highly infectious individuals.

Hence migration models and contact models can be seen as limiting cases of models
with different levels of mobility.

We sketch a proof of (6.62) for normalized symmetric kernels with existing second
moments. By Taylor expansion we find

k(x — y)u(t,y)dy = kE(z)u(x + 2)dz
R" R"
= / . E(2)(u(z) + ug(x)z + %zTum(x)z + o(|z]))d=

=u(z) + %/IR" 2T Uy (2)2 4 o(|2]).

We have used x 1 = 1; theu, term goes away because of symmeitry; is the
Hessian matrix. Now

/ 5(2)27 g () 22 = / HE) S e, ()22

and 0 »
(]
/k(z)ZiZde = {fk(z)zfdz i=j



DISCUSSION 125

and, because of the symmetry,

/k(z)zfdz = /k(m)zfdz
Hence

/ E(2) 2T Upy (x)2dz = / k(2)23dz (Au)(x).

6.10 Discussion

Throughout this chapter, biological systems have emerged in which quiescent phases
drastically change the dynamics quantitatively or even qualitatively. Generally, qui-
escent phases tend to slow the dynamics near equilibria, stabilize equilibria against
the onset of oscillations, and enhance persistence of certain species or types.

The effect of quiescent states may be significant with respect to outcomes in specific
biological systems. In fact, quiescent phases can have a quite surprising effect on the
population as a whole. For example, quiescent states can induce taxis terms in move-
ment equations. The extinction of populations (through washout) in river ecosystems
can be prevented when there is a stationary phase weakly coupled to the mobile state.
Cancer tumors can resist radiation treatment when cells have refuge in a quiescent
state, which needs to be accounted for in radiation treatment planning. A similar ef-
fect is known for antibiotic resistance in bacteria. Balabaral. (2004) have used

a model involving a quiescent state (they called it "persisters") to fit survival data of
E. coli bacteria which were exposed to the antibi@mpicillin. They show that the
existence of a persisting compartment can explain population survival and re-growth
after treatment.

Moreover, our systematic approach to quiescent phases solves the longstanding dis-
crepancy between diffusion and contact distribution models for spatial spread of epi-
demics, which can now be understood in terms of different scaling limits of a larger
model with quiescence. It further highlights a risk of potentially erroneous conclu-
sions about the joint effects of quiescent phases and delays.

In general, systems with quiescent phases have twice the dimension compared to sys-
tems without. Hence the mathematical analysis of such systems may become quite
cumbersome (in particular in the transition from dimension two, where phase plane
analysis is available, to dimension four). The methods and examples presented here
provide tools to handle such systems provided the qualitative behavior of the systems
without quiescent phases is well understood. However, further mathematical chal-
lenges remain, in particular to derive a solid theory for infinite dimensional systems,
such as PDE’s and to understand the effects of quiescent phases on global behavior,
specifically the existence of compact global attractors.

Acknowledgements This research was supported by DFG-ANumE (KPH), NSERC,
MITACS (TH and MAL) and a Canada Research Chair (MAL).



126 BIOLOGICAL MODELING WITH QUIESCENT PHASES

6.11 References

W. Alt (1980), Biased random walk model for chemotaxis and related diffusion approximation,
J. Math. Biol.9: 147-177.

N. Q. Balaban, J. Merrin, R. Chait, L. Kowali, and S. Leibler (2004), Bacterial persistence as
a phenotypic switchScience805 1622-1625.

L. Bilinsky and K. P. Hadeler (2008), Quiescence stabilizes predator-prey relalioBm|.
Dynamicsaccepted, open access available.

G. Bocharov and K. P. Hadeler (2000), Structured population models, conservation laws, and
delay equations]. Differential Equationd.68 212-237.

N. F. Britton (2003) Essential Mathematical Biologwpringer, Heidelberg.

C. Castillo-Chavez and K. P. Hadeler (1995), A core group model for disease transmission,
Math. Biosc.128 41-55.

F.A.C.C. Chalub, P.A. Markovich, B. Perthame, and C. Schmeiser (2004), Kinetic models for
chemotaxis and their drift-diffusion limitdJonatsh. Math142 123-141.

C. Cosner and Y. Lou (2003), Does movement toward better environments always benefit a
population?]. Math. Anal. Appl277: 489-503.

A. Dawson and T. Hillen (2006), Derivation of the tumor control probability (TCP) from a cell
cycle modelComput. Math. Meth. Med: 121-142.

R. Dickinson (2000), A generalized transport model for biased cell migration in an anisotropic
environment,). Math. Biol.40: 97-135.

L. Edelstein-Keshet, J. Watmough, and Grunbaum (1998), D. Do travelling band solutions
describe cohesive swarms? An investigation for migratory lodustlath. Biol.36: 515-

549.

W.S.C. Gurney, S.P. Blythe, and R.M. Nisbet (1980), Nicholson blowflies revidiatire
287 17-21.

M. Gyllenberg and G. F. Webb (1989), Quiescence as an explanation of Gompertzian tumor
growth,Growth, Development, and Agirsg: 25-33.

K.P. Hadeler (2003), The role of migration and contact distribution in epidemic spread, in
“Biomathematical Modeling Applications in Homeland Security, Frontiers Appl. Math.,
ed. by C. Castillo-Chavez and H.T. Banks, SIAM, pp. 203-214.

K.P. Hadeler (2008a), Quiescent phases and stahilitgar Algebra and Appk2§7): 1620-

1627.

K.P. Hadeler (2008b), Neutral delay equations from and for population dyanEuecsp. J.
Qual. Theor. Diff. Eq11: 1-18.

K.P. Hadeler (2008c), Homogeneous systems with a quiescent phase,Model. Nat. Phe-
nom.3(7): 115-125.

K.P. Hadeler and G. Bocharov (2003), Delays in population models and where to put them in
particular in the neutral cas€anadian Appl. Math. Quartl1: 159-173.

K.P. Hadeler and T. Hillen (2006), Coupled dynamics and quiescent statédaih Every-
where”, ed. by G. Aletti, M. Burger, A. Micheletti, and D. Morale, Springer, pp 7-23.

K.P. Hadeler and M.A. Lewis (2002), Spatial dynamics of the diffusive logistic equation with
sedentary compartmer@anadian Appl. Math. Quartl0: 473-499.

K.P. Hadeler and F. Lutscher (2008), Quiescent phases with distributed exit time, in prepara-
tion.

K.P. Hadeler and H.R. Thieme (2008), Monotone dependence of the spectral bound in linear
compartment systemg, Math. Biol.57: 697-712.

K.P. Hadeler and P. van den Driessche (1997), Backward bifurcation in epidemic control,
Math. Biosc146: 15-35.



REFERENCES 127

T. Hillen (2003), Transport equations with resting phagaspop. J. Appl. Math14(5): 613-
636.

T. Hillen and H. G. Othmer (2000), The diffusion limit of transport equations derived from
velocity jump processeSIAM J. Appl. Math61(3): 751- 775.

M. A. Lewis, G. Schmitz, P. Kareiva, and J. T. Trevors (1996), Models to examine containment
and spread of genetically engineered microbdslecular Ecologys: 165-175.

M.A. Lewis and G. Schmitz (1996), Biological invasion of an organism with separate mobile
and stationary states: Modeling and analyBismall: 1-25.

F. Lutscher, E. Pachepsky, and M.A. Lewis (2005), The effect of dispersal patterns on stream
populationsSIAM RevA7: 749-772.

T. Malik and H.L. Smith (2006), A resource-based model of microbial quiescdndéath.
Biol. 53 231-252.

T. Malik and H.L. Smith (2008), Does dormancy increase fithess of bacterial populations in
time-varying environment8ull. Math. Biol.70: 1140-1162.

M.G. Neubert, P. Klepac, and P. van den Driessche (2002), Stabilizing dispersal delays in
predator-prey metapopulation modelsieor. Popul. Biol61: 339-347.

A. Okubo, P. K. Maini, M. H. Williamson, and J. D. Murray (1989), On the spatial spread of
the grey squirrel in BritainProc. R. Soc. Lond. B38 113-125.

H.G. Othmer and T. Hillen (2002), The diffusion limit of transport equations Il: Chemotaxis
equationsSIAM J. Appl. Math62(4): 1122-1250.

E. Pachepsky, F. Lutscher, R.M. Nisbet, and M.A. Lewis (2005), Persistence, spread and the
drift paradox,Theor. Pop. Biol67: 61-73.

G. Schmitz (1993)A Model for the Spread of Genetically Engineered MicrobdasterSs
thesis, University of Utah.

J. Smoller (1982)Shock Waves and Reaction-Diffusion Equati@minger-Verlag, Berlin.

A. Swierniak, A. Polanski, and M. Kimmel (1996), Optimal control problems arising in cell-
cycle-specific cancer chemothera@gll Prolif. 29: 117- 139.

H.F. Weinberger, M.A. Lewis, and B. Li (2002), Analysis of linear determinacy for spread in
cooperative models), Math. Biol.45: 183-218.

T.E. Wheldon (1988)Mathematical Modelling in Cancer Resear&dam Hilger, Bristol.

M. Zaider and G.N. Minerbo (2000), Tumor control probability: a formulation applicable to
any temporal protocol of dose deliveBhys. Med. Biol45: 279-293.








