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Abstract This paper presents a PDE system modeling the growth of a single species
population consuming inorganic carbon that is stored internally in a poorly mixed
habitat. Inorganic carbon takes the forms of “CO2” (dissolved CO2 and carbonic acid)
and “CARB” (bicarbonate and carbonate ions), which are substitutable in their effects
on algal growth. We first establish a threshold type result on the extinction/persistence
of the species in terms of the sign of a principal eigenvalue associated with a nonlinear
eigenvalue problem. If the habitat is the unstirred chemostat, we add biologically
relevant assumptions on the uptake functions and prove the uniqueness and global
attractivity of the positive steady state when the species persists.

Keywords Inorganic carbon - Internal storage - Extinction - Persistence - Global
stability - A nonlinear eigenvalue problem

Sze-Bi Hsu: Research supported in part by Ministry of Science and Technology, Taiwan.
King-Yeung Lam: Research partially supported by NSF Grant DMS-1411476.

Feng-Bin Wang: Research supported in part by Ministry of Science and Technology, Taiwan; and
National Center for Theoretical Sciences (NCTS), National Taiwan University; and Chang Gung
Memorial Hospital (BMRPD18 and NMRPDS5F0541).

B Feng-Bin Wang

fbwang @mail.cgu.edu.tw

Department of Mathematics, National Tsing Hua University, Hsinchu 300, Taiwan
2 Department of Mathematics, The Ohio State University, Columbus, OH, USA

Department of Natural Science in the Center for General Education, Chang Gung University,
Guishan, Taoyuan 333, Taiwan

Community Medicine Research Center, Chang Gung Memorial Hospital, Keelung, Keelung 204,
Taiwan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00285-017-1134-5&domain=pdf

1776 S.-B. Hsu et al.

Mathematics Subject Classification 35B40 - 35K57 - 92D25

1 Introduction and the model

Resource competition theory is an important topic concerning the interaction between
the limiting resource(s) and the species. The most basic limiting resources for growth
include nutrients (e.g., nitrogen and phosphorus), light, and inorganic carbon. Several
previous works have considered the competition between the species for nutrients
(e.g., nitrogen and phosphorus), or light, or both of them. However, the competition
for inorganic carbon have received very little attention. The main difficulty is the
biochemistry of inorganic carbon, which is much more complicated than that of nutri-
ents and light (Van de Waal 2011). The detailed mechanism of chemical interactions
involved in the competition for inorganic carbon can be found in Nie et al. (2016) and
Van de Waal (2011). The authors in Van de Waal (2011) proposed a system of ODEs
modeling the competition of the species for inorganic carbon that is stored internally
in a well-mixed chemostat, in which dissolved CO2 and carbonic acid are regarded as
one resource (denoted as “C0O2” ), and bicarbonate and carbonate ions are regarded as
another (denoted as “CARB”). The resources “CO2” and “CARB” are substitutable
in their effects on algal growth (Nie et al. 2016; Van de Waal 2011).

To make the mathematics more tractable, we will follow the ideas used in the recent
work (Nie et al. 2016) to simplify the complex processes of “C0O2” and “CARB”
involved, and modify the ODE system proposed in Van de Waal (2011). In order
to model the interactions between the limiting resource(s) and the species, we need
to specify the amount of resource(s) consumed in the growth of one new individual
(Groveretal. 2012). Assuming that all individuals have the same quota of resource(s) at
any instant, we consider the following variable-internal-storage model in a well-mixed
chemostat (Grover et al. 2012; Nie et al. 2016; Van de Waal 2011):

4R — (R© — R) D — fr(R, Q)u — 0, R + w5,

@ = (5O = 8)D — f5(S, Qu + o R — S,

€2 = fr(R. Q)+ fs(S. Q) — n(Q)Q. (L.1)
@ = [u(Q) — Dlu,

R(0) =0, S(0) >0, Q(0) = Quin. u(0) = 0.

2

Here, R(t) represents the total concentration of “CO2” (i.e. dissolved CO2 and car-
bonic acid); S(¢) represents the total concentration of “CARB” (i.e. bicarbonate and
carbonate ions); u(¢) denotes the population density of the species; Q(#) stands for
the cellular carbon content. The fourth equation in (1.1) describes the population den-
sity of the species, where ©(Q) is the specific growth rate of the species, and Qmin
denotes the threshold cell quota below which no growth of the species occurs. The third
equation in (1.1) describes the cellular carbon content of the species, which increases
through uptake of “CO2” (fr(R, Q)) and “CARB” (fs(S, Q)), and decrease through
consumption of cellular carbon for growth. We ignore the effect of respiration in
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system (1.1). The first two equations of system (1.1) describe changes in dissolved
inorganic carbon in the environment. The first equation represents the changes in the
concentration of dissolved “CO2” through the influx R© and efflux of water con-
taining dissolved “CO2”, through gas exchange with atmospheric CO2, and through
the chemical reaction from dissolved “CO2” to “CARB” and vice versa, and through
uptake of “CO2” (fr(R, Q)u) by the species; the second equation describes changes
in the total concentration of “CARB” through the influx $(® and efflux of water con-
taining these inorganic carbon species, through the chemical reaction from “CARB”
to dissolved “CO2” and vice versa, and through uptake of “CARB” (fs(S, Q)u) by
the species (Van de Waal 2011). We further assume that carbonic acid loses a proton to
become bicarbonate at the rate w,, and the rate of the reverse reaction is denoted by w;
(Nie et al. 2016). All the parameters depend on the physical and chemical conditions
of natural waters (e.g., temperature, pH and alkalinity) (Nie et al. 2016; Van de Waal
2011). The chemostat is supplied with inorganic carbon at constant concentrations
(RO, 5Oy at dilution rate D. In De Leenheer et al. (2006) and Li and Smith (2007),
the authors investigated models of two complementary/essential resources with inter-
nal storage in which growth rate for species is determined by the minimum of two
Droop functions. This type of growth rate reflects that the two resources are com-
plementary/essential, not substitutable. Two mass conservation laws can be derived
for the models in De Leenheer et al. (2006) and Li and Smith (2007), and hence, the
authors in De Leenheer et al. (2006) and Li and Smith (2007) can reduce their systems
to monotone systems. We point out that only one mass conservation can be obtained
for system (1.1), and it can not be reduced into a monotone system without imposing
extra assumptions on the uptake functions. Thus, the arguments in De Leenheer et al.
(2006) and Li and Smith (2007) can not be applied to system (1.1). We will summarize
the results of system (1.1) in the Discussion section.

In Droop (1968, 1973, 1974) and Van de Waal (2011), the growth rate ;(Q) was
taken to be

1(0) = poe (1 - Qg“‘) V0= Omin: (1.2)
or Q Q )
M(Q) = Mmaxmg:ﬁny Y Omin < Q < Omax,

where (1o 1s the maximal growth rate at infinite quotas (i.e. as Q — 00) of the species;
max 18 the maximum specific growth rate of the species; Qmip is its minimum cellular
carbon content required for growth; Qpmax is its maximum cellular carbon content.
According to Grover (1992), for N = R, S, the uptake rate fn (N, Q) takes the
form:

N

SN(N, Q)ZPN(Q)kN+N. (1.3)

The function py (Q) is defined as follows:

Q - Qmin
Qmax - Qmin '

low

high high
ION(Q) = pn:fx,N - (pmlfx,N - pmax,N) (1'4)
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1778 S.-B. Hsu et al.

or

Qmax - Q
Qmax - Qmin '
where Omin < O < OQmax. The authors in Cunningham and Nisbet (1980), Cunning-
ham and Nisbet (1983) and De Leenheer et al. (2006) took pn (Q) to be a constant,

on(Q) = Pmax, N (1.5)

pN(Q) = pN. (1.6)

Motivated by the above practical examples, we assume that for N = R or S, the
functions ©(Q) and fy (N, Q) satisfy the following assumptions:

(H1) w(Q) is Lipschitz continuous for Q > 0. Moreover, 1’ (Q) > 0 fora.e. Q > 0,
and there exists Qmin > 0 such that £ (Qmin) = 0.

(H2) (i) fv(N, Q) and i Ngl;\/, D are Lipschitz continuous in N > 0 and Q > 0;

(i) M0 > g, 9ng5’9) <0and fy(N, Q) > Oforae. N > 0and Q > 0;
(iii) there exists Qg € (Qmin, +00] such that
Afn(N, Q)

fN(N, Q) >0, N >0 in {(N,Q)€R% : N >0and Q € [0, 0p)},

ININ,Q)=0in {(N, Q) e Ry : N =00r Q = 0p]}.

(When Qp = 400, it is understood that fy (N, Q) = 0 if and only if N = 0).
One can easily use a natural way to extend the functions u(Q) and fy (N, Q) in
previous examples to be defined in R} and Rﬁ_, respectively, while satisfying (H1)
and (H2).

There have been several works investigating populations and dissolved nutrients
that are poorly/partially mixed in spatially variable habitats (Ballyk et al. 1998; Bax-
ley and Robinson 1998; Grover 2009, 2011; Grover et al. 2009; Hsu et al. 2010;
Hsu and Waltman 1993; Mei et al. 2016). One simple, spatially distributed habitat is
the unstirred chemostat (Baxley and Robinson 1998; Hsu and Waltman 1993; Smith
and Waltman 1995), which was introduced as a poorly/partially mixed analog of the
chemostat with transport of nutrients and organisms by diffusion. An advantage for
the species with quota variation in spatially variable habitats is that individuals could
obtain nutrients in a rich zone of a habitat and for their later use to survive when
they travel to a poor zone (Grover 2009, 2011). Thus, the ecological models with
variable quotas in a spatially variable habitat are important and significant. How-
ever, such topics have received very little attention, perhaps due to the complexities
and difficulties in modeling as well as mathematical analysis. In the previous works,
there are three approaches of modeling to this issue. The first approach is to incor-
porate the physical transport equations governing spatial distributions of populations
and resources into equations for structured populations proposed in Diekmann et al.
(1984) and Diekmann and Metz (1986). We will give detailed descriptions about this
approach in the Discussion section. The second approach is the individual-based com-
putational model proposed in Grover (2009), where the author utilized the Lagrangian
framework developed in Woods (2005) to divide the population of each species into
a large number of subpopulations. Each subpopulation moves around the habitat, and
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its dynamics is governed by ordinary differential equations in relation to intracellular
stored nutrient (Droop 1974; Grover 1992), and the available nutrient satisfies a par-
tial differential equation with a simple diffusive transport process and a consumption
term. The Lagrangian/computational approach in Grover (2009) and Woods (2005)
can have higher accuracy for some results (Grover 201 1), but it requires extensive com-
putation to achieve predictions and it cannot be analyzed mathematically. The third
approach is the reaction—diffusion system (Hsu et al. 2010) or the reaction—diffusion—
advection system (Grover 2011), which describes the dynamics of dissolved nutrient
concentration, the total concentration of stored nutrient by a species at a given point,
and the corresponding population density. Then the ratio of the total concentration of
stored nutrients by a species at a given point and the corresponding population den-
sity can be regarded as the average quota of individuals at a location (Grover 2011).
This approach may risk errors since population growth at each location is assumed to
depend on this average quota (Grover 2011). Recently, the author in Grover (2011)
compared the second approach with the third one, and he concluded that errors caused
by the averaging approach were relatively modest since both approaches can have
similar predictions concerning persistence/coexistence of species.

The averaging approach can be used to establish more tractable PDEs (Hsu et al.
2010), and it can be regarded as an approximation of the Lagrangian/computational
approach since both approaches have similar results (Grover 2011). Inspired by this
fact, we intend to adopt the averaging approach in Grover (2011) and Hsu et al.
(2010) to incorporate spatial variations into system (1.1). For this purpose, we assume
U(t) = u(t)Q(t) to be the total amount of stored inorganic carbon at time ¢. Then
(1.1) becomes

4R — (RO —R)D — fr (R, Y)u — 0, R + oS,
d_s (S(°> S)D—fs (5 %
Cii—[tj_fR( Dyu+tfs(s. 4
% =[n(4) - D]

R(0) >0, S(0) =0, U®©) >0, u(0) >0,

u
)u+a)rR ws S,
)u—DU, (L.7)

where the initial value (#(0), U(0)) satisfies U(0) > Qminu(0). We propose the
following “unstirred chemostat model” of system (1.1) (or (1.7)):

Ri=dRy — fr(R.Y)u— R+ w8, xe(0,1),t>0,

S =dSxx — fs (S ,u)u—i—a), —wsS, xe (0,1, t>0,

Uy=dUe+ fr(R.L)u+ fs (S, L)u, xe©, 1), >0,

up =duxy + p(L)u, x€©,1), 1>0, (1.8)
N.(0,t) =-NO N.(1,)+yN(1,t)=0, N=R,S, t >0,

wy(0,8) =0, wy (1, ) +yw(l,t) =0, w=U,u, t >0,

w(x,0) = wo(x) > (#0, w=R,S,U,u, x €(0,1),
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1780 S.-B. Hsu et al.

where the initial value functions u°(x), and U (x) satisfy
U(x) = Qmint”(x), on [0, 1].

It is worth mentioning that we consider a tubular chemostat so that the spatial dimen-
sion equals one in (1.8). The constants d and y represent the diffusion coefficient and
the washout constant, respectively. Here we calculate the average quota carbon at the
location x and time ¢ as Q(x, 1) := Z((;zt))’ and apply the functions ¢ and fy with the
functions u and fy satisfying (H1) and (H2) respectively, for N = R, S.

Another natural habitat is the water column of lakes and oceans. In the
poorly/partially mixed water column, the phytoplankton, which is relatively homoge-
neously distributed horizontally, may be moved up or down by turbulence diffusion.
In addition, it also has a tendency to sink or float. Hence, our model in the water
column will be a reaction—advection—diffusion system (Grover 2009, 2011; Huisman
et al. 1999; Klausmeier and Litchman 2001; Nie et al. 2016; Yoshiyama et al. 2009).
The spatial coordinate x € [0, L] represents the depth of a water column, with x = 0
being the surface and x = L the bottom. Concerning the model of phytoplankton in a
water column, we shall first discuss the corresponding boundary conditions before dis-
playing the full equation. Assuming that “CO2” (R) enters via the water—atmospheric
interface (x = 0), whereas “CARB” (S) enters via the sedimentary interface (x = L),
we propose the following boundary conditions for resources in the water column:

{yRR(O, 1) — Re(0,1) = ypR©, Ry(L,1) =0, 1 > 0, 19

Sc(0,1) =0, Sc(L,1)+ysS(L,t)=ysS®, > 0.

Assume that Dg(x) and Dg(x) are the vertical turbulent diffusion coefficients of
the resources R and S, respectively; yg represents the transfer velocity of nutrients
relative to Dg (0) at the surface; ys represents the transfer velocity of nutrients relative
to Dg(L) at the sediment interface (Yoshiyama et al. 2009). The following is another
type of boundary conditions for “CO2” and “CARB” used in the model of Nie et al.
(2016):

1.10
$:(0,6) =0, S(L,t) =S5O, r >0, (1.10)

{yRR(O, 1) — Ry (0,1) = yrR, R(L,1) = R?, 1 > 0,
where the positive constant R is the thermodynamic equilibrium concentration of
“C0O2” in water, whose biological explanations can be found in the introduction of
Nie etal. (2016); R© and S© are the source concentration of “CO2” and “CARB” at
the bottom of the water column, respectively (Nie et al. 2016). We assume no boundary
flux for the species u and the total stored resource U, that is, u and U do not leave or
enter the water column atx =0 and x = L:

d()wy(x, ) —v(X)w(x, 1)=0, forw e {u, U}, xe{0, L}, andz > 0. (1.11)

Here d(x) are the vertical turbulent diffusion coefficient of u and U; v(x) is the sinking
velocity (v(-) > 0) or the buoyant velocity (v(-) < 0) of u and U.
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We first propose general boundary conditions that can include models in the chemo-
stat [see (1.8)] and the water column [see (1.9), (1.10), and (1.11)] as special cases.
Define the following operators: for N = R, S,

_aN,ONX(O’ t) +bN,ON(07 t)’ X = 07 > Ov

By.xIN]1=
vl {aN,LNx(L, 0 +byN(L.1), x =L, t>0,

and forw = U, u,

—a Td (0)wy (0, 1) — v(0O)w(0, 1)] + b°w(0, 1), x =0, t > 0,

se {aL[d(L)wx(L, D —v(Lyw(L, O]+ blw(L, 0, x =1L, 1 >0,

where ay x, by x, a*, and b* are non-negative, forall N € {R, S}andx € {0, L}.In
this paper, we shall study the general model that includes the habitats in the unstirred
chemostat [see (1.8)] and in the water column [see (1.9), (1.10), and (1.11)]:

R = (Dr(x)Ry), — fr (R, %)u —w,R+wS, x e (0,L), t >0,

St = (Ds(x)S0), — fs (S, L)u+ o, R — w3, x € (0, L), t >0,

Uy = (dx)Ux—v@)U) + fr (R, L) utfs (S, L)u —mU, x € (0, L), t >0,
ur = (dX)uy —v(x)u), + 1 (%) u—mu, x € (0,L), t >0,
Byx[N]=cnx>0, N=R,S, x=0o0rL, t >0,

B*[w]=0, w=U,u, x=0o0rL, t >0,

w(x,0) =w(x) > ()0, w=R,S,U,u, xc(0,L),

(1.12)
where m > 0. We will impose some assumptions on the boundary conditions in system
(1.12) as follows:

H3) any x,bnx = 0and ay x + by > O for all (N, x) € {R, S} x {0, L}; also,
by x > 0 for some (N, x) € {R, S} x {0, L}.

(H4) m,a*,b* > 0and a* +b* > Oforall x € {0, L}. One of m, b°, b is positive.

(HS) Dr(x) = Ds(x) = D(x) Vx € [0,L], and arx = asy, brx = bs.x,
Vxe{0,L}.

(H6) cn x > 0,forsome (N, x) € {R, S} x{0, L}. Moreover, if for some (No, xo) €
{R, S} x {0, L} such that cy,,x, > 0, then by, x, > 0.

We point out the main distinction between this paper and the previous works in
Hsu et al. (2010, 2014). The main difficulties in mathematical analysis for the system
(1.12) and models in Hsu et al. (2010, 2014) are caused by the singularity in the ratio
U /u at the extinction steady state (R, S, U, u) = (R*, §*, 0, 0). Thus, standard tech-
niques such as linearization and bifurcation are not applicable. In Hsu et al. (2010),
strictly positive upper/lower solutions are constructed by exploiting the underlying
monotonicity of the limiting system. However, the construction requires the diffusion
rate to be relatively large or small, and the question of extinction/persistence is left
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1782 S.-B. Hsu et al.

open for intermediate diffusion rates. The authors in Hsu et al. (2014) pushed further
the results in Hsu et al. (2010) and obtained a threshold result by defining, in an abstract
way, the threshold diffusion rate to be “the supremum of diffusion rates where a lower
solution can be constructed”. In both works (Hsu et al. 2010, 2014), it was essential
that the limiting system is monotone, as they are based on upper/lower solution argu-
ments. Since the general system (1.12) can not be reduced to a monotone system, the
arguments developed in Hsu et al. (2010, 2014) can not be applied to (1.12).

By contrast, we pursue a more fundamental approach here by studying the nonlinear
eigenvalue problem in the special positive cones of functions motivated by the ratio
dependence. The principal eigenvalue, given by a recent Krein—Rutman type theorem
involving two separate cones C C D due to Mallet-Paret and Nussbaum (2010), is
shown to characterize the threshold for persistence/extinction of the general system
(1.12). We also note that the previous constructions of upper/lower solution in Hsu
et al. (2010, 2014) are based on some scalar eigenvalue problems, which are defined
technically. Actually, one can construct another upper/lower solution for the limiting
system in Hsu et al. (2010, 2014) using a nonlinear eigenvalue problem similar to (2.8)
in this paper, and one can easily obtains the threshold dynamics of the model in Hsu
etal. (2010), and same conclusions in Hsu et al. (2014). Although homogeneous eigen-
value problems have been used before to find threshold parameters for the dynamics
of PDE models (Jin and Thieme 2014; Jin et al. 2016), this is the first application of
the Krein—Rutman theorem involving two cones to study population dynamics. Fur-
thermore, unlike previous works in phytoplankton models the mass conservation is
not assumed for the general system (1.12), and as a result the boundedness of solution
is proved in this paper separately. This paper is one of the the first attempts in char-
acterizing the threshold dynamics in ratio-dependent PDE systems and we expect the
methods in this paper to be applied to other PDE models with ratio-dependence.

2 Main results of system (1.12)

In this section, we state the main theorems of this paper, the proofs of which will
be given in the subsequent sections. Consider first the following linear cooperative
system modeling the available resources in a phytoplankton-free environment:

R = (DrR(x)Ry), —oyR+ wsS, x€(0,L), t >0,
S =(Ds(x)Sy)y +o,R— S, xe€(0,L), t >0,

2.1
ByxINl=cnyyxy >0, N=R,S, x=0o0rL, t >0, @D

wx,0) =w'(x), w=R,S, x €(0,L).
The following result concerning the dynamics of the phytoplankton-free system
(2.1) is proved in Sect. 3.

Proposition 2.1 Suppose (H3), and one of (H5)—(H6) hold. Then system (2.1) admits a
unique positive steady-state solution (R*(x), S*(x)) which is globally asymptotically
stable among solutions with initial data in C ([0, L]; Ri). Furthermore, there exists
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C > 1 independent of initial conditions (RO(x), SO(x)) such that
I RC. 1), Sl = € (14 1R, S°ON) - forall 1 2 0.

Let X = C([0, L]; ]Ri), D = CO([O, L], REL), and <p be the partial order in
CO([O, L], Rz) generated by the cone D [see, e.g., (Smith 1995, Section 1.1)], i.e.

(R1(), $1()) =p (R2(0), $2(1)) if Ry(x) < Ra(x) and S1(x) <S2(x) Vx € [0, L].

2.2)
From now on, (R*(x), S*(x)) stands for the unique positive steady-state solution of
system (2.1). We define next Q* to be the unique positive number so that

Q% =inf{Q > 0: fr(R*(x), Q) + fs(5*(x), Q) — u(Q)Q <0 in [0, L]}.
2.3)

Remark 2.1 (i) QOmin < O* < Qp, where Qnin and Q p are given by (H1) and (H2)
respectively.
(ii) By (H2), forany 0 < ¢y < Qp/Q* — 1, and for N = R, S,

fv(N,Q)>0 forallN >0and0 < Q < (1+¢))Q*.
(iii) The definition of Q* in (2.3) is motivated by the ODE system (1.1). For sys-

tem (1.1), its phytoplankton-free equilibrium is (R, S, Q, u) = (R*, §*, 0*, 0),
where

5=

DRO + &;RO + 0;S©® DSO 4+, 5@ + o, RO 2.4
D+ w, + w; ’ D+ w, + w; T

and Q™ is uniquely determined by
fr (R, Q") + fs (8%, Q) —n(Q%) 0* =0. (2.5)

Biologically, Q* represents the quota that a species can obtain when the resources
concentration is at its long-term upper bound (R*, $*).

Theorem 2.1 Assume (H1), (H2), (H3), (H4) and one of (HS), (H6) hold. Then

(1) System (1.12) generates a semiflow in

Y = {(RO, $0. 0O, u0> €X:30 > 0s.t Ux) < Oul(x) Vx € [0, L]},
(2.6)
in the sense that for each initial condition in Y, system (1.12) has a unique

classical solution (R, S, U, u) that exists for all t > 0. Moreover, the solution
satisfies (R(-, 1), S¢,t),U(-,t),u(-,t)) €Y forallt > 0.
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1784 S.-B. Hsu et al.

(ii) For each Q > 0, the solution depends continuously on initial data in
Y, = {(RO, s O, uo) €Y : Ux) < 0ul(x) forall x € [0, L]}.
(iii) Let Q* € (Qmin, O B) be given by (2.3). Then the subset
Vi = { (R 8% 0% %) € X Quint®() = U°C) < 0",
and (R°(), $°0)) =p (R*(), §*() in(0. L1} @D

attracts all trajectories in'Y.
(iv) The steady state (R*(x), S*(x), 0, 0) € X attracts all trajectories in

{(RO, $0. Uo,uo) cY:u = o}.

Here (R*(x), S*(x)) is given in Proposition 2.1.

We further show the eventual boundedness of trajectories, which is essential for the
application of persistence theory.

Proposition 2.2 Suppose (HI1)-(H4), and one of (H5)—(H6) hold. There exists a
constant C > 0 independent of initial conditions in Y such that for any solution
(R, S, U, u) of system (1.12), we have

11— 00

The boundedness of trajectories enables the use of persistence theory. It turns out
that the persistence/extinction of the phytoplankton species is characterized by the
principal eigenvalue A° € R of the following nonlinear eigenvalue problem:

(@@’ @) —v@e) + fr (R*). §63) @ 0)
+ s (5700, 55) 6 () + Ap() =0, x € (O, L),

(@09 () = v0P ) + 1 (53) 600 + Ad(0) =0, x € (O, L),
B*[w] =0, for w=¢,¢, and x =0, L.

(2.8)

The existence of the principal eigenvalue A of the nonlinear eigenvalue problem (2.8)
will be proved in Sect. 5.

Theorem 2.2 Under the hypothesis of Theorem 2.1, (2.8) has a principal eigenvalue
A°, characterized as the unique eigenvalue of (2.8) with a strictly positive eigen-
function. Furthermore, —A° is the critical death rate of system (1.12) in the sense
that

Q) Ifm = —A° then (R*(-), $*(-), 0, 0) attracts all trajectories in Y.
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(i) If m < —A", then there exists ¢ > 0 independent of initial conditions in Y so
that whenever u® # 0,

liminf[ inf U(x,t):| >0, and liminf[ infLu(x,t):| >0, (29)

t—00 0<x<L t—00 0<x<

and (1.12) has at least one positive steady state.

Finally, we have the following result if we specialize to system (1.8), i.e. the model
of an unstirred chemostat.

Theorem 2.3 Assume (HI) and (H2). System (1.8) generates a semiflow in Y with a
critical diffusion rate dy > 0 such that

(1) Ifd € [dp, +00) then the steady state (R*(-), S*(-), 0, 0) attracts all trajectories
inY.

(i) Ifd € (0, dy), then there exists o > 0 independent of initial conditions in Y so
that any solution of (1.8) with u® # 0 satisfies

liminf|: inf U(x, t)i| > o, and liminf|: inf  wu(x, t)i| > 0.

t—o0 | 0<x<L t—o0 | 0<x<L

If we assume in addition that

(H7) o+ $E(R, 0) > 0, and o, + $5(S,0) = 0, fora.e. R > 0,5 >0, 0 > 0.

Then (ii) can be strengthened to

(ii’) If d € (0, dy), then (1.8) has a unique positive steady state (R,S,U, 1) that
attracts all trajectories in Y such that u® # 0.

Remark 2.2 (i) Using m = 0 here and Theorem 2.2, we comment that in Theo-
rem 2.3 (i), A% > 0, and in Theorem 2.3 (i), A% < 0. In fact, A® := Ao(d)
depends on the diffusion coefficient d. We will show that A® > 0 for d €
(do, +00), and A® < 0 for d € (0, dy) (see Lemma 7.1).

(ii) In the Discussion section, we will give practical examples of fr(R, Q) and
fs(S, Q) such that the inequalities in (H7) hold, where the parameters are in a
realistic parameter range.

We outline the rest of the paper as follows: In Sect. 3, we discuss the chemical
dynamics of the phytoplankton-free system and prove Proposition 2.1. In Sect. 4,
we prove the well-posedness results of Theorem 2.1. In Sect. 5, we adapt a nonlinear
version of Krein—Rutman theorem, due to Mallet-Paret and Nussbaum (2010), to study
the local stability of phytoplankton-free steady state (R*(-), S*(-), 0, 0). In Sect. 6, we
prove the eventual boundedness of trajectories (Sect. 6.1) and apply persistence theory
to prove the threshold dynamics contained in Theorem 2.2. In Sect. 7, we specialize
to the unstirred chemostat system (1.8) and prove Theorem 2.3. We close with some
discussion in Sect. 8.
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3 Dynamics of the phytoplankton-free system (2.1)

Recall that D = CO([0, L], R? ) and <) is the partial order in C°([0, L]; R?) defined
in (2.2). We first consider a slightly more general version of the phytoplankton-free
system (2.1):

R; = (DR(X)Ry), — Fr(x, R) — w,R + wsS, x € (0,L), t >0,
S; = (Ds(x)Sy), — Fs(x,8) +w,R —wsS, xe€(0,L), t >0,
ByxI[Nl=cnyyxy >0, N=R,S, x=0o0rL, t >0,
N(x,00=N%x), N=R,S, x € (0,L).

3.1)

Lemma 3.1 Suppose (H3), and one of (H5)—(H6) hold. For N = R, S, assume that
d
Fn(-,0) =0 and a—NFN(-, N)>0 VN >0. (3.2)

Then the following statements are valid.

(i) System (3.1) admits a unique positive steady-state solution (R}*(x), ST*(x)),
which is globally asymptotically stable among all non-negative solutions. Fur-
thermore, there exists a number C > 1 independent of initial data (RO, SO) S
C([0, L1; R%) such that

I(RC, 1), SC, o)l = C (1 + IR, SO(-))II) fort = 0.
(i) If G (-, N) satisfies a similar condition as (3.2) for N = R, S, and
(Gr(x,R),Gs(x,S)) =p (Fr(x, R), Fs(x,S)), forallx € [0, L], R, S >0,
then
(RE (%), SE*(0)) <p (RE(x), SE*(x)), for every x € [0, L], (3.3)

where (RE(x), S§"(x)) is the unique steady-state solution of system (3.1)
with the the replacement of F by G. Additionally, if we further assume that

(Gr(R),Gs(-,8)) zp,# (Fr(, R), Fs(-, 5)), then (RG ("), SG"()) <p
(RE (), S ().

Proof From the assumptions in (3.2), it is easy to see that system (3.1) is a cooperative
system. Let (R, S) = (0, 0), and

CPO(x) (wy, wy) if (H3) and (H5) hold,

RS = )
( ) C max(N,x)Er{;n’z—’i} (wy, ) if (H3) and (H6) hold,
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where C > w% + w%_, andI' = {(N,x) € {R, S} x {0, L}| by x > 0} is nonempty,
due to assumption (H3); d%(x) being the unique positive solution to

(Dr(x)®Y) =0, x € (0, L),
—ag,0®%(0) + bg,o®°(0) = max{cgo, cs.0}, (3.4)
ar. 1 ®Y(L) + br ®O(L) = max{cg, 1, cs.1}

To show the existence of ®°(x), we apply Fredholm’s alternative. It remains to show
that ®°(x) is uniquely determined by system (3 4) under the assumptions (H3) and
(H5). To this end, we assume that 9 1(x) and 3y 5(x) solve system (3.4). Let ®O(x) :=
®Y(x) — ®Y(x). Then d°(x) sat1sﬁes
(Dr(x)®Y) =0, x€(0,L),
2o M o - S0y (3.5)
—ag,0Py(0) +bgo®"(0) =0, ar,rP;(L) +br P’ (L) =0

Multiply (3.5) by ®° and integrate by parts, we have
L _ 2 - -
[ ey (82)” = Dre) 8208000 1 < 0.
0

This implies that @2 = constant. By the assumption (H3), (H5) and the boundary con-
dition of ®° in (3.4), we conclude that either ®°(0) = 0 or ®°(L) = 0, which ensures
that 0 = 0. Thus CDO(x) is uniquely determined by system (3.4). It is not hard to see
that for all C > —- + -, (R, §) and (R, S) forms a pair of strict sub- and superso-
lutions of (3.1). We can then conclude that the minimal and maximal steady states of
system (3.1) (with respect to <p) exist, which we denote by (Rmlrl x), Smln (x)) and
(RF*™(x), Sp™(x)) respectively. It remains to prove that

(RF" 0. SF"(0) = (RF™ (0. P () (36)

To this end, we let R (x) = Rp*™ (x) — R?in(x), Sp(x) = SE¥(x) — S?in(x). Then
(Rrp(x), SF(x)) 2p (0,0), and (Rp(x), SF(x)) satisfies

(DR(X)(RF)x)y —hr(X)RF(x) — 0y RF(x) + wsSp(x) =0, x € (0, L),
(Ds(x)(SF)x)y —hs(x)SF(x) + @y Rp(x) — wsSF(x) =0, x € (0, L),
By x[NF]=0, N=R, S, x=0o0rL,
(3.7)
where

Lar ,
hr(x) = / 3_1; (x, TR (x) + (1 — r)R‘;““(x)) dt >0,
0

! dFs . .
h — __ 9 , Smdx 1 _ Smm d > 0,
s(x) /(; 53 (x TSEC () + (1 —1)SE (x)> T >
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and
—an,0(NF)x(0,1) + by oNF(0,1), x =0, t >0,

B Nr] =
VN = N (Lo 1) + by A NE (L, 1), % = L, 1 > 0.

Claim 3.1 The following results are valid:

(1) Ifmaxz—o r{br s} > O, then either Rr = 0 or max;zoyL(—l)j?/LR;(i) > 0.
(ii) Ifmaz();:(),L{bs,;} > 0, then either Sp = 0 or max;zo,L(—l)x/LS’F()E) > 0.
(iii) (—1)"/LN}()E) =0forall (N,x) € {R, S} x {0, L}.

First we show Claim 3.1(i). Suppose bg z > Oforsomex € {0, L},and Rr # 0.Let
minyepo,1.] RF(x) = Rr(xp). If xg € (0, L), then we may apply the strong maximum
principle to the equation

(DR(X)(RF)x)x +[—hr(x) — o/ ]RF(x) = —wsSp(x) <0, x € (0, L),
BR,x[RF] = 0, x =0or L,

to conclude that Ry (-) is constant on [0, L]. Since bg ; > 0 for some X € {0, L}, we

deduce from the boundary conditions that in fact Rr(-) = 0, contradiction. Hence if

Rp(-) # 0, then we must have xo € {0, L}. But then by Hopf’s Lemma (Friedman

1964, Sect. 2.5, Theorem 14), we have (—1)*/L R’ (x9) > 0 for some xo € {0, L}.

This proves Claim 3.1(i). The proof of Claim 3.1(ii) is analogous and is skipped.
Before proving (iii), we first show that

(—1)*EN} (%) = 0 forall (N, %) € (R, S} x {0, L}. (3.8)

Ifay ; > 0, forsome (N, %) € {R, S} x {0, L}, then (= 1)*/EN (%) = ’;x Np(%) =
0. Alternatively, if ay 3z = 0, then Ng(x) = 0 is a boundary minimum so that again
(=D*LN}.(%) = 0. Thus, (3.8) holds. For Claim 3.1(iii), we add the first two equa-

tions in (3.7) and integrate over x € [0, L] to obtain

L ~
0< /0 [hr()RF(x) + hs(0)Sp()ldx = Y > —Dy@E(=1)"/FNp ().

N=R.S #=0,L

By (3.8), each term on the right is non-positive and thus identically zero. This yields
(iii) and finishes the proof of Claim 3.1.

Now, by assumption (H3), either maxz—o 1 {br z} > 0 or maxz—o 1 {bs 3z} > 0. By
Claim 3.1, either Rrp(-) = 0 or Sr(-) = 0. Plugging into (3.7) we must have Rp(:) =
Sr(-) = 0. This proves (3.6). By the compactness of forward trajectories, we see
that the unique steady state (R3"(-), S%"(-)) of system (3.1) is globally asymptotically
stable among all non-negative solutions (Jiang 1994, Theorem D). This proves Part
).

For Part (ii), let (R7", S&°) be the unique steady state of (3.1) with Fg, Fg being
replaced with Gg, Gs. Then (R, S§°) is a strict subsolution of (3.1). Since the latter
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has a unique, globally asymptotically stable steady state (R3*, S3*), it follows by
comparison that (3.3) holds. O

Proof of Proposition 2.1 This is a special case of Lemma 3.1(i), when Fg = Fg = 0.
O

4 Well-posedness results

In this section, we shall provide the proof of Theorem 2.1.

4.1 Estimates

Recall that X = C([0, L]; R%), Y and Y| are defined in (2.6) and (2.7). Also Q* is

given in (2.3) and (R*(-), $*(-)) is the unique steady state of (2.1) (see Proposition

2.1). Notethat Y C Y C X.

Lemma 4.1 Suppose (H3), and one of (H5)—(H6) hold. Let
(R(x,1),S(x,1),U(x,t),u(x,t))

be a solution of (1.12) fort € [0, t). Then

() If (R°(-), S°()) <p (R*(), S*(-)), then (R(-, 1), S(-, 1)) <p (R*(-), S*(-)) for
allt € [0, 7).

(ii) There exists a constant C > 1 independent of T and initial conditions
(R0, 8°0). U°0). u’()) e Y
such that

sup [[(R(. 1), SC.0)l = € (141 (R°0). S°0) 1)

1€l0,7)
Moreover, if Tt = 400, then

lim sup(R(x, 1), S(x, 1)) <p (R*(x), $*(x))

—>00

uniformly for x € [0, L]. i.e. for each € > 0 there exists to > 0 such that
R(x,t) < R*(x)+e€ and S(x,t) <S8*(x)+e

forx € [0, L]and t > t.
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Proof Let (R, S,U,u) be a solution of (1.12) for + € [0, 7) with initial data
(RO, SO, UO, uo) € Y. By comparison principle, we have

(R(x, 0, S, 0) =p (R0, 8x.1).

where (ﬁ(x,t),S’(x,t)) is the unique solution to (2.1) with initial conditions
(R%°(x), SY(x)). The rest follows from Proposition 2.1. O

Lemma 4.2 Suppose the hypotheses of Theorem 2.1 hold. Let
(R(x, 1), S(x, 1), U(x, 1), u(x, 1))

be a solution of (1.12) fort € [0, t), with initial data (RO, SO, Uo, uo) €Y. Then
(1) It holds that

UO( )
(0.L] u%(x)

Ulx, )
xe[O Ll u(x, t)

{Qmm, } forallt € [0, 7). 4.1

(ii) There exists Q € [Q*, +00) depending on ||(R, SO)|| and ||U° /u®|| such that

U(x,t)

up < Q forallt € [0, 7). “4.2)
xel0,L] U(x, 1)
Moreover, if t = 400, then
1iminf|: inf (U(x,t) — Ominu(x, t))j| >0 4.3)
t—00 | xe[0,L]
and for each Q > QF,
lim sup |: sup (U(x,t) — Qu(x, t)):| <0. “4.4)
t—00 | xe[0,L]

Furthermore, if |u(-, t)| is bounded uniformly int > 0, then (4.4) holds for Q = Q*.

Proof of Lemma 4.2 The following arguments are motivated by Grover (2011) and
Mei et al. (2016). Let Q be a number in [0, Omin] to be specified later. Then one can

write
Ux,t) Ux,1)
M(u(x’t)> w(Q) +&(x, 1 Q)( =0 g)

where for each Q > 0,

1
£(x,1: 0) =/ ( Vo g —s)Q) ds > 0. (4.5)
0 u(x, 1)
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Let H(x,1) = U(x,1) — Qu(x, ). Then u <%> =u(Q) +&(x,1; Q)g, and

— @) Hy —v(x)H), +&(x,1; Q)OH +mH
=—uw(@Qu+ fr(R, Y)u+ fs(S,%)u=0, forx [0, L]t €[0,1),
B*[H]=0, x=0or L, fort e [0, 1),

where we used the fact that fy > Ofor N = R, Sand u(Q) < Osince Q € [0, Ominl.
Taking

U°< )}

0 L] u0(x)

Q ‘= min {Qmm,

Then H (x,0) = U%(x) — Quo(x) > (0 and we have, by maximum principle for linear
parabolic equations, H (-, ITZ 0in [0, L] for all 7 € [0, 7). This proves (4.1).

Consider the case where T = co. We are going to show (4.3). For this purpose, we
take 0O = Omin. Let

oo 5).

where oy satisfies
O < UO < E('x7t; Qmin)Qmina V-x G [03 L]5 t G [07 OO)'

Define H(x,t) = —Bpo(x,t), where B > 0 is chosen such that H(x,0) =
—Bpo(x,0) < H(x,0), forx € [0, L]. Then H (x, t) satisfies

— (d@H, —v(x)H) +EX, 1; Omin) OminH +mH
= [§(x, #; Omin) Omin — 00]H (x,1) <0, forx €0, L], >0,
B*[H]=b*H(x,t) <0, x =0o0r L, fort >0,
H(x,0) < H(x,0) = U%x) — Qminu®(x), forx € [0, L].

By comparison principle, H (x,t) > H(x, t). Using the fact that H(-,¢#) — 0 uni-
formly in x as t — oo, we obtain (4.3). It remains to show (4.2) and (4.4).
Next, we show (4.2). Fix a solution (R, S, U, u) of (1.12) that exists up to time

7 € (0, oc]. By Lemma 4.1, there exists a number Q > SUP[o,7] 7,
possibly on initial data (RO, SO), such that

0 (x) dependmg

FRR(x, 1), Q)+ fs(S(x, 1), 0)—pu(Q)0 <0 forxe[0,L], t€[0,7). (4.6)
Then one can write

U(x,
u(x, 1)

U _
) Fu(N G 1), D) + On(x. 1 Q)( 0 Q)

i (N(x 1), .0
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for N = R, S, where

[ Af Ul(x, 1) — .
Un(x,t; Q)—/0 @<N(x,t),su(x’t) + (1 —S)Q> ds <0;

and also

U(x,t) = = U(x,t)_—
s (—u(x’t)> =u(Q)+&x,t;0) <—u(x,t) Q>,

where &(x, t; Q) is given in (4.5). Then H :=U - @u satisfies the differential
inequality

H — (d(x)ﬁx - v(x)fl)x +mA

U U U\ —
:fR<R,—>u+fs<S,—>u—;L<—)Qu
u u u

— — — — (U@x,1) —
= [Or(x,1; Q) + Os(x,1; Q) — E(x, 1; Q) 0] ( - Q> u
u(x,t)
+[fr(R, Q) + fs5(S, Q) — u(Q)Qlu
< E(x,0)H,

where we used (4.6), and
E(x,1) = 0p(x,1; Q) + 9s(x, 1; Q) —£(x,1: 0)Q <0,
due to (H1) and (H2). Since H also satisfies the homogeneous boundary condition
B*[H] =0, for x=0o0rL, t €[0,1),
@d, by our c~h0ice of E, H (x,0) < 0, we deduce by comparison that U(x,t) —
Qu(x,t) = H(x,t) <0Oforall x € [0, L] and ¢ € [0, 7). This proves (4.2).

Finally, we prove (4.4). From (2.3), it follows that for each n > 0, there exists an
€ > 0 such that for x € [0, L]

TRIR*(x) + €, Q" +n) + fs(S*(x) + €, Q" +n) — n(Q* +mM(Q* +1n) < 0.
4.7)

By Lemma 4.1, we may assume without loss (by translation in ¢) that

R(x,t) < R*(x)+e€¢ and S(x,t) <S*(x)+e€ forallx €[0,L],t>0.
(4.8)
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Given a solution (R, S, U, u), define by mean value theorem the functions

1
Py, 15 OF + 1) =/ n (N(x,r),sU(x’” L (- 50" +n)> ds <0,
0o 00 u(x, )
and
* (UG *
E(x,t; 0 +n)=/0 " <su(x D + =)0 +n)> ds >0,
so that

INn (N, %) = fn(N, Q" +n) +0n(x, 15 0" + 1) <% - 0" - n)
for N =R, S, and
u(%) =m(Q" +m) +E&(x,t; 0" +n) (%— Q*—n)~
Then H, := U — (Q* + n)u satisfies

(Hn)t - (d(x)(Hn)x - V(x)Hr])x +er)
U U U ¥
e L) (L) (%) 0
u u u
=[Ur(x,1; Q" + 1) + Vs(x,1; Q% + 1)
U
—&(x,1; 0" +m(Q* +n)] (; -0 - n) u

+[frR(R, Q" +n) + fs(S, Q" +n) — w(Q* + M(Q* +n)u
< E(x,1)H,,

where
E(x,t) =0r(x,t; Q" +n) +Os(x, t; Q" +n) —&(x,1; Q" +m(Q* +1n) <0

by (4.7) and (4.8). Hence we may once again conclude by comparison with H (x, 1) =
Bpo(x, t) that

limsup § sup [U(x, 1) — (Q* +nu(x, )] <0, foralln > 0.

=00 x€el0,L]

This proves that (4.4) holds for all Q9 > Q*. The last claim follows by letting  \ 0,
which is possible if |[u(, t)|| is bounded uniformly in ¢. O
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Corollary 4.1 Suppose the hypothesis of Theorem 2.1 hold. Let
(R(x, 1), S(x, 1), U(x, 1), u(x, 1))

be a solution of (1.12) for t € [0, T). If the initial data satisfies (R°, S°, U°, u®) € Y
(resp. Y1), then (R(-, 1), SC-, 1), U(-, 1), u(-,1)) € Y (resp. Y1) forall t € [0, 7).

Proof Tt suffices to show that if (R, So, Up, u)) € Yy, then (R, S,U,u) € Y,
for all + > 0, for the rest of the corollary follows immediately from Lemma 4.2.
Note that (Rg, So) <p (R*, §*) and Uy — Q*ug < 0, and Lemma 4.1 says that
(R(-,1), S(-, 1) <p (R*, §*) for all + > 0. Hence one may actually take n = 0 in the
proof of (4.4) to show that Hy := U — Q*u < 0 for all x and ¢. O

4.2 Proof of Theorem 2.1

Proof of Theorem 2.1 We rewrite i, fy (N = R, S) as follows:

N 0 when u = 0,
U, uw) = {,u(U/u)u whenu > 0, (4.9)
and
~ 0 when u = 0,
ININ, U, u) = {fN(N, U/u)u whenu >0, (4.10)

Then (1.12) can be written as

R = (DR(X)Ry), — fR(R, U, u) — @, R+ wsS, x € (0, L), t >0,

S, = (Ds(x)Sx), — fs(S,U,u) + w,R — wsS, x € (0,L), t >0,

Uy =dx)Uy—v(x)U) 4 fr(R, U, u)+ fs(S, U,u)—mU, x € (0, L), t >0,
ur = (dxX)uy —vx)u), + o (U, u)u —mu, x € (0,L), t > 0,
Byx[INl=cn x>0, N=R,S, x=0o0rL, t >0,

B [w]=0, w=U,u, x=0o0rL, t >0,

w(x,0) = wo(x) > (#)0, w=R,S,U,u, x €(0,L).

4.11)
Observe that & and fN (N =R, S), when regarded as mappings in Y, are Lipschitz
continuous. It follows from Lemma 4.2 and (Henry 1981, Theorem 3.3.3) that for
each initial condition (RO, SO Uo, uo) €Y, there exists T > 0 and a unique solution
(R, S,U,u) of (4.11) in [0, 7) satisfying (R(-, 1), S(-, 1), U(-, 1), u(-, 1)) € Y. Next
we claim that every solution of (1.12) with initial condition in Y exists for all time,
i.e. T = 400. Observe that by Lemmas 4.1 and 4.2, ||(R, S)|| and the ratio |U/u||
remains bounded uniformly in ¢ € [0, 7). Therefore if T < +00, then we must have
lim; #¢ [(U(-, 1), u(-, t))|| = +oo. However, by regarding the equations for (U, u) in
(1.12) as a linear equation with bounded coefficients, we deduce that

sup [(U(, 1), u(-, )|l < +ooif T < +o00.
[0,7)
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This contradiction proves that T = 400, i.e. solutions to system (1.12) exists for all
time. This proves (i).

For (ii), fix Q@ > Q* and Cy > 0, then there is Q >> 1 such that any initial
condition in {(R, S, U, u) € YQ D I(R, S)|| < Cp} determines uniquely a trajectory
(R(-,t),SC,0),U(-,t),u(-, 1)) in YQ, where YQ is defined in Theorem 2.1(ii). So that

we may use the Lipschitz dependence of /i, fy defined at the beginning of the proof to
show that solutions depends continuously in their initial conditions in {(R, S, U, u) €
YQ S I(R, S)|| < Cp}. Since Cq > 0 is arbitrary, we have proved (ii).

Finally, (iii) and (iv) follow from (4.3) and Proposition 2.1 respectively. O

5 A nonlinear eigenvalue problem

We will use a recent generalization of Krein—Rutman theorem involving two different
cones due to Mallet-Paret and Nussbaum (2010). We start by giving some notations.

Let (X, || - ||) be a normed linear space (or NLS) over R. We call a subset C C Xa
cone if (i) C is convex, (ii) tC C C forall ¢+ > 0, and (iii) C N (—=C) = {0}. A cone C
is said to be solid if it has non-empty interior. It is normal if there exists M > 0 such
that ||x|| < M|y|| whenever x <c y.

If C is a cone and also a complete metric space in the metric induced by the norm
on X, we call C a complete cone. A cone C in an NLS X, Il - |I) induces a partial
ordering <c on X by x <c yifandonlyif y — x € C.If C is a solid cone, we say
that x «¢ y if and only if y — x € Int C. Observe that if C is a solid cone, 0 K¢ x
and 0 <c y, then tx < ¢ y for some ¢t > 0.

A mapping T : C — C is homogeneous of degree one if, for each t > 0 and each
xeC,

T(tx) = tT(x).

Let D C X be another cone such that C C D. A mapping T : C — C is D-order-
preserving if T(x) <p T(y) wheneverx, y € C satisfy x <p y.Here <p is the partial
order generated by the cone D. If D is a solid cone, we say that T is D-strongly-order-
preserving if T(x) <p T(y) whenever x, y € C satisfy x <p y and x # y. Recall
also the Bonsall cone spectral radius (see Mallet-Paret and Nussbaum 2010, 2002;
Thieme 2016)

~ . 1 . 1
Fe(T):= lim | T"¢" = inf [T") ",

where | T"||¢ := sup{||T"(x)|| : x € C and ||x|| < 1}. We impose the following:

(C) Let C C D be complete cones in an NLS X, - 1D, D be normal,and T : C — C
be (i) continuous, (ii) compact, (iii) homogeneous of degree one, and (iv) D-order-
preserving.

Theorem 5.1 (Mallet-Paret and Nussbaum 2010, Theorem 4.9) Assume (C) holds. If
the Bonsall cone spectral radius satisfies rc(T) > O, then there is v € C\{0} such
that Tv = rev.
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Proof This is a special case of (Mallet-Paret and Nussbaum 2010, Theorem 4.9), by
setting the operator g in the statement of the theorem to be zero. O

Corollary 5.2 Assume (C) holds. If, in addition, D is a solid cone and T is D-strongly-
order-preserving, then

(a) ¥ = rc(T) > 0 and there is a non-zero eigenvector x € C N int D such that
TX = Fx.
(b) Ifx’ € C is an eigenvector of T, then x' € span{X} and Tx' = rx’.

Proof Take any yp € C\{0}, then Typ >p 0 and hence Tyy >p royo for some
ro > 0 and hence 7 = 7¢c(T) > rg > 0. It then follows from Theorem 5.1 that
Tx = rx for some non-zero eigenvector x € C\{0}. Moreover, x € C N Int D since
T is D-strongly-order-preserving. This proves (a).

Next, we show (b). First, let x’ € C\{0} be an eigenvector of 7, i.e. Tx' = 7x’. We
have ¢| :=inf{c > 0 : x’ <p c¢X} is positive. By monotonicity of T,

x = ;Tx’ <p ;T(cli) =X (5.1)
By definition of ¢{, we see that Tx’ <« p T(c;X) is impossible. Hence, by D-strongly-
order-preserving property of T, equality holds in (5.1). In particular, x’ = cx. This
proves that 7 is simple.

It remains to show that 7 is the unique eigenvalue of T corresponding to an eigen-
vector in C\{0}. Suppose Tx" = r'x’, for some r’ € C and x’ € C\{0}. By definition
of T and the cone C, it must be the case that ' € R. As Tx’, x’ € C\{0} and
C N (—C) = {0}, we must have r’ > 0. Also, T is D-strongly-order-preserving, so
that ¥’ > 0 and x’ € C NInt D. In particular ¥, x" € C N Int D and there are positive
constants ¢, ¢3 such that coX < p x’ < p c3x. Applying T", we have

"% <p (r"'x' <p 37X foralln > 1.

This proves that r’ = 7 and completes the proof of assertion (b). O

The following result is concerned with the existence of the principal eigen-
value of the nonlinear eigenvalue problem (2.8). From this point onwards, let D =
C°([0, L], R?) and

C={(U,u) € D: Qminu(x) < U(x) < Q"u(x) forx € [0, L1},

where Q* is given in (2.3). It is clear that both are complete cones and that D is both
normal and solid.

Lemma 5.1 Suppose the hypotheses of Theorem 2.1 hold. For each d(x) > 0 and
v(x) > 0, the eigenvalue problem (2.8) admits a principal eigenvalue A° correspond-
ing to which there is a strongly positive eigenfunction (¢°(x), ¢°(x)) >p 0.
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Proof of Lemma 5.1 We first consider the following system

Ur=d@) Uy —v@) )+ fr (R*(x), L) u+ fs (S*(x), L)u, xe(0,L), t >0,

up = (d@ux — v, +pu($)u, x e, L), t>0,

B*[w]=0, w=U,u, x=0o0rL, t >0,

w(x,0) =w'(x) > (#)0, w="U,u x€(0,L),

(5.2)

where (R*(x), $*(x)) is given by Proposition 2.1. Substituting U (x, ) = e~ p(x),
and u(x,t) = e M¢(x) into (5.2), we obtain the associated nonlinear eigenvalue
problem (2.8).

By an argument analogous to Theorem 2.1, one may deduce that (5.2) generates
a semiflow @, on C. It is easy to see that for all + > 0, ®; is continuous, compact
and homogeneous of degree one. To apply Corollary 5.2, we need to show that for
eacht > 0, &, : C — C is D-strongly-order-preserving. For this purposes, suppose
(Ur,u1) <p (Uz,uz) (.e. (Ur,u1) <p (Uz,uz) but (Ur,u1) # (Uz, u)). Then
by rewriting fr, fs, 1 as in (4.9) and (4.10), one can deduce that (U, — Uy, up —
u1) satisfies a linear cooperative system, whose coefficients are L°° bounded by the
fact that (U;, u;) € C for i = 1, 2. By the (strong) maximum principle for linear
cooperative system (Protter and Weinberger 1984), the semiflow is D-strongly-order-
preserving. Hence for each ¢ > 0, we may apply Corollary 5.2 to the operator @, :
C — C toobtain 7 () and (¢(t), ¢ (¢)) € C NInt D with || (¢(¢), ¢(¢))|| = 1 such that

—At

(@), (1)) = (D) (@), (1)).

Claim 5.1 t~'log7(¢) and (¢(1), ¢ (1)) are independent of t > 0.

To this end, we take 7, = 27". Now, for any 0 < n < m, observe that

Dy, (@ (), $(tm)) = ()" ™ (@ tm), ¢ (1))

so that (¢ (), ¢ (t)) is an eigenfunction of ®;, in C as well. As Corollary 5.2 asserts
that there is only one possible normalized eigenfunction in C, we must then have
(@(tm), ¢ (tm)) = (@(t), (1)) and F(27") = [F(2~™)]*"". Thus Claim 5.1 holds
for all dyadic numbers ¢t = k27" fork, n € N. Finally, Claim 5.1 follows by continuity.
Finally, we define
A% := —tlogF(t) = — logF (1),

where 7 (1) is the Bonsall cone spectral radius of ®; : C — C, so that A? € Ris the
principal eigenvalue of (2.8). O

6 Threshold dynamics of system (1.12)

In Sect. 6.1, we prove the eventual boundedness of trajectories for system (1.12). In
Sect. 6.2, we apply the results of Sect. 5 and persistence theory to prove Theorem 2.2.
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6.1 Eventual boundedness of solutions

In this subsection we give a proof of Proposition 2.2.

Proof of Proposition 2.2 For each (Or(x), Ogs(x)) € C([0, L]; Ri), consider the
following eigenvalue problem

(d(0)¢' () = v@p) + fr (Or(), 43 ) $ ()

+fs (O500, §5) ¢ (x) = mg(x) + Ap(x) =0, x € (0, L),
(@@)9/ () = v0P ) + 1 (583) () = mp(x) + Ap(x) =0, x € (O, L),
B*[w]=0, w=¢, ¢, x =0or L.

6.1)
Let (R*(x), S*(x)) be given by Proposition 2.1. We recall the definition of Q* from
(2.3). O

Claim 6.1 Let condition (H4) hold, and o1 be the principal eigenvalue of the eigen-
value problem

:(d(x)cﬁ’(X) — V()P (x)) —me((x) +o¢((x) =0, x € (0,L), ©62)

B*[¢] =0, x =0or L.
Then o1 > 0.

It is easy to see that ¢p(x) = exp (f(;‘ %) dy > 0 satisfies

(d()h(x) — v(x)o(x)) — mo(x) = —meo(x) <0, x € (0, L),
B*[¢o] = b*po(x) >0, x =0o0r L,

such that one of the inequalities is strict (due to (H4)), i.e. ¢ is a strict supersolution.
Then Claim 6.1 follows from (Amann and Lépez-Gémez 1998, Theorem 2.4).

Claim 6.2 There exists (Or(x), Og(x)) € C([0, L]; Rﬁ_) satisfying

(0,0) «p (Or(x), Os(x)) Kp (R*(x), $*(x)), Yx € [0, L],
BN x[Onx)]=cny, N=R,S, x=0o0rL.

such that if we denote the corresponding principal eigenvalue and eigenfunction of
(6.1) by Ag) and (@g) , ¢>§) ) respectively, then Ag) > 0.

For (Or("), Os()) <p (R*(),S*()), ¥ x € [0,L], we can use the same

arguments in Lemma 5.1 to show that the eigenvalue problem (6.1) admits a prin-
cipal eigenvalue Ag) = Ag(®pr(x), ®g(x)) corresponding to which there is a
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stroggly positive eigenfunction (gbg) (%), J)é) (x)) satisfying Qminég) x) < (ﬁ(()”) (x) <
Q*qﬁg) (x) for x € [0, L]. Further, we can use compactness arguments to show that

Ao(Br(x), O5(x)) = a1 > 0as (Or(x), Os(x)) — (0,0) in C ([0, L]; Ri) ;

where o7 is the principal eigenvalue of (6.2). This proves Claim 6.2.
By Theorem 2.1(iii), Y is globally attracting, so given a solution (R, S, U, u) of
(1.12), we may assume without loss (by replacing ¢ with ¢ + C) that
(R(x,1), S(x,1)) <p 2(R*(x), $*(x)), Vx €[0,L], t >0, (6.3)
and that
Omintt(x,1) =1 < U(x,1) <2Q%u(x,1) + Q*, Vx €[0,L], t >0,  (64)

where Q* is given in (2.3). Let

M(t) = max{[|[U(, Ol llu(, D)}

Claim 6.3 There exists My > 1 such that if M(t;) = M\, then
(R(x,1),S(x,1) <p (Or(x),O5(x)), Vx €[0,L], t €[t +2,t; + 3]
We will specify M later. To prove Claim 6.3, we first note that if M (t;) = My, then
either U, r) || = My or |lu(-, n)|| = M.

Regarding fnx (N, %) and u(%) as the given functions, and using the boundedness

of % R, and S, we may apply the parabolic Harnack inequality (Lieberman 1996,
Theorem 7.36) to deduce that

inf U(x,t) > CiM; or

n u(x,t) = CiMy, (6.5)
[0,L]x[t1+1,6143]

inf
[0,L]x[t1 41,1 43]
for some C; > 0 independent of M. By (6.4) and (6.5), it follows that

inf U(x,t) > CoM; —1 and inf ulx,t) > CoM; — 1,
[0,L]x[t1+1,11+3] [0,L]x[t1+1,11+3]

where Cp = C; min{Qmin, 1/(20™*)} is again independent of M.
Fix a smooth function 0 < ¢(¢) < 1 satisfying

|1, fort <t +1,
g“(t)_{o, fort >t +2,

@ Springer



1800 S.-B. Hsu et al.

and define
(R(x, 1), S(x, 1)) 1= (1) - 2(R*(x), §*(x)) + (1 — £(1)(Or(x), Og(x)).

We claim that, if M is sufficiently large (affecting U, u which are regarded as given
functions), then (R, S) is a supersolution of

Ri = (DROR), — frR(R, Dyu — w0, R+ &S, x € (O, L), 1 +1 <t <t +3,
S = (Ds(x)S), — fs(S, Lyu+ w,R—w;S, x € (0, L), 1 +1 <t <t;+3,
ByxINl=cnyx, N=R,S, x=0orL, t >0.

To this end, we fix by Remark 2.1(ii) a constant €g > 0 so that for N = R, S,

fv(N,Q)>0 forO0<N <2 sup N*(x) and Q € [0, 0*(1 +€p)]. (6.6)
xe(0,L)

Next, observe that for N = R, S,

By x[N(x, )] =200)By [N ()] + (1 — £ (1) By < [On (x)]
= 2§(I)CN,X + (1 - {(t))CN,x > CN x-

Using (6.4),

u

U 1
—EQ*<1+;) <Q"(1+e) in(0,L)x (1 + 1,11 +3),

provided that M; > & (% + 1), where € is given in (6.6). Since (R*(x), §*(x))
satisfies (2.1), we have

_ _ _ U _ _
R; — (DR(x)Rx)x + fr <R, ;) U+ wR—wsS

= (HQR*(x) — Or(x)) + fr (R, %) u

+(1 = CO)(=Dr(x)O (x)) + 0, Or(x) — w;O5(x)]
> —C3+ frR(Or(x), 0" (1 + €)))) - [ u(x, t)}
> —C3+ C4M; > 0,

inf
[0,L]x [t 41,11 +3]

where C3 > 0 is some constant independent of M1, and, by (6.6),

Cy:=Cr inf fRr(Op(x), O"(1 + €p))
x€(0,L)
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is positive and independent of M| > Ci (% + 1); and we have chosen M| larger so

2
that M} > C3/C4. Similarly,

_ _ U - _
S — (DS(X)Sx)x + fs (S, ;) u—wrR+ wgS
> —Cs+ CeM; >0,

for some Cs > 0and C¢ > 0and by choosing M| > Cs5/Ce. By comparison principle,
it follows that

(R(x,1), S(x, 1)) <p (R(x,1),8(x,1)), Vx€[0,L], t €[t + 1,1 +3].
In particular,
(R(x, 1), S(x,1)) <p (Or(x), Os(x)), Vx €[0,L], t €[t; +2,t; + 3].

This proves Claim 6.3.
Claim 6.4 Let M| be given by Claim 6.3.

(i) There exists t; — oo such that M (t;) < M.
(i1) There exists Ty > 0 (depending on My only) such that if for some t1 < t,
M(t1) = M(ty) = My and M(t) > M fort € (t1,12), thentp — t; < T7.

Let A9 > 0 and (g5 (x), ¢ (x)) be given by Claim 6.2. First we show Claim
6.4(1). Assume to the contrary that M () > M; for all ¢+ > 1. Then by Claim 6.3, it
follows that (R(x,t), S(x,1)) <p (Or(x),0Os(x)), Vx € [0,L], t > t; + 2. By
(6.3) and (6.4), we see that U, u satisfies a linear system with bounded coefficients,
so that there is a constant Cy such that M (¢; + 2) < C7M (t1). Now, if we choose Cg
such that (1, 1) <p Cs(@3, 3, then

UG, t14+2),u(- 11 4+2)) <p Mt +2)(1, 1) <p CoM(11)(@S, ¢S).

for some constant C9 = C7Cy independent of initial condition. Hence,

(U (x, 1), i(x, 1)) == CoM (1) 20172 (GO (x), §S (x))

satisfies the following inequalities:

U = (d0)Tx = v0)0), + fr (000, Z) 7+ fs (O5(),
> (AT, = v@)0), + fr (R0, L) u+ fs (S0 0),
—-mU, x¢€(0,L),
@ = @) — v @@, +p (§)7—mit, x e ©,L),
B*[w]=0, w=U,u, x=0orL,
UGty +2),0C, 1 +2) =p Ut +2), ul, 11 +2).

H[w]] 21|
SN—"

<|

|

3

S|

N—"

)a

@ Springer



1802 S.-B. Hsu et al.

for the time interval # > #; + 2. Therefore, by comparison, we have (U, u) <p U, )
forr >t +2,1.e.

M) < CoM(1)e 001D for s > 1) + 2.
This contradicts M (¢t) > M for all ¢+ > #;, and proves Claim 6.4(i). To prove Claim

6.4(ii), let M(t1) = M(tp) = My and M(t) > My in (t1,1). If tp — t; < 2, then we
are done. If , — #; > 2, then from the preceding arguments we have

M) = M(ty) < CoMje= 20 2m11=2)

i.e.

log Co
A9

Hh—th<TH =2+

This proves Claim 6.4(ii).

Claim 6.5 There exists Mo > 0 such that limsup,_, ., M(t) < M, regardless of
initial condition.

If M(¢t) < M, for all ¢, then there is nothing to prove. If M(ty) > M for some
to, then by Claim 6.4, we can find a finite (maximal) interval (1, #2) > ty such that
M(t)) = M(tp) = My, M(t) > M in (t1, 1) and t, — t; < Tj. Since M is fixed
(Claim 6.3), T1 > 0 is independent of initial data (Claim 6.4(ii)). One can define a
constant My = My(M1, T1) by M, := sup M (t), where the supremum is taken over
0 <t < Tj and initial condition satisfying

(0,0) <p (Ro, So) <p 2(R*(-), S*(-)), 0ol < My and |luol < M;.
By assumption, M(t;) < My, t — 1 < Ty and 0 <p (R(-,11),8(.1)) <p

2(R*(-), S*(-)). Hence we conclude, by the fact that the semiflow is autonomous,
that sup;, ,,) M(¢) < M>. This proves Claim 6.5. O

6.2 Proof of Theorem 2.2

Recall the definition of Y in (2.6), and define Yy := {(R,S,U,u) € Y : u #
01in [0, L]}, and the complementary set

Yo =Y—-Yo={(R,S,U,u) e Y:u=0in [0, L]}
={(R,S,U,u) eY:U=u=0in[0, L]},

so that Y = Yo U 0Y(. Next, we define the function p : Y — [0, c0) by

p(PY =p (RO, s°, u°, u°) = R)nLn] u().
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It is easy to see that p is continuous, and satisfies p(¥;(P%)) > 0 for r > 0 if either
p(PO) > 0, or p(PO) = 0 with P° € Yo, where ¥, : Y — Y is the semiflow
associated with system (1.12) (here we emphasize the distinction of p : X — R from
the distance function of X = C([0, L]; Ri)). We will prove the persistence result
(Theorem 2.2(ii)) before the extinction results (Theorem 2.2(1)).

Since the proof of Theorem 2.2(ii) is quite lengthy, we provide a brief outline here.
The goal here is to show that the semiflow is uniformly persistent with respect to
the distance function p, i.e. liminf,_, » p(lIJ,(PO)) > 7 for some 7 independent of
PO € Yy (Step 1; Claim 6.7(i)) Show that {(R*, $*, 0, 0)} is the global attractor on
the invariant set 0Yq (Step 2; Claim 6.7(ii)) Show acyclicity in dY( (Step 3; Claim
6.8) Show that, for each PO ¢ Yy, the omega limit set (which is necessarily chain
transitive) w (P%) ¢ {(R*, $*, 0, 0)} (Step 4; Claim 6.9) Show that {(R*, $*, 0, 0)} is
isolated in Y = Yy U Y. The above four steps allows us to apply (Smith and Zhao
2001, Theorem 3) (see also Smith and Thieme 2011; Zhao 2003) to show that that for
each compact chain transitive set L such that . ¢ {(R*, $*, 0, 0)} (such as w(P?),
see Step 3), there exists 77 such that minycy, p(x) > 7. Finally, by (Magal and Zhao
2005, Theorem 3.7; Remark 3.10), there is a global attractor bounded away from 0Yy,
which implies the existence of a positive steady state.

Proof of Theorem 2.2(ii) By Lemma 4.2 (ii), Sup, 1[0, 1.1x[0,00) % < oo for any
given trajectory. It follows then by eventual boundedness (Proposition 2.2) and stan-
dard parabolic estimates (Lieberman 1996, Section VIIL.8) that system (1.12) generates
a semiflow W, on Y with precompact trajectories in X. O

Claim 6.6 (i) If P° = (R®, S°, U°, u®) € Y, then U(x, 1) > 0 and u(x,t) > O for
all x € [0, L] and t > 0. i.e. Yy is positively invariant for \V;.
(i) 9Yg is closed and positively invariant.

Claim 6.6 (i) follows from strong maximum principle for linear cooperative systems,
and Claim 6.6 (ii) is obvious. Next, define

M ={(R(),§°(),0,0)}, and My =|P®eaYo: W (P°)eaYovrzo0],

where (R*(-), S*(-)) is the unique positive steady state of (2.1) (Proposition 2.1). By
the above discussion, we see that

M; = dYp.

Claim 6.7 (i) Upocy, @ (P%) =M.
(ii) There is no homoclinic cycle from M to M.

Claim 6.7 is a direct consequence of the fact that (R*(-), $*(-), 0, 0) is globally asymp-
totically stable among all solutions of (1.12) in My = dY( (Proposition 2.1).

By assumption, the principal eigenvalue A° of (2.8) satisfies A? +m < 0. So
there is 0 < € < 1 such that the principal eigenvalue A of the following problem is
negative.
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(@@ ) = @) + fr (R*0) =& 55 ) ()
+15 (70 =& $8) ¢ (x) —mp(x) + Ap(x) =0, x € (0. L),

(@@ @) = @) + 11 (§63) 60 = mé () + Ap(r) =0, x € (0, L),
B*[w]=0, w=¢, ¢, x =0or L.

6.7)
Claim 6.8 There exists 1 > 0 such that for any P° € Y,

lim sup dist (\IJ, (PO) M) >m

t—00

where dist((R(-), S°(), U°(), u()), M) := max{|[R® — R*||, |S® — S*||, |U°|I,
4|} is the usual distance function in Y. In particular, W* (R*(-), §*(-), 0,0)NYy =
@, where WS (R*(-), S*(-), 0, 0) is the stable set of (R*(-), $*(-), 0, 0) (see Smith and
Zhao 2001).

Suppose to the contrary that for some P, the corresponding solution W, (PY) =
(R, S, U, u) satisfies lim;_, o dist(¥; (P%), M) = 0. In particular, there exists 7 > 0
such that

R(x,t) > R*(x) —&é and S(x,1) > S*(x)—¢€

forall x € [0, L] and 7 > . By Claim 6.6, there exists § > 0 such that

§¢(x) <U(x,1), and 8p(x) <u(x,7) forx €0, L].
where (¢, ¢) € C N (int D) is the principal eigenfunction of (6.7). Then

U x, 1), ulx, 1) = e 2D G(x), p(x)) (6.8)
satisfies the following linear cooperative system
U, = (@0, ~v@U), + fr (R0 =& L) u+t f5 (50 & %) u
—mU, x € (0,L), t > 1,

u, = (d(Xu, —v(x)u) +p (%) u—mu, xe(00L),1t>1,

B*[w]=0, w=U,u, x=0orL, t >1,
Ux,0),ulx,1) <p (Ux,1),u(x,1)), x € (0, L),

for which (U (x, 1), u(x, t)) is a supersolution in [0, L] x [f, 00). Therefore by com-
parison,

(U(7t)au(7t)) ED (g(at)vﬂ(at)) forau[ Zt_

This is a contradiction as (U, u) needs to stay close to (0, 0), yet A < 0in (6.8). This
proves Claim 6.8.
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Claim 6.9 M is isolated in Y. i.e. there exists a neighborhood of M in 'Y in which M
is the maximal invariant subset.

To see Claim 6.9, it remains to show that M is maximal invariant in some neigh-
borhood. Suppose there exists a bounded total trajectory N near to M. By Claim 6.8,
NNYy=@andhence N C Yy and W,;(N) = N for all ¢ > 0, but this contradicts the
fact that dist (V;(N), M) — 0 as t — oo (Proposition 2.1). This proves Claim 6.9.

Finally, by the precompactness of trajectories of the semiflow W,, together with
Claims 6.6, 6.7, 6.8 and 6.9, we may apply the uniform persistence results of (Smith
and Zhao 2001, Theorems 3 and 4) to show the existence of 7 > 0 such that

min  p(P')>7 forall PY € Y.
P'cw(P0)

i.e. there exists some 7 > 0 independent of initial condition P® € Y( such that
liminf;_, o u(-, ) > 5. By Theorem 2.1(iii), every trajectory approaches Y, where
Y is defined in (2.7). Hence,

liminf U(x, t) > Qmin liminf u(x, ) > Qminn, Vx € [0, L].
11— o0 11— 00

Therefore, (2.9) holds for o = min{7, Ominn}.

By (Magal and Zhao 2005, Theorem 3.7 and Remark 3.10), it follows that W (¢) :
Yo — Yo has a global attractor Ag C Y. It then follows from (Magal and Zhao 2005,
Theorem 4.7) that W (¢) has a steady-state solution

(Re(4), Sc (), Ue(4), ue()) € Yo.

By (2.9), it follows that u.(-) > 0 and U.(-) > 0. It follows from (4.3) that U.(-) <
O*uc(+). Then Fy(-, N) := fy(N, %)ucm > (0. We may then apply Lemma 3.1
to deduce that R.(-) > 0 and S.(-) > 0. Theorem 2.2(ii) is proved. O
We supply a brief outline for the proof of Theorem 2.2(i) (Step 1) Suppose there
exists PO € Y such that for some €y > 0, xx € [0, L] and f; — o0, \II,(PO) =

(R, S, U, u) satisfies
u(xg, ty +1) > ¢ forall k. (6.9)

(Step 2) Claim 6.10 allows one to assume without loss of generality that (R, S°) «p
(R*, §*) (Step 3) Define

ey i=inf {7 > 05 (U, 0. u(x,0) <p 7 ("), ") , ¥ € [0, L1},
(6.10)
where (¢°(x), ¢°(x)) > 0 is the eigenfunction corresponding to A, which is the
principal eigenvalue of (2.8). One can then show by comparison that c(¢) is strictly

decreasing for all #+ > 0. In particular ¢¢ := lim;_, o c(?) exists. By (6.9), co > 0
(Step 4) Passing to a sequence t;y — 00, there exists an entire solution P(t) =
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lim;, s o0 \IJtHk(PO) € (P such that the corresponding ¢®°(¢) = ¢g > 0. This can
only happen when

P(t) = (R(-, 1, 8¢, 1), co0’ (), c0¢0(~)> forall 7 € R.

(Step 5) Upon examining the third and fourth equation of (1.12), this implies that
m~+ A% =0 and

Pt = (R*(). $*(), cop(). c09’())

i.e. the entire solution P (¢) is actually an equilibrium, which is possible only if ¢y = 0.
This is in contradiction with ¢g > 0 and proves the theorem.

Proof of Theorem 2.2(i) Assume that A° +m > 0. By Theorem 2.1(iii) and Propo-
sition 2.2, for any PY €Y, the omega limit set a)(PO) C Y, where Y| is defined in
(2.7). It is enough to show that for any P° € Yo, u(-, ) — 0 uniformly in [0, L] as
t — oQ.

Fix some initial data (RO(-), SO(-), U0(~), u0(~)) € Yo. Suppose to the contrary that
there exists €9 > 0, a sequence {f;} oo and a sequence {xz} — xo € [0, L] such
that (6.9) holds. m]

Claim 6.10 There exists Ty > 0 such that (R(-, Tp), S(-, Tp)) <p (R*(-), S*(")).

For each positive integer k, we define

(Ri(x, 1), Sk(x, 1), Ug(x, 1), ug(x, 1))
=R, i +0), SC, i+ 0, Uy, ix + 1), ux, g +1)).

Then for each k, (Ri(x, ), Sk(x,t), Ur(x, t), uip(x, t)) satisfies system (1.12). We are
in a position to apply the L estimates and embedding theorems (Lieberman 1996,
Section V1.3 and VIL.8) to the sequence (Ri(x,?), Sk(x, 1), Ur(x, 1), ux(x,1)). By
Lemma 4.2, there exists a > 0 independent of k such that

sup | Uk /uk | Lo ((0.L)x (0.00)) < Q-
k

Hence fr(Rk, Ux/ur), fs(Sk,Ux/ur) and pu(Uy/uy) are uniformly bounded in
L*>((0, L) x (0, 00)). Therefore, we may pass to a subsequence and assume

FR(Ri, Ugfup) — Fr(x,t), fs(Sk, Ux/up) — Fs(x,t), wUr/up) — g(x, 1)

weakly in L?((0, L) x (0, T)) forall p > 1 and all T > 0. Moreover, we may apply
the parabolic L? estimate to deduce that for each p > 1, and T > 0, we have || (R,

Sk, U, Ap <C,. Then Ry, Sk, Uy, a
i Uk k) llw2100,0)x0,7)) =C2 I (R, Sk, Uk, u) ”CH“’%([O,L]X[O,T])
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< (3, for some o € (0, 1). Passing to a further “diagonal” subsequence, still denoted
by (Ry, Sk, Ug, ug), we have

(Ri. Sk U u) ~ (R, 3. 0,)

1+
in Cloca’ 2 ([0, L] x [0, 00)) as k — o0. Moreover, i is a solution to

= ([dx)uy —v(x)u), +gx,t)u —mu, x € (0,L), t >0,
B*[i] =0, x=0o0r L, t >0,
u(xg, 1) > 0 for some xg.

By strong maximum principle, we have #(x,7) > 0 for all x € [0, L] and > 0.
This, together with the fact that (Uk, uk) — (U u), implies that Uy /uy — U/u in
Cioc ([0, L] x [0, 00)). Thus, (R U u) satisfies the original equation (1.12) with
the additional properties (by Lemrna 4.1)

(R(x,1), 8(x,1)) <p (R*(x), S*(x)) and ii(x,t) >0,

for all x € [0, L] and r > 0. Here (R*(-), S*(-)) is the unique positive solution of
(2.1). Furthermore, fR(R, %)ﬁ(x, t) > O0and fg(g, %)ﬁ(x, t) > Oforall x andt > 0
(by (6.9)), which implies by comparison (see Lemma 3.1) that (R(-, t), S(-, 1)) <p
(R*(+), §*(+)) for all ¢ > 0. In particular

Jim (RGx, 1+ 1), S, 1+ 1) = (RC, 1), 8¢, 1) <p (R7(), $°())

from which Claim 6.10 follows.

From now on, we assume without loss that (RY(:), S°()) <«p (R*(), S*())
(Claim 6.10) and thus (R(-, ), S(-, 1)) <p (R*(-), $*(-)) for all t > 0 (see proof
of Lemma 4.1(i)). Next, recall the definition of ¢(¢) in (6.10). For ¢t > g, it is not hard
to see that

—(A° —
clio)e™ A=) (), ¢ ()
is a supersolution of

= [d®)Uy =v@U), + fr (R*(x), $)u
+fs (5*@), YYu —mU, x€(0,L), t =1,
=dX)uy —v(x)u), +n (%) u—mu, x € (0,L), t>t,
IB%x[w]zo, w=U,u, x=0o0rL, t>r1,

6.11)

for t > ty with initial data at t = #y being given by (U (., tp), u(-, tp)). For the case
where A + m > 0, we can show that c(r) < e_(A0+”’)tc(0), which implies that
c(t) — 0ast — oo. Thus, u(-,t) — 0 as t — oo. This contradicts (6.9).
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It remains to tackle the case where A +m = 0. Given 1 > 0, it is easy to see that
c(1) (9% (x), ¢°(x)) is an upper solution of (6.11) for ¢ > ¢;. On the other hand, using
the fact that (R%(-), S°(-)) <p (R*(-), $*(-)), we see that (U (-, 1), u(-, 1)) is a strict
subsolution of (6.11), for ¢ > t;. Thus, (U(-, 1), u(-, 1)) <p c(t1)(@°(), $°(-)), for
x € [0, L],t > t1. Therefore, c(¢) < c(t1),fort > t1,thatis, c(¢) is strictly decreasing
inz.

Define cyp = lim c¢(¢) = inf c(¢). By assumption (6.9), co > 0.

1—00 >0

Claim 6.11 lim;_, oo (U (x, 1), u(x, 1)) = co(¢°(x), ¢°(x)), uniformly in x € [0, L],
where co = tlim c(t) > 0.
—> 00

Suppose to the contrary, then there is a sequence {#;} /' oo such that

liminf sup [c(fk) (goo(x), ¢0(x)) - (U (x, fk) U (x, fk))] > 0. (6.12)

k=00 xe[0,L]

Furthurmore, for each #, we can choose by definition of c(fx + 1) some % € [0, L]
such that

(UG B+ 1, u G, e+ D) = el + 1) (¢°G, 0°(0)) (6.13)
and X; — X as k — oo. For each positive integer k, we define
(Re, 1), Sc0x, 0, O, ), i, 1)
= (R(x,f +1),8 (x, fi + t) LU B+ 1), u(x, by +1)).
We can use the similar arguments as we did before to conclude that
(Re(x, 1), Si(x, 1), Up(x, 1), dig (x, 1)) = (R(x, 1), S(x, 1), Ux, 1), ii(x, 1)),
uniformly in x € [0, L], and locally in ¢t € [0, 00), as k — oo. We can further

show that (Ié(x, 1), S'(x, 1), ﬁ(x, 1), i(x, 1)) is a classical solution of system (1.12)
on [0, L] x [0, 00). It follows from (6.12) and (6.13) that

(0¢.0.0¢0)=pa(e0).9"0),
(0¢0.a60)#a0(e"(0).6°0). (6.14)

and
(0 (f0.1) . (0. 1)) = co (¢° (50) . ° (0) )., (6.15)
respectively. Note that co(wo(x), ¢>0(x)) is a supersolution of system (6.11), while

([} (x, 1), u(x, 1)) is a subsolution of (6.11). Then the strong maximum principle con-
tradicts (6.14) and (6.15). Thus, Claim 6.11 holds.
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By Claim 6.11, it follows that the equations of R and § in (1.12) are asymptotic to
the following system

R = (DR()RO, = fr (R 580 (od*(0) = @R + S, x € (O, L), 1 >0,
0

S = (DsS)e = f5 (S 58 (cop®0) + @ R — S, x € O,L), 1 >0,

By x[Nl]=cyx >0, N=R,S, x=0orL, t >0,

By the theory for asymptotically autonomous semiflows [see, e.g., (Thieme 1992,
0
Corollary 4.3)] and Lemma 3.1, while making use of Fy(x, N) = fy(N, 508)
(cop®(x)) > 0, we see that (R(-, 1), S(-, 1)) = (R**(-), $**(-)) such that

(0,0) <p (R™(), §7()) <p (R*(), S*()).

Thus, we see that the equations of U and u in (1.12) are asymptotic to the following
system

Uy = (d(x)Uy —vx)U), + fr (R0, DY u+ f5 (S x). L)u
—mU, x € (0,L), t >0,

U (6.16)
uy = dX)uy —vx)u), +n1 (7) u—mu, x € (0,L), t >0,
B[w]=0, w=U,u, x=0o0rL, t >0.
Finally, consider the following eigenvalue problem associated with (6.16):
(@@ ) —v@e() + fr (R0, 55 ) o)
+ /s (S, $83) () + Agp(x) =0, x € (0. L),
(@@ @) = @) + 1t (§63) 60 + A$(¥) =0, x € (O, L),
B*[w]=0, w=¢, ¢, x =0or L.
(6.17)

We denote the principal eigenvalue of (6.17) by A**. Then A** +m > AY +m = 0.
By the similar arguments we did for the case where A? +m > 0, it follows that
u(-,t) - 0ast — oo. This contradicts Claim 6.11. Thus, (6.9) is impossible. This
concludes the proof of Theorem 2.2(i). m]

7 The unstirred chemostat model

In this section, we specialize in the chemostat model (1.8) and prove Theorem 2.3.
We will first show the existence of a critical diffusion rate in Sect. 7.1. In Sect. 7.2,
we show, under an additional assumption (H7), the existence of a globally attracting
steady state whenever the phytoplankton species persists.
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7.1 Critical diffusion rate

By Theorem 2.2, the persistence/extinction of the chemostat system (1.8) is determined
by the associated nonlinear eigenvalue problem

dg" 0+ fr (R (). 533) 00+ fs (5700, $9) 6 (1) + Ap(0) =0, xe (0, 1),
dg" () + 1 (59) 6 (@) + Ap () =0, x € (0. 1),
wx(0) =0, wy (1) +yw(1) =0, w=9¢, ¢.
(7.1
Here (R*(x), S*(x)) is the unique steady state of (2.1) (see Proposition 2.1), deter-
mined by
dR" — w,R + w;S =0, x € (0, 1),
dS" + wrR — ;S =0, x €(0, 1), (7.2)
N'©0)=-NO N(1)+yN1)=0, N=R,S.

We observe that R* 4 S* satisfies a simplified equation, whence R*(x) 4+ S*(x) =
(RO 4 50y (HTV - x) (see, e.g., Hsu and Waltman (1993)).

By Lemma 5.1, it follows that for each d > 0, the eigenvalue problem (7.1) admits a
principal eigenvalue A? := A%(d) corresponding to which there is a strongly positive
eigenfunction (¢°(x), #°(x)) >p (0, 0).

Lemma 7.1 For each d > 0, let A° := A®(d) be the principal eigenvalue of the
eigenvalue problem (77.1). Then there is a dy > 0 such that

A%d) <0, if 0<d <dy,
A%d) =0, if d=dy,
A%d) >0, if d>dp.

Proof Let (n1, wi(x)) be the principal eigenpair of following eigenvalue problem:

w’(x) +nw(x) =0, x € (0, 1),

(7.3)
w'(0) = w'(1) + yw(l) =0.

It is standard to show that n; > 0, see e.g., proof of Lemma 3.1. Let

Q. =sup{Q > 0: fr(R*(x), @) + fs(8"(x), Q) —u(Q)Q =0 in [0, 11.},

where (R*(x), $*(x)) is the unique positive steady-state solution of system (7.2). It
is clear that Qnin < Q« and

TRR*(x), Q) + fs(S*(x), Q4) = Qxp(Qx) > 0 forallx € [0,1].  (7.4)

O
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Claim 7.1 A%d) < 0 for all d € (0, u(Qx)/n1), where n1 > 0 is the principal
eigenvalue of (7.3).

Recall from the proof of Lemma 5.1 that A = — log 7(1), where 7 () is the spectral
radius of the semiflow map &, : C — C of

Uy =dUsx + fr(R*0), DY u+ f5 (S* ), L)u, x€(0,1), t >0,
ut:duxx+u(%)u, xe€ @1, t>0,

wx(0,1) =0, we(1,8) +yw(,t) =0, w=U,u, t >0,

w(x,0) = w'(x) > ()0, w=U,u, x € (0,1),

(7.5)

Since (7.5) is a special case of (5.2), ®; is also continuous, compact, and homogeneous
of degree one. Define

U) = Q.wi(x), and @i(x) = w(x).

It is enough to show that (l7 , ) is a strict lower solution of (7.5) for all sufficiently
small d. Since then by strong-order-preserving property, ®,(U, i) >p (U, i). This
means @, (U, i) >p k(U, i) for some k > 1, whence the Bonsall cone spectral radius
7(t) must be strictly greater than 1, and by definition A = —log7#(1) < 0.

Now we verify that (0, i) is a strict lower solution of (7.5) ford € (0, u(Q4)/n1).
By computations, for d € (0, u(Q4)/n1), we have

2 * 0 ~ * 0 ~
dUxx + fr (R (x), 5) i+ fs <S (x), 5) u
=dQw{(x) + frR(R*(x), Qw1 (x) + fs(5*(x), Q)w; (x)
>dQy (—mwi(x)) + pn(Q4) Qswi(x) = (u(Qx) — dny) Qswi(x) > 0,

(where we used (7.4)) and

A

N U
dityy + @ (

i

)ft =dw] + u(Q)wi = (u(Qx) —dni) wy > 0.

This proves Claim 7.1.

Claim 7.2 A%(d) > 0 forall d € (u(Q*)/n1, +00), where Q* is given by (2.3) and
n1 > 0 is the principal eigenvalue of (7.3).

Define
U) = Q*wi(x), and &(x) := w(x).

By an analogous argument as above, we can show that for d € (u(Q*)/n1, +00),
(U, i) forms a strict upper solution of (7.5). This implies that ®,(U, u) <p (U, i).
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We claim that this implies that the Bonsall cone spectral radius 7 (¢) of @y is strictly
less than 1 for all # > 0. Fix ¢ > 0. By Corollary 5.2, there exists (¢, ¢) € C\{0}

such that ®;(¢, ) = 7(t)(¢, ¢). Since (0, ), (p, ) € int D, we may scale the
eigenvector (¢, ¢) so that

(9, ¢) <p (U, i), but k(p,¢) £p (U, i) forallk > 1.

Then by comparison,

F(0) (@, §) = ®i(p, ¢) <p (U, 1) <p (U, ),

ie. é?(t)((p, d) <p (U, i) for some k > 1. Hence k7*(¢) < 1 and 7(¢) < 1/12 < l.ie.
AY = —log#(1) > O foralld € (u(Q*)/n1, +00). This proves Claim 7.2.

By Claims 7.1 and 7.2, we see that there exists a dy > 0 such that Ao(do) =0.It
remains to show that

A%d) <0, forall0 <d < do, (1.6)
A%d) > 0, foralld > d. '

Assume that A%(dg) = 0 is the principal eigenvalue of the eigenvalue problem (7.1)
with d = dy, that is there exists eigenfunction (¢4, (x), ¢4, (x)) € C Nint D satisfying

dog" () + fr (R*), 583 ) o) + f5 (870, §83) ¢ (x) =0, x € (0, 1),
dod" () + 1 (53 ) $(x) =0, x € O, 1),
we(0) = 0. w () +yw(h) =0, w=g, ¢.

Claim 7.3 For each d > dy, A°(d) > 0.

Again, it suffices to show that (U(x), u(x)) = (@q,(x), g, (x)) is a strict lower
solution, so that ®,(U, u) <p (U, u) for r > 0. Now, we verify

AU + fr (R*(x>, g) et f (S*m, %) u

= dglj (¥) + f (R*<x>, %) bao () + fs (S*(x), “’i) b (X)

¢d0 ¢d0
N do o (RHexy. P do (s5(x), P
= [dowdo(x)-F ~ fr (R ), ¢d0)¢do(x>+ s (s ), ¢d0)¢do(x>}
d
< [dowgo @) + fr (R*(x), ¢i> o () + fs (S*<x), wi) d (x)] =0,
d() ¢d0 ¢d0
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and

U
duxx+u<u>u—d¢ (X)+M( >¢d0(x)

bdy

d
<u [doqsdo(x) o ( o ) B <x>]

This proves Claim 7.3.
Claim 7.4 For each d < doy, A°(d) < 0.

Claim 7.4 follows from a similar fashion as Claim 7.3, so we skip the details. This
proves Lemma 7.1. O
Here we prove parts (i) and (ii) of Theorem 2.3.

Proof of Theorem 2.3 (i) and (ii) First, it follows from Theorem 2.1 that system (1.8)
generates a semiflow in Y. Let dy be given by Lemma 7.1. If d € [dp, 00), then
Lemma 7.1 says that the principal eigenvalue A® of (7.1) is non-positive. Hence,
Theorem 2.3(i) follows from Theorem 2.2(i). If d € (0, dp), then Lemma 7.1 says that
AY < 0. Theorem 2.3(ii) thus follows from Theorem 2.2(ii). O

7.2 Global attractivity of system (1.8)

In this subsection, we intend to investigate the uniqueness and global stability of
positive steady-state solutions of system (1.8) under the additional assumption (H7).
Note that the existence of a positive steady-state solution of system (1.8) is obtained
based on persistence theory in the previous section.
Let
Wgr(x,t) = R*(x) — R(x, 1),

Ws(x,t) = S*(x) — S(x, 1), 7.7
Wx,t) = Wr(x,t) + Ws(x,t) —Ul(x,1t),

where (R*(x), $*(x)) is the unique steady state solution of (7.2). Then system (1.8)
is equivalent to the following system

(W) = d(Wi)ax + fr (R*() = W, VW) s — o, Wi
+wsWs, x€(0,1), t >0,

(Ws)i = d(Ws)ex + fs (87(0) = Ws, =W ) i oo, W
—ws;Wg, x€(0,1), t >0,

Uz =duxx+,u(w>u, xe0,1),t>0

Wy =dW,,, x€(0,1), t >0,

Z:0,1)=0,Z;(1, ) +yZ(1,t) =0, Z=Wg, Ws,u, W, t >0,

Z(x,0) = Z%x) > ()0, Z = Wg, Ws,u, W, x € (0, 1).

(7.8)
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Motivated by Theorem 2.1, the relevant domains for system (7.8) are

Y ={ (WROL WEO), (), WOO) €10, 11, R x C(I0, 11, R) : WRO) = R*(),
W) = $*(), 30 > 0 such that 0 < WRC) + W) = W0 = ()0},
(7.9)
and
Yi = {(WRO. W80, (), WO() ) €C10, 11, RY) €10, 11, R) : WR() = R*(),
WO = S0, Qmint®() < WRC) + WE() = WOC) = 07},
where Q* is given in (2.3).

It is easy to see that the unique steady state for the fourth equation in system (7.8)
is the trivial solution. It then follows from (Friedman 1964, Sect. 6.5, Theorem 5) that

tlim W (x, t) = 0 uniformly for x € [0, 1].
—00
Thus, the limiting system of (7.8) takes the form

Wr) = dWr)xe + fi (RE) = W, YEEYS ) — o0, Wi
+wsWs, x€(0,1), t >0,
(Ws)r = d(Ws)ax + fs (5700 = W, 5 ) s - o, Wi
—awsWs, xe€(0,1), t >0, (7.10)
ue = du+ (S U, x e 0.1, 1> 0,
Z:0,t) =0,Z:(1,t) +yZ(1,t) =0, Z=Wg, Ws,u, t >0,
Z(x,0) = Zo(x) > (#£)0, Z = Wg,Ws,u, x € (0, 1),

where the biologically relevant domains for system (7.10) are
Y = {(W,%(-), Wi, u0(~)) eC(0, 1, RY) : Wl(x) < R*(x), Wl(x) <S*(x),
30 > O such that 0 < Wp(x) + Wo(x) < u®(x)Q forall x € [0, 1]} ,

and

Y] = (Wo(), Wo(),u’()) € C([0, 1], RY) : Wa(x) < R*(x), WI(x) < §*(x),
Omintt’ (x) < Wp(x) + Wo(x) < 0*u(x) forall x € [0, 11},

where Q* is given in (2.3).
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For persistence result, we set Y := {(Wg, Ws, u) € Y” : u # 01in [0, 1]}, and the
complementary set

OYy :=Y" = Y[ = {(Wg, Ws,u) €Y' :u=0in [0, 1]}
= {(Wg, Ws,u) €Y' : Wg = Ws = u = 0in [0, 1]}.

The following result is related to the global attractivity of the positive steady state
of the limiting system (7.10).

Lemma 7.2 Assume that (H1), (H2) and (H7) hold, and A° := A°(d) is the principal
eigenvalue of (7.1). If A < 0, then (7.10) admits a unique positive steady-state solu-
tion (Wg(x), Ws(x), ii(x)) € Y. Moreover, any solution (Wg(-, 1), Ws(-, 1), u(-, t))
of (7.10) with initial condition (WO, Wg, u% e Yg satisfies

lim (Wr(x, 0), Ws(x. 1), u(x. 1) = (Wr(x), Ws(x), ii(x)), uniformly for x € [0, 1].

Proof By the similar arguments in Lemma 4.2 and Theorem 2.1(i), we can show
that the set Y” is positively invariant under the semiflow I1, generated by sys-
tem (7.10). Theorem 2.2 (ii) guarantees the existence of a compact attractor
Ay CInt(C([0, 1], Ri)) for IT;, and it suffices to show that IT, is monotone and
subhomogeneous, which imply that the attractor Aj is a singleton set. Fix PO ¢ Y,
and let (Wg(-, 1), Ws(-, 1), u(-, 1)) = I1,(PY), and set

R(x,t) = R*(x) — Wgr(x,1), S(x,t)=S"(x)— Ws(x, 1),
and
U(x,t) = Wgr(x,t)+ Ws(x,1).

Then it is not hard to see that (R(x, t), S(x, 1), U(x, 1), u(x,t)) € Y satisfies system
(1.8), where Y is given in (2.6). By Lemma 4.2,

lim sup |: sup (U(x, 1 — Q*u(x, t)):| <0.

t—o0 | xe[0,L]

Since A < 0 and u° # 0, it follows from Theorem 2.2(ii) that there exists n > 0
such that lim inf;_, oo u (-, ) > 7, so (recall that U (x, t) = Wr(x,t) + Ws(x, 1))

U, t) — Q*u(x, 1) <o

Ux,t
lim sup( &0 _ Q*) = lim sup

t—>00 u(x,1)
From the fact that 0* < Qp (Remark 2.1), we have

u(-, 1) S ouCn

< Qp, Yt>10. (7.11)
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Note that we have also proved that I, is uniformly persistent with respect to (Y(;, 9Y())
in the sense that lim inf dist(IT, (P°), 9Y() = n,¥ P(-) € Yg. By (7.11), without loss
— 00

of generality, we may further assume that the initial value (Wg ), Wg(-), u()) e Y,
WR(O+WI()

and % < QB.
The Jacobian matrix of reaction terms in (7.10) with respect to (Wg, Ws, u) at
points (Wg, Wg, u) € R3, takes the form

* ap a3
J=\ay * ax|,
+ o+«

where

Wg+ W,
an = o+ I8 (s*(x) — Ws, %)

90
Wgr + W
ap = w5+ IR (R*(x) — Wg, M)
a0 u
Wg + W, Wg + Ws 9 We+W
a3 = fr (R* o) — wg, YRI WS\ _WREWS OIR (g yy, WREWS
u u 0 u
W W
sz(R*< RT S)zo,
u
W +Ws\ Wr+Wsa Wr+ W
axy = fs (S0 RZZS RAWs 3fs (g — g, WRAEWs
u u 0 u

Z fs 0.

W w
§* () R+ S)
u

Note that ©(Q) and fx (N, Q) are Lipschitz continuous, thus the Jacobian matrix
of reaction terms, J, exists almost everywhere (Wg, Ws, u) € Ri. It follows from
the assumption (H7) that ao; > 0 and ajp > 0. Thus, the Jacobian matrix J has
nonnegative off-diagonal entries, and hence, the semiflow I, : Y’ — Y” generated
by the system (7.10) is monotone Smith (1995) under the partial order <p generated
by the cone D := ([0, 1], R? ). Furthermore, if

Wgr < R*(x), W < §*(x) forx € [0, 1], and Wg + Ws < uQp

where Qp is given in (H2), then a;3 > 0 and a3 > 0, and hence, J is irreducible
Smith and Waltman (1995), which implies that such a semiflow is strongly monotone
in the interior of Y” Smith (1995). For convenience, we denote the reaction terms of
(7.10) by

@ Springer



Single species growth consuming inorganic carbon with... 1817

Fi(Wr. Ws.uw) = fr (R*C0) = Wa, Y5295 ) — o0, W + o W,
FaWr, Ws,u) = fs (5%(6) = Ws, YEEUS )i o0, Wk = 0 W,
F3s(Wg, Ws,u) = n (M) u.

It is easy to see that the reaction terms of (7.10) are strictly subhomogeneous in the
sense that for 0 < @ < 1 and (Wg, Ws, u) € Y”, we have

F;i (0Wgr,0Ws, 0u) > 0F;(Wg, W, u),fori =1, 2,
F3 (OWR, 0Ws, 0u) = 0 F3(Wg, Wg, u).

Then we can adopt the arguments in (Freedman and Zhao 1997, Theorem 2.2) to show
that for any ¢ > 0, TT; : Y’ — Y” is strictly subhomogeneous in the sense that for
any 0 € (0, 1), (WR(), Wo(), u®(")) € Y with u®(-) > 0, we have

M OWRE), 6WS(), 6u°()) <p 6T, (WRE), W), u°())

For t+ > 0, we have proved that I, is compact, point dissipative and uniformly
persistent. It follows from (Magal and Zhao 2005, Theorem 3.8) that IT; : Y — Y{
admits a global attractor A Since IT; is also strongly monotone, strictly subhomo-
geneous, Ay C Y and A = I1;(Ap), we further have Aj C Int(C([0, 1], Ri)). It
then follows from (Zhao 2003, Theorem 2.3.2) with K = A(j that in fact Aj = {e},
where e >p (0, 0, 0) is a fixed point of I1;. This implies that e is globally attractive
for I, in Y(’)/ , and we finish the proof. O

By appealing to Lemma 7.2 and the theory of chain transitive sets, we are able to
lift the dynamics of (7.10) to the full system (1.8). That is, Theorem 2.2(ii) can be
improved, and we further have the following result which contains Theorem 2.3(ii’)
as a special case.

Theorem 7.1 Assume that (H1), (H2), and (H7) hold, and A° := A°(d) is the princi-
pal eigenvalue of (7.1). Let (R(-, 1), S(-, 1), U(-, t), u(-, t)) be the solution of system
(1.8) with initial condition (RO, S0 uo, uo) eY.

(A If A° > 0, then

tl—l)ngo(R(’ t)a S(v t)’ U(’ t)a u(’ t)) = (R*()v S*()v 07 O)

(ii) IfAA0 < 0, then system (1.8) admits a unique positive steady-state solution
(R(), SO, U(), 4(+)). In addition, if the initial condition satisfies (R°, S°, U°,
u%) € Yy, then
lim (R(x, 1), SCx, 0, UCx, 1), u(x, 1) = (ﬁ(x), S, U(x), ﬁ(x)) ,
—00

uAniforml)A/forx EA[O, 1], wherfz Ié(-) = R*(-) — WR(-), §(~) = 5*() — WS(‘),
U() = Wgr() + Ws(-), and (Wg(-), Ws(-), u(-)) are given by Lemma 7.2.
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Proof Part (i) was proved in Theorem 2.2(i), and we only need to prove Part (ii).
Since systems (1.8) and (7.8) are equivalent, it suffices to study system (7.8) with
initial data in Y’ (see (7.9)) (note that (R, So, Ug, ug) € Y iff (Wg, Ws, u, W) =
(R* — Ry, S* — Sp, ug, W + Wsg —U) € Y/).

Define Y{, := {(Wg, Ws,u, W) € Y' : u # 0}, and the complementary set

Yy =Y =Y, ={(Wg, Ws,u, W) e Y :u=0in|[0, 1]}
={(Wg, Ws,u,W)eY : Wg+Wg—W=u=0in][0, 1]}.
We first show that Y’ is positively invariant for system (7.8). Indeed, fix P° :=
(WS, W2, u® WO € Y and let (Wg(-, 1), Ws(-, 1), u(-, 1), W(-, 1)) be the solution
of system (7.8) with initial data PY. Motivated by (7.7), we set

R(x,t) = R*(x) — Wgr(x,1),
S(x,t) = S*(x) — Ws(x, 1),
Ux,t) = Wgr(x,t) + Ws(x,t) — W(x,1t).

Then (R(x, 1), S(x,1), U(x,t), u(x,t)) satisfies system (1.8) (by (7.9)) and R(-, 0),
S(-, 0), u(-, 0) are non-negative, and there exists Q' > 0 such that

U(x,0) < Q'u(x,0) forall x € [0, 1].

By Corollary 4.1, it follows that R(-,t) > 0, S(-,¢) > 0, u(-, t) > 0, and there exists
Q" > 0 such that

Ux,t) < Q"u(x,t) forallx €[0,1]and ¢ > 0.
This implies that
(WR(, 1), Ws(-, 1), u(-, 1), W(-, 1)) € Y forallt > 0.
Thus, we can define the solution semiflow U, : Y/ — Y’ of (7.8) by
Ui (PY) = (Wr(-, 1), Ws(-, 1), u(, 1), W(, 1), Vi =0,
where (Wg, Wg, u, W) is the solution of (7.8) with initial data
PO = (WR W u®, W) e Y.
Fix PO € Y, and let & := @(PY) be the omega limit set of P° for U,. Let
RO=R*—wp, S'=s*—w? U°=wR+w)-w" forxelo,Ll,
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then
(RO S U%u) eXy = (WR Whu, W) e Yy

It follows from the fourth equation in system (7.8) that lim;_, .o W (-, t) = 0 regard-
less of initial condition P® € Y’. Thus, there exists a set Z C C ([0, 1], Ri) such that
@ :=a(P% =7 x {0}. o

Claim7.5 Z CY’.

For each (WO, Wg, uo) € 7, we have
(W W 0) G Y,

where the last inclusion follows from Lemma 4.2. By the definition of Y’, we deduce
(w9, Wg, u") € Y”. This proves the claim.

Claim 7.6 7 is compact, invariant and internal chain transitive for the semiflow I1; :
Y - Y.

It is straight forward to see that Z x {0} is compact and invariant with respect to ¥, iff
7 is compact and invariant with respect to IT,. In view of Lemma 4.2, it follows that
for any (Wg(-), Ws(-),u()) € C([0, 1], R}) with (Wg(-), Ws(-), u(-), W()) € @,
there holds

Uy [5 (WR(), Ws (), u(), W) = (T, (Wg(), Ws(-), u(-)), 0), (7.12)

where I1; is the semiflows associated with (7.10) on Y”. Given any a, b € 7 and
any €, T > 0. Since (a,0), (b,0) € Z x {0} = @ and @ is a compact, invariant
and internal chain transitive set for \Tlt [see, e.g., Hirsch et al. (2001) or (Zhao 2003,
Lemma 1.2.1)], it follows from the definition (see, e.g., Hirsch et al. (2001) or (Zhao
2003, page 8)) that there is a finite sequences {ti}?;ll witht; > T, V1 <i<n-—1,
and {(x;, 0)}7_, € @ =T x {0} with (x1,0) = (a, 0), (xn,0) = (b, 0) such that

dist (¥, (xi-1,0), (xi,0)) <€, V2 <i <n. (7.13)

From (7.12), (7.13) as well as the above discussions, it follows that there is finite
sequences {tl-};:l1 withy; > T, V1 <i <n—1,and {;}/_;, € T with x; = a,
Xn = b such that

dist (I;,_, (xi—1), xi) <€, Y2 <i <n.

This shows that 7 is a compact, invariant and internal chain transitive set for I1; :
Y” — Y”. Thus, the proof of the claim is finished.

Thus, from Lemma 7.2 and (Zhao 2003, Theorem 1.2.2) we can conclude that either
Z = {(0,0,0)} or T = {(Wg(-), Ws(-), ii(-))}. Since A® < 0, Theorem 2.2 (ii) says
that liminf; « u(-, ) > 0,1.e. Z # {(0, 0, 0)}. Therefore, we must have
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7= {(Wr (), WsO. ()}
This, together with (7.7), implies that Part (ii) holds. O

Proof of Theorem 2.3(ii’) First, it follows from Theorem 2.1 that system (1.8) gener-
ates a semiflow in Y. Let dy be given by Lemma 7.1. If d € (0, dp), then Lemma 7.1
says that AY < 0. Theorem 2.3(ii’) follows from Theorem 7.1(ii). O

8 Discussion

In this paper, we study the growth of a single phytoplankton species consuming “C0O2”
(dissolved CO2 and carbonic acid) and “CARB” (bicarbonate and carbonate ions) in
a poorly/partially mixed habitat (e.g., the unstirred chemostat, or the water columns
of lakes and oceans), where “C0O2” and “CARB” can be stored within individuals
for later consumption. Our proposed system (1.8), and the general version (1.12) are
motivated by the previous works (Grover 2009, 2011; Hsu et al. 2010; Huisman et al.
1999; Hsu and Waltman 1993; Klausmeier and Litchman 2001; Mei et al. 2016; Nie
et al. 2016; Van de Waal 2011; Yoshiyama et al. 2009).

For the general system (1.12), we first establish the well-posedness results (The-
orem 2.1 and Proposition 2.2), and investigate the extinction/persistence of the
phytoplankton species (Theorem 2.2). The positive constant Q* in (2.3) plays an
important role in proof of the well-posedness results of system (1.12). From the
assumptions (H1) and (H2), it is easy to see that Q* exists. Inspired by [Grover
2011, Eq. (5)], we will provide an explicit relation between Q* and the parameters
on the practical examples of growth rate and uptake rates. As in Grover (2011), u(Q)
takes the form in (1.2), fy (N, Q) takes the form in (1.3) together with (1.4), and we
impose the following condition

low low
pmax,R + pmax,S
Moo 2 oo 8.1

Since u(Q*) = oo (1 - %), it follows that (8.1) is equivalent to
Phowe k F Phms — 1(QF)Q* < 0. (8.2)

Note that

N*(x) _ low N*(X) low

SN(NT(x), Q) = pn(Q )m = Pmax. N v+ NG = Pmax.N-

Then (8.1) or (8.2) implies that
fr (R*(x), %) + fs (R*(x), Q%) — u(Q*)Q* <0,
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which coincides with the definition of Q* in (2.3). More biological interpretations
on (8.1) can be found in (Grover 2011, Section 2). In view of Theorem 2.2, we see
that the extinction/persistence of the phytoplankton species is determined by the death
rate m, and the principal eigenvalue A® of the nonlinear eigenvalue problem (2.8).
The latter depends on (R*(x), S*(x)), the unique positive steady-state solution of
system (2.1). The eigenvalue A° depends also on the conversion rate between “CO2”
and “CARB” (w, and wy), the physical transport characteristics of the habitat (i.e. the
diffusivity or the advection), uptake rates, and growth rate. It will be of practical interest
to understand the dependence of A? on the parameters of the nonlinear eigenvalue
problem (2.8). We leave this challenging problem for future investigation.

When we specialize in the chemostat model (1.8), Theorem 2.3 reveals that there is
a unique critical diffusion rate dy such that the species will go to extinct (resp. persist)
if the diffusion d is greater than or equal to dy (resp. d is less than dp). If we impose
the additional condition (H7), then there exists a unique positive steady state solution
of system (1.8) when the species persists, and the unique positive steady state solution
is globally asymptotically stable. Next, we show that several practical examples can
satisfy assumption (H7):

e Assume that fy(N, Q) = pN(Q)kN% takes the form (1.3) with (1.4) for all
N > 0 and Qmin < QO < QOmax. We first extend the function fy (N, Q) in this
case to be defined in R% :

A R N
Sn(N, Q) = PN(Q)kN N
where
A _ P(Qmax) + %(Q — Omax), for0=< Q0 < 03,
(D)= {O, for O > Qgp,
and
QB = Qmax + IO(QmaX)p(Qmin) — ,O(Qmax) > Qmax-

Qmax - Qmin

Then fy (N, Q) satisfies (H2), and (H7) holds if

high low

Pmax, R~ Pmax, R
w; — DR =PmR o ()
$ Omax—Omin  — ’
high low
Pmax,§ ~Pmax.$
wr — == > ().
r Omax — Omin

e Assume that fy(N, Q) = ,oN(Q)kN% takes the form (1.3) with (1.5) for all
N > 0and Qmin < Q < Omax. For this case, Omax = OQp, where O p is given in
(H2). If

w5 — Pmax, R >0,

- Omax—Omin — (8 3)
W, — Pmax, S > ’

r Omax—COmin —
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then (H7) holds. Here, we can give some realistic parameters such that (8.3) is
valid, and hence, (H7) holds. For example, w, ranges from 2000 d —1 to 4000
d~!', and w; ranges from 15 d~' to 25 d~! in Nie et al. (2016); Qmin = 9,
Omax = 17 pmol mm 3, Pmax,R = 8.2, and pmax,s = 7.3 pmol mm—>d~! in
Van de Waal (2011).

o If fy(N, Q) = pn 2 takes the form (1.3) with (1.6), then (H7) automatically
holds.

Understanding extinction/persistence of a single species is a first step to the study
of coexistence of multiple species in competition for resources. Thus, this work paves
the way for the investigation of competing system consisting of two phytoplankton
species with ratio dependence. The other extensions of the model discussed in this
paper is to include the factors of respiration and light availability since carbon is lost
by respiration and the light reaction of photosynthesis provides the energy for carbon
assimilation (Van de Waal 2011). In the Supplementary Information of Van de Waal
(2011), the authors assumed that the respiration rate is proportional to the size of the
transient carbon pool, and they further assumed that uptake rates include self-shading
by the phytoplankton population, that is, an increase in population density will reduce
light intensity. In order to reflect the vertical heterogeneity in the water column, light
intensity usually involves nonlocal terms in depth (see e.g., Huisman et al. 1999;
Klausmeier and Litchman 2001; Yoshiyama et al. 2009), which make mathematical
analysis much more complicated. We will combine the ideas developed in this paper
with those arguments in Du and Hsu (2010) and Hsu and Lou (2010) to study a more
realistic system that phytoplankton species compete for inorganic carbon with internal
storage, and light in a spatially variable habitat in which carbon is lost by respiration.
We also leave this interesting project for future study.

It is worth pointing out that the main ideas used in this paper are closely related
to the analysis of the ODE system (1.1) or (1.7). Recall that the phytoplankton-free
equilibrium (R, S, Q, u) = (R*, §*, 0*, 0) of (1.1) is given in (2.4) and (2.5), and it
is not hard to show that its local stability is determined by the sign of «£(Q*) — D. In
fact, we can further show that the population is washed out if ©(Q*) — D < 0, and
persistence of the species occurs if £ (Q*) — D > 0. Consider the eigenvalue problem
associated with the ODE system (1.1) or (1.7):

fr (R*’%)¢+f5(5*’%)¢—D(p+A<p:0, 54
(%) o - Do+ ng=0,
where ¢ and ¢ are both constants. Then it follows from the relations (2.4) and (2.5) that
A = —(u(Q*) — D) is the principal eigenvalue of system (8.4) corresponding to the
eigenfunction (¢, ¢) = (Q*, 1) > (0, 0). Thus, the extinction/persistence of system
(1.1) or (1.7) can be determined by the principal eigenvalue AY = —(u(Q*) — D),
which is parallel to Theorem 2.2 for the PDE system. In order to obtain the uniqueness
and global stability of the positive equilibrium of (1.1) or (1.7), we comment that a
condition similar to (H7) is needed.

In closing, we describe a quota-structured system with spatial variations related to
this paper. In (1.1), we have assumed that the quota per individual varies dynamically
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and the dynamics of quota also satisfies an ordinary differential equation. The simplest
model associated with (1.1) is under the assumption that the consumption of resource
and production of populations are directly proportional through a quota constant ¢,
leading to the following system:

48 — (RO — R) D — qfr(R)u — 0, R + oS,
45 = (SO —§) D — qfs(S)u + v, R — S,
du _ [ fr(R) + fs5(S) — Dlu,

R(0) >0, S) >0, u(0) > 0.

The other modeling associated with system (1.1) is to assume that quotas differ among
individuals at any instant, and the distribution of stored resource quota over individual
cells at each location is governed by a structured population model [see, e.g., Diekmann
et al. (1984) and Diekmann and Metz (1986) and Section 2 of Grover et al. (2012)].
The associated system takes the forms:

RO — (RO — R(1))D — fr(R) fq g(@n(t, 9)dqg — R + S,
“(” = (SO — @)D — fs(5) /‘3,;",‘,;* g(@n(t, 9)dg + o, R — oS,
f’"“ D[R+ f5(S) |~ 2ELD _ pig1ae, q) + 4bCqyn(e, 29)|
—Dl’l(t, Q),
R(0) >0, S(0) >0, n(0,q) =n’(q),
n(t, 25n) =0
(8.5)

Here ¢ denotes time, g stands for the size of an individual cell. n is the population
density function, that is, f qqlz n(t, g)dq represents the number of cells with size between
¢1 and ¢ at time t. The functions b(g) and g(g) are the rates at which cells of size ¢
divide and grow, respectively. We refer the Appendix in Diekmann et al. (1984) (see
also Diekmann and Metz (1986) and Section 2 of Grover et al. (2012)) for detailed
descriptions of the following term

~ELELDD — bigynie, )+ 4bCgyntr. 20),
which is related to the population operator proposed in Diekmann et al. (1984) and
Diekmann and Metz (1986). Encouraged by the work (Grover et al. 2012), we will
also investigate a system that combines the structured population model (8.5) with
the physical transport equations governing spatial distributions of populations and
resources.
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