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SINGLE PHYTOPLANKTON SPECIES GROWTH WITH LIGHT
AND ADVECTION IN A WATER COLUMN*

SZE-BI HSUT AND YUAN LOU#

Abstract. We investigate a nonlocal reaction-diffusion-advection equation which models the
growth of a single phytoplankton species in a water column where the species depends solely on light
for its metabolism. We study the combined effect of death rate, sinking or buoyant coefficient, water
column depth, and vertical turbulent diffusion rate on the persistence of a single phytoplankton
species. Under a general reproductive rate which is an increasing function of light intensity, we
establish the existence of a critical death rate; i.e., the phytoplankton survives if and only if its death
rate is less than the critical death rate. The critical death rate is a strictly monotone decreasing
function of the sinking or buoyant coefficient and water column depth, and it is also a strictly
monotone decreasing function of the turbulent diffusion rate for buoyant species. In contrast to
the critical death rate, a critical sinking or buoyant velocity, a critical water column depth, and a
critical turbulent diffusion rate may or may not exist. For instance, if the death rate is suitably
small with respect to the water column depth, the phytoplankton can persist for any sinking or
buoyant velocity; i.e., there is no critical sinking or buoyant velocity under such a situation. We
further show that a critical water column depth, a critical sinking or buoyant velocity, and a critical
turbulent diffusion rate for both buoyant species and species with large sinking rates can exist for
some intermediate range of phytoplankton death rates and, whenever they exist, are always unique.
In strong contrast, there may exist two critical turbulent diffusion rates for species with small sinking
rates. The phytoplankton forms a thin layer at the surface of the water column for large buoyant
rates, and it forms a thin layer at the bottom of the water column for large sinking rates. Precise
characterizations of these thin layers are also given.
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1. Introduction. Phytoplankton are microscopic plant-like organisms that drift
in the water column of lakes and oceans. They grow abundantly around the world
and are the foundation of the marine food chain. Nutrients and light are the essen-
tial resources for the growth of phytoplankton. In phytoplankton communities species
compete for nutrients and light in three possible ways. At one extreme, in oligotrophic
ecosystems with an ample supply of light, species compete for limiting nutrients [18,
20]. At the other extreme, in eutrophic ecosystems with ample nutrient supply, species
compete for light [10, 13]. In some aquatic ecosystems the species compete for both nu-
trients and light, which are complementary resources for their growth [6, 7, 15, 17, 24].
In the water column the phytoplankton are not only diffused by water turbulence, but
they are also sinking or buoyant. Most phytoplankton are heavier than water and thus
have a tendency to sink. On the other hand, some species, like some cyanobacteria,
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green algae, have a lower density than water and will float and be called buoyant [10].
In this article we shall restrict our attention to study the growth of a single species in
a water column in a eutrophic ecosystem where the species depends solely on light for
its metabolism. The model equation is a nonlocal reaction-diffusion-advection equa-
tion proposed and studied by Shigesada and Okubo in [23], Huisman et al. in [10, 12],
and others. We study the combined effect of death rate, vertical turbulent diffusion
coefficient, advection (sinking or buoyant) coefficient, and water column depth on the
survival of the single species (bloom development). Our approach is different from
that in [10]. Under a general reproductive rate which is an increasing function of light
intensity, we completely determine the necessary and sufficient conditions for the sur-
vival of the phytoplankton species in terms of turbulent diffusion coefficient, advection
coefficient, water column depth, and death rate of the phytoplankton species.

The rest of the paper is organized as follows: In section 2, we present the math-
ematical model and discuss some previous related works. In section 3, we state our
main results, which exclusively focus on the steady states of the model. In section 4,
we establish the existence and uniqueness of positive steady states in terms of the
death rate of the phytoplankton species. Sections 5, 6, and 7 are devoted to study-
ing qualitative properties of critical death rate and to determining the critical water
column depth, the critical sinking or buoyant coefficient, and the critical turbulent
diffusion rate, respectively. In section 8, for large advection coefficients we show that
the limiting profile of the steady state solution is a d-function. Section 9 is the dis-
cussion section, where we focus on qualitative properties of the critical water column
depth, the critical advection coefficient, and the critical turbulent diffusion rate.

2. The mathematical model and previous works. In [10, 12], Huisman
et al. analyzed the following reaction-diffusion-advection equation, which describes
the population dynamics of a single phytoplankton species in a water column:

(2.1) P,=DP,, —vP, + Plg(I(z,t)) —d], 0<z<L, t>0,
with zero flux boundary conditions at x = 0 and = = L,
(2.2) DP,(0,t) —vP(0,t) =0,
' DP,(L,t) —vP(L,t) =0,

and with the initial condition
(2.3) P(z,0) = Py(z), 0<z<L,

where P = P(xz,t) is the population density of the phytoplankton species, D > 0
is the vertical turbulent diffusion coefficient, v is the sinking velocity (v > 0) or the
buoyant velocity (v < 0), L > 0 is the depth of the water column, and d > 0 is the
death rate; by the Lambert—Beer law the light intensity I is given by

(2.4) I =1I(x,t) = Ipexp <—k0x — k1 /01 P(s,t)ds) ,

where [ is the incident light intensity, kg is the background turbidity, and k; is the
absorption coefficient of phytoplankton. ¢(I) is the specific growth rate of phyto-
plankton as a function of light intensity I(z,t). Here we assume all nutrients are in
amply supply so that only the light intensity limits the growth rate. We assume that
g(I) satisfies

(2.5) g(0)=0, ¢'(I)>0for I >0, g(I)>al” for I € 10,1,
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where a > 0 and v > 0. The simplest example is
(2.6) gI)=al", 0 <y <1

Typical examples for the reproduction rate becoming saturated due to high light
intensities include functions of Monod type,

mli
2.7 I)=——
(2.7) 9() ==
or alternatively by
1— efcl
(2.8) g(I) = m—

The model (2.1) was first proposed by Shigesada and Okubo in [23], where the self-
shading case (i.e., kg = 0) for the infinite long water column (L = oo) was analyzed.
In particular, the existence, uniqueness, and global stability of the steady state have
been established in [16, 23]. More recently, among other things it is shown in [19]
that the self-shading model has a unique positive steady state, which is also stable, for
any finite water column depth. In particular, this means that the self-shading model
has no critical water column depth beyond which the phytoplankton cannot persist.
This is very different from the case of kg > 0, where the critical depth exists for some
intermediate range of phytoplankton death rate. See the next and last sections for
more detailed discussions on the critical depth.

For the case kg > 0, it is shown in [10] that the conditions for phytoplankton
bloom development can be characterized by critical water column depth and some
critical values of the vertical turbulent diffusion coefficient. In [10] the authors also
investigated the phase transition from bloom to no bloom extensively by numerical
simulations. They also analyzed in depth the phase transition curve for the case
g(I) = al”, 0 < v < 1, by means of reducing the equation to a Bessel equation. In [25]
the authors studied the asymptotic behaviors of the eigenvalues and eigenfunctions
associated with the linearized operator of (2.1) when D is small and v > 0 is of the
order v/D. In [8] the authors study both single species and two species competing for
light in a eutrophic ecosystem with no advection, and the dynamics of single species
growth is also completely analyzed in [8]. In this paper, we will use several critical
rates to give a complete classification of the phase transition from bloom to no bloom
for the general single phytoplankton species model (2.1)—(2.5).

3. Main results. Consider the equation

51) {Pt:DPM—UPE+P[g(I(a:,t))—d], 0O<axz<L,t>0,

DP,(0,t) — vP(0,t) = DP,(L,t) — vP(L,t) =0,

where D > 0, v € R, g(I) satisfies (2.5), with typical examples (2.6)—(2.8), and I(z,t)
takes the form (2.4).

Our first main result concerns the existence and uniqueness of positive steady
states of (3.1) in terms of the death rate d. Consider the linear eigenvalue problem

—Dpsr +vo. +alz)p=Xp, 0<zx<L,
(3.2) { @ ® (T)p = Ap

Dy, (0) =vp(0), Dp.(L)=vp(L).
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Set h(x) := e~ ("/P)2p(z). Then 1) satisfies
—-D (e(”/D)w@bm) + a(x)e(”/D)””dJ =XeW/P)ry 0 << L,

It is well known [4] that all eigenvalues of (3.3) are real, and the smallest eigenvalue,
denoted by Ai(a), can be characterized as

(3.3)

inf foL eW/D)2(Dy2 + ay?)da
$#£0,pEH(0,L) foL e(v/D)eah2

(3.4) Ai(a) =

)

where H1(0, L) is the closure of C1[0, L] under the norm

5 1/2 L 1/2
lu|l = / u? da + / u? dx .
0 0

For every v € R, L > 0, and D > 0, set
d.(v, L, D) := =i (—g(Toe~"")).

It is easy to show that d.(v, L, D) is positive. Our following result shows that d.
is the critical death rate; i.e., the phytoplankton survive if and only if its death rate
is less than d,.

THEOREM 3.1. If 0 < d < di«(v,L, D), then (3.1) has a unique positive steady
state. If d > d.(v, L, D), then zero is the only nonnegative steady state of (3.1).

A natural question is whether there also exist a critical water column depth, a
critical sinking/buoyant velocity, and a critical turbulent diffusion rate. To address
these issues, we need to understand the dependence of d, on the parameters D, v, L.
The following result shows that d, is monotone deceasing in v.

THEOREM 3.2. For any D > 0 and L > 0, d.(v,L, D) is strictly monotone
decreasing for v € R. Moreover,

lim d.(v,L,D) =g(Iy), lim d.(v,L,D)= g(Iye ™).
V——00 vV— 00

We apply Theorem 3.2 to study the existence of a critical sinking/buoyant ve-
locity. By Theorem 3.2, for every d € (g(Ipe %), g(Iy)), there exists a unique
vy := vx(d, L, D) such that d = d,(v«, L, D). Moreover,

>0 if g(Ipe %) <d<d,.(0,L,D),
v.{ =0 if d=d.(0,L,D),
<0 if d.(0,L,D) < d < g(Ip).

As a consequence of Theorems 3.1 and 3.2 and the definition of v,, we have the
following theorem.

THEOREM 3.3. Given any D >0 and L > 0, the following hold:

(a) If 0 < d < g(Ipe™%L), (3.1) has a unique positive steady state, denoted as
P(z), for any v € R. Moreover,

—koL
> 0.

L
(3.5) /0 P(z)dz > killn Igofl(d)
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(b) If d € (g(Ipe=*0E), g(Iy)), (3.1) has a unique positive steady state for every
v € (—00,v4); if v > vy, zero is the only nonnegative steady state of (3.1).

(¢) If d > g(Ip), zero is the only nonnegative steady state of (3.1) for v € R.

Theorem 3.3 implies that a critical sinking /buoyant velocity may or may not exist,
and is unique whenever it exists. If d is suitably small, the phytoplankton can always
bloom for any sinking/buoyant velocity; i.e., there is no critical sinking/buoyant ve-
locity for this case. Only when the death rate falls into some intermediate range does
there exist a critical sinking/buoyant velocity v, such that the phytoplankton can
bloom if and only if the sinking/buoyant velocity is smaller than v,. For large death
rates, the phytoplankton simply cannot bloom.

We now turn to the existence of critical water column depth. First, we study how
d. qualitatively depends on L.

THEOREM 3.4. For any D > 0 and v € R, d.(v, L, D) is strictly monotone
decreasing for L € (0,00). Moreover,

lim d.(v,L,D)=g(ly), lim dy(v,L,D)=dw(v,D),
L—0+ L—o0

where do (v, D) is a nonnegative monotone decreasing function of v € R, and there

exists some vg > 0 such that do(v, D) > 0 for v < vp.

We now apply Theorem 3.4 to study the existence of a critical water column depth.
By Theorem 3.4, given any v € R and D > 0, for every d € (doo(v, D), g(1o)), there
exists a unique L, := L.(d,v, D) > 0 such that d = d.(v, L., D). As a consequence
of Theorems 3.1 and 3.4 and the definition of L., we have the following theorem.

THEOREM 3.5. Given any v € R and D > 0, the following hold:

(a) If 0 < d < dwo(v,D), (3.1) has a unique positive steady state for any L > 0.

(b) If d € (doo(v,D),g(Ip)), (3.1) has a unique positive steady state for every
L e (0,L,); if L > L., zero is the only nonnegative steady state.

(c) If d > g(Ip), zero is the only nonnegative steady state of (3.1) for any L > 0.

Theorem 3.5 also implies that a critical water column depth may or may not exist,
and is unique whenever it exists. If d is suitably small, there may be no critical water
column depth as the phytoplankton can bloom for any water column depth. For some
intermediate range of death rates, there exists a critical water column depth L, such
that the phytoplankton can persist if and only if the water column depth is less than
L.. In a recent preprint [9], Du and Mei showed that for any D > 0, there exists
a unique v* > 0 such that doo(v, D) > 0 if and only if v < v*. This together with
Theorems 3.4 and 3.5 gives a rather complete answer to the question on existence and
uniqueness of a critical water column depth.

Finally, we address the existence of a critical turbulent diffusion coefficient. This
case is much more subtle as the numerical simulations in [10] suggest that there
may exist two critical turbulent diffusion coefficients for sinking species. Similarly as
before, we first study how the critical death rate d. depends on turbulent diffusion
coefficient D. It turns out that the sinking case (v > 0) is indeed more subtle than
the buoyant case (v < 0).

THEOREM 3.6. For any v € R and L > 0,

L
lim d,(v,L,D) = %/ g(Ioe *0%) da.
0

D—oo

(a) For any v <0 and L > 0, d.(v, L, D) is strictly monotone decreasing in D,
and limp_,o+ d.(v, L, D) = g(lp).
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(b) For any v > 0 and L > 0, limp_,oy d(v, L, D) = g(Ipe %), Moreover,
given any L > 0, there exists some v1 > 0 such that for every 0 < v < vy,

(3.6) sup di(v,L,D) > hm d«(v,L,D) > hm d«(v,L, D).
0<D<oo

In particular, for L >0 and 0 < v < v1, ds«(v, L, D) is not monotone in D.

(¢) If v > g(Iy)L, di(v, L, D) is strictly monotone increasing in D

By Theorem 3.6, given any v < 0 and L > 0, for every d € ( fo ko) g(1y)),
there exists a unique D, := D.(d,v,L) > 0 such that d = d (v, L, D ) By Theo-
rem 3.1, part (a) of Theorem 3.6, and the definition of D,, we have the following
theorem.

THEOREM 3.7. Given any v <0 and L > 0, the following hold:

(@) If 0<d< ¢ fo (Ine=*0%), (3.1) has a unique positive steady state for any
D > 0.

(b) If d € fo (Ioe=%%), g(Ip)), (3.1) has a unique positive steady state for
every D € (0, D, ) sz > D,, zero is the only nonnegative steady state.

(¢c) If d > g(1p), zero is the only nonnegative steady state of (3.1).

Similar to other critical rates, a critical turbulent diffusion rate depth may or may
not exist for buoyant species, and whenever it exists, it is unique. However, the story
is quite different for sinking species. Let v; be as given in Theorem 3.6 such that (3.6)
holds for 0 < v < vq1. Set

d:= sup d.(v,L,D).
0<D<o0

By Theorem 3.6, we see that d € ( fo e ko) g(Iy)). Note that for v > 0,

inf d,(v,L, D) = g(Ipe *F)

0<D<oo

since di(v,L, D) € (g(lpe=*L), g(Iy)) and limp_,o4 di(v, L, D) = g(Ipe *L). The
following result shows that, in strong contrast to buoyant species, there may exist
two or more critical turbulent diffusion rates for sinking species with small sinking
velocity.

THEOREM 3.8. Given L >0 and 0 < v < vy, the following hold:

(a) If 0 < d < g(Ioe_kOL) (3.1) has a unique positive steady state for any D > 0.

(b) Ifd € ( fo (Ine=k0®), d), there exist 0 < Dppin < D <D < Dypas such that
(3.1) has no posztwe steady state for any D € (0, Dynin) U (Dimaa, 00), and (3.1) has
a unique positive steady state for any D € (Dyin, D) U (D, Diaz)-

(c) If d > d, zero is the only nonnegative steady state of (3.1).

Theorem 3.8 follows from Theorem 3.1, part (b) of Theorem 3.6, and the definition
of D.. However, if the sinking velocity is suitably large, there exists at most one critical
turbulent diffusion rate as shown by the following result, which is a consequence of
Theorem 3.1, part (¢) of Theorem 3.6, and the definition of D,.

THEOREM 3.9. Given L > 0 and v > g(Iy)L, the following hold:

(a) If 0 < d < g(Ipe~*oL), (3.1) has a unique positive steady state for any D > 0.

(b) For every d € (g(Ipe *oL), + fOLg(IOe_kOI)), there exists a unique D* such
that d = d.(v,L,D*), and (3.1) has no positive steady state for any D < D* and
(3.1) has a unique positive steady state for any D > D*.

(c) Ifd > ¢ fo (Ipe*0%), zero is the only nonnegative steady state of (3.1).
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From these results we can conclude that a critical death rate always exists and
is unique. In contrast, there are either zero or one critical water column depth, zero
or one critical sinking/buoyant velocity, and zero or one critical turbulent diffusion
rate for buoyant species. Interestingly, there may exist two critical turbulent diffusion
rates for sinking species, which was first shown numerically in [10]. These theoretical
findings may shed some new insight into the combined effects of death rate, water
column depth, sinking/buoyant velocity, and turbulent diffusion rate in the persistence
of single phytoplankton species.

The rest of this section concerns qualitative properties of the unique positive
steady state P(z;v) of (2.1)—(2.2) when the advection coefficient v varies, assuming
that other parameters D, d, L, ko, k1 are all fixed. For simplicity of notation and clarity
of the presentation, we perform the following scaling for (2.1)—(2.2). Let

. x -~ D - ~ = L2 v
ZI::z,t:ﬁt, k'():kOL, klzle,dzﬁd,U:BL,
(3.7) P(&,1) = P(x,t), I(&,1) = I(z,t) = Ioefko‘% exp (—fel/ ﬁ(s,f)ds) ,
0
. L?

g(D)(@.1) = 5 9 (z,1)).

Then (2.1)—(2.2) becomes

Br=Pu— P+ () —d) P, 0<i<1,i>0,

(3.8) oo i
P3(0,8) — 9P(0,£) =0, P3(1,%) — 9P(1,%) = 0.

If we drop the ~ sign, (3.8) becomes

(3.9) P.(0,t) —vP(0,t) =0, P.(1,t) —vP(1,t) =0,

{Pt:Pm—va—k(g(I)—d)P, 0<z<1,t>0,
where T is still given by (2.4).

Let P(z;v) denote the unique positive steady state of (3.9). By Theorem 3.3, if
0 < d < g(Ipe~*), P(x;v) exists for any v € R. The following result describes the
asymptotic profiles of P(z;v) for large positive v.

THEOREM 3.10. Suppose that 0 < d < g(Ipe™*0).

(a) If v > 24/g(Io) — d, then P(x;v) is strictly increasing in [0, 1].

(b) Asv — oo, P(x;v) — 0 uniformly in any compact subset of [0,1), P(1;v)/v —
k*, and P(-;v) — k*§(1), where * > 0 is uniquely determined by

1

(3.10) / g(Ige Fo=ks"2y gz — ¢

0
Moreover,
(3.11) vlggo HP(QE;U) — P(1;v)e 0077 o) 0
and

P .
(3.12) lim % — K" = 0.
Voo jjve L°°(0,1)
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REMARK 3.1. §(1) denotes the Dirac measure at x =1, and P(;v) — k*0(1) as
v — 00 means that for any continuous function f in [0, 1],

1
lim f(@)P(z;v)de = k™ f(1).
V— 00 0
Similarly, the asymptotic profiles of P(z;v) for large negative v can be character-
ized as follows.
THEOREM 3.11. Suppose that 0 < d < g(Ip).
(a) If v <0, then P(x;v) is strictly decreasing in [0, 1].
(b) Asv — —o0, P(z;v) — 0 uniformly in any compact subset of (0,1], P(0;v)/
v = Ky, and P(-;v) = —k,0(0), where k. < 0 is uniquely determined by

1
(3.13) / g(Toef =(1=2)) dz = 4.

0
Moreover,
(3.14) UEIPOO [P(w;v) = P(0;0)e" || oo 9,1y = 0
and

P .
(3.15) lim H% — Ky = 0.
voooo| ve L==(0,1)

By Theorem 3.11, the buoyant species is always monotone decreasingly distributed
in the water column, and the phytoplankton form a thin layer at the surface of the
water column when the buoyant coefficient is sufficiently large. On the other hand, by
Theorem 3.10, P(z;v) is monotone increasing in the water column when the sinking
velocity is suitably large, and the phytoplankton form a thin layer at the bottom of
the water column.

4. Proof of Theorem 3.1. Consider the steady state equation

i1 DP,, —vP,+ Plg(I)—d =0, 0<z<L,
(4.1) DP,(0) —vP(0) =0, DP,(L)—vP(L)=0,
where

(4.2) I =1I(x) = Ipe ™% exp (—k1 /01 P(s)ds) .

The proof of Theorem 3.1 is similar to that of case v = 0, which was studied
in [8], with some modifications. For the sake of completeness we give the proof here
in detail.

LEMMA 4.1. Equation (4.1) has no positive solution when d & (0,d.).

Proof. We note that the first equation in (4.1) can be rewritten as

(4.3) —DP,y + 0P, + (—g(I))P = —dP.

If (d, P) is a positive solution of (4.1), from (4.2), (4.3), and the comparison principle
of the smallest eigenvalue [11],

—d = \(—g(I(@))) > M(~g(loe™7)) = —d(v, L, D).
That is, d < d,.
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Integrating (4.1) in (0, L) and applying the boundary condition in (4.1), we obtain

which implies that d > 0. Therefore, (4.1) has no positive solution when d ¢
(0,dy). O

LEMMA 4.2. Given any n > 0, there exists some positive constant C(n) such that
every positive solution P of (4.1) with n < d < d satisfies ||P| p,r) < C(n).

Proof. We argue by contradiction. If not, suppose that there exists a sequence
dn, € (n,ds), n = 1,2,..., and positive solution P, of (4.1) with d = d,, such that
| PallLoe 0,y — 00 as n — oo. Passing to a subsequence if necessary, we may assume
that d, — d € [n,d.]. Set P, = w/ || PllLe=(0,)- Then P, satisfies || P,||z~ = 1 and

04 DPy sy —Pno+ Polg(I,) —dy] =0, 0<z<L,
' DP, ,(0) —vP,(0) =0, DP, (L) —vP,(L)=0,
where
(4.5) I, (z) = Ine M exp <—l€1/ Pn(s)ds> .
0

Integrating the first equation of (4.4) from 0 to z, we have
DPya(a) = oP(@) + [ Pulalh) - du] =0,
0

As g(I,,) and P, are uniformly bounded, pn,m is uniformly bounded. By (4.4), ]5n,m is
uniformly bounded. Passing to a sequence if necessary, we may assume that P, > P
in CY[0,L], P> 0, ||P|l~ =1. As 0 < g(I,,) < g(Ip) in [0, L], we may assume that
g(I,) — q(x) weakly in L%(0, L) for some function ¢ satisfying 0 < ¢ < g(Ip). Hence,
P is a weak solution of

{DPM—UPT-FP[(](:U)—d]:O, O<ax<L,

4.6 - - - -
(4.6) DP,(0) —vP(0) =0, DP,(L)—vP(L)=0.

AsP>0, P # 0, and g € L>(0, L), by the strong maximum principle we have P>0
in (0,L). As P, — P > 0in (0,L) and ||P,][ec(0,) — 00,

(47) 1u(a) = Ioe % exp (kP li=qoy | Pulo)ds) =0
0

for every « € (0,L) as n — oo. This implies that ¢ = 0. Integrating (4.6) in (0, L),
we obtain d = 0, which is a contradiction. a

Proof of Theorem 3.1. By a standard bifurcation argument of Crandall and Rabi-
nowitz [5] and Rabinowitz [22], (4.1) has an unbounded connected branch of positive
solutions, denoted by I' = {(d, P)} C R x C1([0, L]), which bifurcates from the trivial
branch {(d,0)} at (d«(v, L, D), 0). Since (4.1) has no positive solution when d ¢ (0, d)
(Lemma 4.1) and all positive solutions of (4.1) are uniformly bounded when d is pos-
itive and bounded away from zero (Lemma 4.2), we see that I' can only become
unbounded as d — 0+. As I' is connected, (4.1) has at least one positive solution for
every d € (0,d.).
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It remains to show uniqueness. Let U(x) = e~ (*/P)*P(z). Then (4.1) becomes

(4.8) DU, +0U, + [g(I) —d|U =0, 0<z<L,
' Uz(0) =0, Uz(L) =0,
where
(4.9) I =I(z) = Iye ™% exp (—kl/ e(”/D)SU(s)ds) .
0

Equation (4.8) can be rewritten as

D(e/Pry ), I —dUue/P =g 0 L
(410) { (e Jo + [g(D) — d] Ue L 0<z<L,

U,(0) =0, Uy(L) =0.
The proof of the uniqueness of a positive solution of (4.1) basically follows from
the argument in [8] applying to (4.10). By the strong maximum principle [21], all

nonnegative and not identically zero solutions of (4.8) must be strictly positive in
[0, L]. Suppose that (4.8) has two positive solutions Uy # Us. If Uy < Us, then we

deduce
—d =X\ [—g <Ioek°w exp (—kl/ /DSy (s)ds))]
0

< A1 [—g <Ioek°w exp (—kl/ e(”/D)SUg(s)ds))] = —d,
0

a contradiction. Therefore Uy — Uz changes sign in (0, L). We claim that U;(0) #
Uz(0). Otherwise, for ¢ = 1,2, we denote Vi(z) = fom Ui(s)e®W/P)sds, Wi(z) =
U!l(2)e/P)* and we find that (U;, Vi, W;) is a solution of the initial value problem
U/ — V‘/'e—(’U/D):E7
Vl _ e(v/D)wU7
DW' = —[g(Ipe™ "% exp(—k, V)) — d]el?/ D)=y,
(U(0),V(0), W(0)) = (U(0),0,0).
By the uniqueness of the ODE, we conclude that (Uy, Vi, W) = (Us, Vo, Ws), a con-
tradiction. Therefore Uy (0) # Uz(0).
For definiteness we assume Uy (0) < Ux(0). Since U; — Uy changes sign in (0, L),

there exists zg > 0 such that Uz(z) > Uy (z) in [0, 20), Ur(zo) = Ua(xo), and U (z¢) >
U} (xp). From (4.10) we have

To
_ D/ (U{e(v/D)r) Us
O xT

= / [g (Ioek” exp <—k1/ e(”/D)SUl(s)ds>> — d] Uy UseV/P)z
0 0

Using integration by parts, we deduce

To
— DU (wo)e'"/P) ™ Uy (o) + D / W/ P! U da
0

= / |:g (Ioekow exp <—k1/ e(U/D)SUl(S)dS>> _ d:| U1U26(U/D)wd$.
0 0
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Similarly,

o
—DU}(wo)e"/P)*Uy (z0) + D / W/ P! U da
0

o T
= / [g (Ioekow exp <—k1 / e(”/D)SUQ(s)d5>> — d] Uy Uspe /P gy,
0 0

Therefore

Dev/Plrogy, (z0) [Us(x0) — Ut (a0)]

xo x
o en(o )
0 0
-9 (Ioe_k"z exp <—k1/ 6%5U2(8)>>:| U Use D7,
0

The right-hand side of the above equality is positive, while the left-hand side is non-
positive, a contradiction. Thus we complete the proof of Theorem 1. a

5. Dependence of d.(v, L, D) on v: Proofs of Theorems 3.2 and 3.3.
This section is devoted to the proofs of Theorems 3.2 and 3.3.
Recall that d. (v, L, D) satisfies

(5 1) Dy + vy — g(Ioeikow)(p = —d, (U7 L, D)SD in (07 L)?
' Dy (0) = vp(0), Dpy(L) =vp(L), ¢ >0, in(0,L).
Set ) = e~ (*/P)¥y Then 1 satisfies

(5.2) { — Dy — vy — g(loe™ ")) = —d.(v, L, D)y in (0, L),

1/’z(0) = wm(L) =0, ¥>0, in (OvL)

LEMMA 5.1. ¢, <0 in (0,L).
Proof. Multiplying (5.2) by e(*/P)* we rewrite the resulting equation as

¥2(0) = o (L) = 0.
Integrating (5.3) in (0, L), we have

(5.3) {‘D@“’/D%)m—e<v/D>1g<Ioek”)w:—d*(v,L,D)we@/D” in (0, L),

L
/ e/ Pl (Tge™ %) — d,] dx = 0,
0

which implies that g(Ipe~%0*) — d, changes sign in (0, L). Since g(Ipe~%0%) is strictly
decreasing in (0, L), there exists a unique zg € (0,L) such that g(Ipe *%) > d,
for 0 < < 29 and g(lpe *%) < d, for z9 < = < L. Hence, by (5.3) we see
that (e(*/P)*4),), < 0 for 0 < z < z¢ and (e®/P)*4,), > 0 for g < = < L; i.e.,
e(v/P)zy) s strictly decreasing in (0,20) and strictly increasing in (xo, L). Since
¥5(0) = ¢, (L) = 0, we have 9, < 01in (0, L). O

LEMMA 5.2. d.(v, L, D) is strictly monotone decreasing in v.

Proof. Recall that d.(v, L, D) satisfies

{ Dty + vy + g(Ioe %) = du(v, L, D)y in (0, L),

54) $2(0) = a(L) = 0.
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We normalize ¢ such that fOL 1?2 = 1. It can be shown that d, and 1 are smooth
functions of v (see, e.g., [1, 2]). For simplicity of notation, we denote 9v/dv by ¢,
ete. Differentiating (5.4) with respect to v, we have

(5.5) { Dy, + vl + ¢y + g(Toe ™ ") = dip + duyp’ in (0, L),

¥, (0) = (L) = 0.
Multiplying (5.5) by e(*/P) we rewrite the result as
(5.6)
D(el P10 ) o e TPV el DI g (Ige P )" = dlape TP 4 d,) e/ D) in (0, L).

Multiplying (5.6) by v and integrating the resulting equation in (0, L), we have
L L L
D [P g [P [Py g (e
0 0 0

(5.7) i i
_ d:k / wQe(U/D)I + d* / d]wle(’u/D)z'
0 0

Multiplying (5.4) by e(*/P)* we write the result as
(5.8) D(e/PIapy )y + eI g(Ine o) = del/PI74p,

Multiplying (5.8) by ¢’ and integrating it in (0, L), we have
L L L
5:9) =D [ P [Pyt o) = [P
0 0 0
It follows from (5.7) and (5.9) that

J"OL e/ D)z o) da
foL e(v/D)z o2 '

(5.10) d, =

*

This together with Lemma 5.1 and the positivity of ¢ implies that d. < 0. a
To study the asymptotic behavior of d. for sufficiently large v (either positive or
negative), we first recall the following result [3, Theorem 1].
LEMMA 5.3. Let A(v) denote the smallest eigenvalue of
(5.11) —AY —oVm -V +c(z)p =X in Q,
' V- nloq =0,

where Q is a domain in RN with smooth boundary 0Q and n is the outward unit
normal vector on 9. Suppose that m € C*(Q) and ¢ € C(Q), and all critical points
of m are nondegenerate. Then

lim A(v) = mine,

V=00 M

where M is the set of local mazima of m(x).
LEMMA 5.4. We have

lim d.(v, L, D) = g(Ipe”*%),  lim d.(v,L,D) = g(Ip).

v— 00 vV—— 00
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Proof. Applying Lemma 5.3 with Q = (0, L) and m(x) = z, we see that M = {L}
and
: _ — 3 _ —koz — —koL
Tim (~d. (v, , D)) = min(~g(Toe™")) = —g(Ioe %),

Similarly, applying Lemma 5.3 with Q@ = (0,L) and m(z) = —=x, we see that
M = {0} and

. . — i —kow\y _ _
Jm (=d.(v, L, D)) = min(—g(loe™™")) = —g(lo),
which completes the proof. ad

LEMMA 5.5. Suppose that 0 < d < g(Ipe™*F). Then for any v € R,

L —koL
1 Ipe™Fo

P(x;v)de > —In ———— > 0.
A () de = @)

Proof. Integrating the equation of P(x;v) in (0, L), we have

L
| P o) ~a =0

Hence, g(I(x)) —d changes sign in (0, L). Since I(z) is strictly decreasing, g(I(x))—d
must be negative at = L. That is,

_koLe—kl fOL P(z;v) dr)

g(IOe < d7

which is equivalent to

L —koL
1 Ipe=Fo

P(x;v)de > — In ———

A () de = 0@

>0,
where the last inequality follows from 0 < d < g(lpe *L). O

Proofs of Theorems 3.2 and 3.3. Theorem 3.2 follows from Lemmas 5.2 and 5.4.
Theorem 3.3 follows from Theorems 3.1 and 3.2 and Lemma 5.5. O

6. Dependence of d.(v,L,D) on L: Proofs of Theorems 3.4 and 3.5.
In this section we investigate the dependence of d, on L. First, we establish the
monotonicity of d, in L.

LEMMA 6.1. d.(v, L, D) is strictly monotone decreasing in L.

Proof. Given any 0 < L; < Lo, we show that d.(v,Li,D) > d.(v,La, D).
For simplicity, we write d.«(v, L;, D) as d;, and denote corresponding eigenfunctions
Y(x;v, Ly, D) as 1, i = 1,2. Rewrite the equations of ¢; as

(6.1) {D(e(v/D)wwm)z + g(Toe™ 0707, = dipie”/P)*in (0, Ly),

Vi,2(0) = i (L;) = 0.

Multiplying the equation of 11 by 12, the equation of ¥y by 7, and subtracting,
we have

(dr = da)prtroe ™ D" = D [P )t = (0P 00t
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Integrating the above equation in (0, L1) and applying boundary conditions of 11, 19
at £ = 0, we have

Ly
(dy — dz)/ P19peV/ DT dg = —De(U/D)L1¢2,z(L1)¢1 (L1).
0

Since ¢; > 0 for i = 1,2 and 92 5(L1) < 0 (Lemma 5.1), we see that d; > ds. O
The next two results concern the limiting behaviors of d, for small and large L.
LEMMA 6.2. limy_,o4 di(v, L, D) = g(Ip).

Proof. Set x = Ly and w(y) = ¥ (x). Then w satisfies

(6.2) Dwyy +vLw, + L*g(Ipe ") w = d,(v, L, D)L*w in (0,1),
' wy (0) = wy(1) = 0.

We normalize w such that maxj;yw = 1. It is easy to show that as L — 0+,
passing to a subsequence if necessary, w — wy in C?[0, 1], where wy satisfies wg ,, = 0
in (0,1), wo,,(0) = wo,y(1) = 0, and maxyy ywo = 1. Hence, wo = 1; i.e., w — 1 in
C?0,1].

Multiplying (6.2) by e*/P)L¥ we can rewrite (6.2) as
(6.3)

D (e(”/D)Lywy) + L2/ Py g (e~ oty = d, (v, L, D)L?e/P) vy in (0,1),
y

wy(0) = w, (1) = 0.

Integrating (6.3) in (0,1) and dividing the result by L?, we have

1 1
(6.4) / eW/PILY g ([~ Rl )y dy = d, / e/ PV vy, gy,
0 0

By letting L — 0 in (6.4) and applying w — 1, we see that d. — ¢g(Ip) as L —
0+. O

LEMMA 6.3. limj oo du(v, L, D) = doo, where doy := doo(v,D) > 0, and is a
monotone decreasing function of v € R'. Moreover, there exists some vy > 0 such
that doo (v, D) > 0 for v < vg.

Proof. Since d, is monotone decreasing in L and since d. > 0, we see that
limy o0 di(v, L, D) = doo(v, D) for some dog = doo(v,D) > 0. It remains to show
that deo (v, D) > 0 for v € (—o0, vg) for some vy > 0. Since d, is monotone decreasing
in v, we see that doo (v, D) is also monotone decreasing in v. Hence, it suffices to show
that deo(v, D) > 0 for v € (0,v9) for some vy > 0. Recall that

i e/P [D2 — g(Ioe *07)p?] da

—d, = ilnf T
PEH((0,L)) fo e(v/D)z 2
e DD —alfe ) d
n ,
~ peHI((0,L)) foL e(v/D)z 2

where the last inequality follows from assumption g(I) > aI” for I € [0, I]. Choose
the test function ¢(x) = e~ (*/P)* By direct calculation,

v2  al)(v/D) 1 — e~ (W/DFkon)L

—d, < L _
- D koy+v/D 1—e (/DL
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By letting L — oo in the above inequality, we have

2 y
d. < v?  alj(v/D) 7
- D ko’Y-F’U/D

where the last inequality holds provided that v(kyy 4+ v/D) < alj]. Clearly, if

Vo = min {aIg (2koy), \/aIgD/2},

then doo (v, D) > 0 for 0 < v < vp. O
Proofs of Theorems 3.4 and 3.5. Theorem 3.4 follows from Lemmas 6.1, 6.2,
and 6.3; Theorem 3.5 follows from Theorems 3.1 and 3.4. d

7. Dependence of d.(v, L, D) on D: Proofs of Theorems 3.6, 3.7, 3.8,
and 3.9. In this section we investigate the dependence of d, on D. The proof of the
following result is similar to that of Lemma 5.2.

LEMMA 7.1. For anyv <0 and L > 0, d.(v, L, D) is strictly monotone decreasing
inD. If L >0 and v > g(Iy)L, then d.(v, L, D) is strictly monotone increasing in D.

Proof. For simplicity of notation, we denote 9¢/dD by 9, etc., where ¢ satisfies
(5.4). Differentiating (5.4) with respect to D, we have

(7.1) { Dy A Yue + 3y, + g(foe_k“””W' =dp+dyy’ in(0,L),

1y (0) = ¥, (L) = 0.

Multiplying (7.1) by e(*/P)#4) and integrating the resulting equation in (0, L), we
have

L L L
—D/ e(v/D)m¢zw;+/ e(v/D)ww¢zz+/ WIDIE o Tye—kom)
0 0 0
(7.2) i i
_ d;/ ¢26(U/D)I +d*/ d]wle(v/D)I'
0 0

Similarly, multiplying (5.4) by e(*/P)#¢) and integrating it in (0, L), we have

L L L
(73)  -D / /Py, + / /Py Gg(Ipe™o") = d, / Yyl e/ D),
0 0 0

It follows from (7.2) and (7.3) that

L (v/ D)z
(7.4) d. = w
fO e(v/D)m¢2
By Lemma 5.1, ¢, < 0 in (0, L). Hence, if v <0,
(7.5)
L L L
| e == [ (D) = [P 4 o/ D] <0,
0 0 x 0

Hence, d, < 0 for any v < 0 and D, L > 0.
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For the remaining part, we first claim that if v > g(Iy)L, D, + vy > 0 in [0, L].
To establish this assertion, integrating (5.4) in [0, x], we have

D) +00(a) = v00) - | " g(loe oY ds + d, / "y

0

> 000~ [ altoe %) ds
L
>mp(0)—/ g(Ioe "% )ep ds

’ L
> 00 0) =g(0) | vl ds
Since 1, < 0 in (0, L), we see that

Dz (2) + vip(x) > v1p(0) — g(Lo)y(0)L > 0,

provided that v > g(Ip)L. This proves our assertion. Hence, since 1, < 0 and
D, +vp > 0in (0,L), by (7.5) we have

L L

0

This shows that if v > g(Iy)L, then d, is strictly monotone increasing in D. O
LEMMA 7.2. Given any v € R and L > 0,

L
(7.7) lim d(v, L, D) = l/ g(Ioe *0%) da.
D—oo L 0

Proof. Recall that ¢ satisfies (5.4). We normalize 1) such that maxy ;)9 = 1.
By standard elliptic regularity and the Sobolev embedding theorem, 1 is uniformly
bounded in C?[0, L] for all D > 1. Therefore, passing to some sequence if necessary,
we may assume that ¢ — ¥ in C1, where ¥ satisfies ¥,, = 0 in [0,L], ¥,(0) =
U, (L) = 0, and maxjy ;] ¥ = 1. Therefore, ¥ = 1;i.e., 1 — 1in C1[0, L]. Integrating
(5.4) in [0, L], we have

L L
DI (L) = 0o O) + o6(E) = 000 + [ gl )isdz = d. [ o

0

Since 1,(0) = ¢4 (L) = 0 and ¢ — 1 as D — oo, by letting D — oo in the above
equation, we obtain (7.7). O
LEMMA 7.3. Suppose that v < 0. Then

Dli{%—i- d*(vv L7 D) = g(IO)

Proof. Recall that

[y €D DR — g(lehor)y?) da
(7.8) d. = inf 7 .
YeH(0,L) fO e(v/D)w¢2d$

For € € (0,L/4), set

1, 0<z<g¢
P(x) = 2—£, e <z < 2,
€

0, 2¢<z<L.
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Hence,

2¢ (v T 2¢ (v T —kox
DD [ e D g (Lo )2
= f026 E(U/D)I¢2 f026 e(v/D)sz
D e2m—:/D _ eUE/D
2 eve/D _ 1 —g(Ioe

—Qkoe

<! )
By letting D — 0+, as v < 0, we have liminfp_,o; d. > g(Ipe™2%0€). By letting
€ — 0, we obtain liminfp_,o4 dix > g(lo). As d. < g(Ip), we see that limp_,o4 di =

g(lo). O
LEMMA 7.4. Suppose that v > 0. Then

: _ 71€0L
Dhj%Jr d«(v,L,D) = g(lpe ).

Proof. Recall that d.(v, L, D) satisfies
(7.9) D¢uo — vpe + g(loe™™ %) = dup  in (0, L),
' Dy, (0) =vp(0), Dpy(L) =ve(L), >0, in(0,L).

Set w(z) = e~ (*/P)"%, where 7 is some constant which will be chosen differently
for different purposes. Then w satisfies
(7.10)

2
Dwyy +v(2n — Dw, +w [%n(n — 1) + g(Ipe *o7) — d*} =0 in0<z<L,
Dw, =v(l—n)w atz=0,L.

Set n = 1—C1D/v?, where C; is some positive constant to be chosen later. Then
w satisfies
(7.11)

201D D
Dwm—kv(l— 312 )wz—kw[—Ol <1—O1 )—|—g([06_k0r)—d*}=0, O<x<L,

02
wy = (C1/v)w at =0, L.

Let z* € [0, L] such that w(z*) = maxo<z<r w(z). Since w,(0) > 0, z* # 0. If
z* € (0, L), then wy,(z*) <0 and w,(z*) = 0. By (7.11) we have

—C1(1 — C1D/v?) + g(Ipe %) — d, >0,

which is impossible if we choose C1 = 2g(Iy) and D < v?/(4g(lp)). Therefore, x* = L;
ie., w(x) <w(L) for every x € [0, L]. Hence,

o()
o(L)

Next, we choose 7 = 1 + CyD/v?, where Co > 0 is to be chosen later. By (7.10),
w satisfies
(7.12)

2CyD CoD
Dwm—l—v(l—l—v—z)wm—i—w[Cg <1_|_ 22

wy = —(Cy/v)w at =0, L.

< e~ HU=F)(L-a)

) +g(Ipe ™) —d,| =0, 0<z <L,
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Let z. € [0, L] such that w(z,) = minp<z<r, w(z). Since w,(0) < 0, z, # 0. If
24 € (0, L), then wy,(zs) > 0 and w, () = 0. By (7.12) we have
Ca(1 + CoD/v?) + g(Ige *0%+) — d, <0,

which implies that d, > C. Choose Cy = ¢g(ly). As d. < g(Ip), we must have z, = L;
ie., w(x) > w(L) for every x € [0, L]. Therefore,

P(2) o 50+ DR (La)
p(L) —
Integrating (7.9) in (0, L) and dividing the result by (L), we have

L
(p(ﬂ?) —kox
1 I o) — dy =0.

(7.13) /0 2 late ) ] do =0

Set y = (L — x)/D. Then ¢ satisfies
(7.14) e+ Sy AL DY) va-SPyy

ey T
We can rewrite (7.13) as
L/D (1 _ D

(7.15) /0 % [g(Ioe*’%(L*Dy)) - d*} dy = 0.

By (7.14), we can apply the Lebesgue dominant convergent theorem and pass to the
limit in (7.15) to obtain

limp o [2/P €LY ([ e=ko(L=Dy)) gy

lim d. = 0 (L)
D=0+ limp_04+ foL/D % dy
IS e g(loe ko) dy
Jo ey
= g(IOekaL).

This completes the proof. ad
LEMMA 7.5. For any L > 0, there exists some v1 > 0 such that if v < vy, then

1 L
(7.16) 40,1, D) > 1 / o(Toe="0") da
0

for sufficiently large D.
Proof. Let 11 be the unique solution of

1 L
V1,00 = f/ g(Ioe ") dz — g(Ipe™™7), 0<z <L,
(7.17) 0

L
$1,.2(0) = Y1.(L) =0, /0 1 (z) dx = 0.

In particular, multiplying the first equation of (7.17) by 1 and integrating the result
in (0, L), we have

L L
(7.18) /0 g(Ioeka‘T)wl (z)dx = /0 1/)%1 dx >0,

where the last strict inequality follows from the fact that g(lpe~*°7) is nonconstant.
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Setting ¢ = 1 + ¢ /D in (7.8), we have

foL ev/D)z [_D%% + g(Ioe_ka)d)Q} dx
foL e(v/D)z)2y '

(7.19) de >
By direct calculations,

L
/ /D)= [_ Dy 1 g(Ipe ™ 0" )y?] da
0

Ny
Ny

where the last equality follows from (7.18). Similarly,

+0(1/D?)

L L L
v/ xg([oefkow) dx — / 1/)%1 + 2/ g(IOe*kowﬁﬁl
0 0 0

L L
v / wg(Toe™%) da + / w2, | +oayp?),
0 0

L
/ @Dy 2y — [+ 2+ O(1/D2).
0 2D

Hence,
(7.20)

d l/L (I —koz)
* T 0 gllo€

> 1 /L¢2 L/L (I —kor) /L (I —kgr)
= DLywiz2 | ), VeV g ), 9V0C , T9liee

We claim that

+0(1/D?).

L [* g
(7.21) A= 5/ g(Ioe*k”) _/ xg([oe*kom) > 0.
0 0

To establish this assertion, note that

A= /OLg(IoekO‘T) (g — x)
L

= [ lattae™) — gttuerob2) (£ -0}

0

(7.22)

where the last equality follows from

/OLg([OekoL/2) <§ _ x) — g(IoekoL/Q)/oL (g B x) .

Since functions g(Ipe*0®)—g(Ipe~*0%/2) and L /2—=x are strictly monotone decreasing,
and both vanish at z = L/2, we see that [g(Ipe*0%) — g(Ipe~FoL/2)|(L£ — z) > 0 for
any « # L/2. This together with (7.22) implies that A > 0, i.e., (7.21) holds.

Set

L
fo ¢%,r

T T '

%fo g(Tpe=kom) — [* xg(Ige—kor)
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By (7.21), v1 > 0. Hence, by (7.20) and the definition of v; we see that, for any
v < vy, (7.16) holds for sufficiently large D. O

Proofs of Theorems 3.6, 3.7, and 3.9. Theorem 3.6 follows from Lemmas 7.1, 7.2,
7.3, 7.4, and 7.5. In particular, (3.6) follows from Lemmas 7.2, 7.4, and 7.5 and the
fact that g(Ipe %) < 1 fOL g(Ipe=Fo%). Theorems 3.7 and 3.9 follow from Theorems
3.1 and 3.6. a

Proof of Theorem 3.8. Parts (a) and (c) follow from Theorem 3.1 and the defi-
nitions of d. Hence, it suffices to show part (b). Given L > 0 and 0 < v < v;. Set
f(D)=d—d.(v,L,D). By Lemma 7.4 we have

: _ —koL
Aim f(D) =d—g(loe™™") >0,

where the last inequality follows from assumption on d. Choose D such that d, (v, L, D)
= SUPg< peoo ds (v, L, D). By our assumption d < supy. p<.. d«(v, L, D), f(D) < 0.
Let Dyin € (0, ﬁ) be such that f(Dmin) =0, f(D) >0 for D € (0, Dynin), and there
exists some § > 0 such that f(D) < 0 for D € (Dmin, Dimin+9). Choose D = D,pin+9.
By the definition of f, we have d > d.(v,L,D) for 0 < D < Dy, and d < ds for
d € (Dmin, D). By Theorem 3.1, (3.1) has no positive steady state for 0 < D < D,
and a unique positive steady state for d € (Din, D). Similarly, we can show that
there exist D, and D such that D < D < D4, and (3.1) has no positive steady
state for D > D,,;,, and a unique positive steady state for d € (D, Dinaz)- 0

8. Asymptotic behaviors of steady states P(x;v) for large |v|. This
section is devoted to the proofs of Theorems 3.10 and 3.11. Let P(z;v) denote the
unique positive steady state of (3.9), i.e.,

P,, —vP, NH—d)P=0, 0<z<lI,
(8.1) { Py + (g(I) — d) z

P,(0) —vP(0) = P,(1) —vP(1) =0,
where I is given by (2.4).

LEMMA 8.1. Ifv <0, then P, <0 in (0,1).
Proof. Integrating the equation of P(x;v) in (0,1), we have

1
/0 Plg(I(x)) — d] dz = 0.

Since I(z) is strictly deceasing in (0,1), there exists some zo € (0,1) such that
g(I(x)) > din (0,z9) and g(I(x)) < d in (xo, 1). By the equation of P, Py, —vP, <0
in (0,z0) and Py —vP,; > 0in (x0,1). Hence, P, —vP is strictly monotone decreasing
in (0,z9) and strictly increasing in (zo,1). As P, =vP at « = 0,1, P, —vP < 0 in
(0,1). Since v <0 and P >0, P, <01in (0,1). O

Set

w(z) = e " P(x;v),

where 7 is some constant which will be chosen differently for different purposes.
Clearly,

P, =" (vnw + wy)
and

P, =e""”" (U2772U) + 20wy + Wey).
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Then w satisfies

Wey +v(20 — Dwy +w [vPn(n —1) + g(I(z)) —d] =0 m0<z<1,
(8.2)
wy =v(l —n)w atx=0,1.

LEMMA 8.2. Ifv > 2y/g(ly) —d, then P, >0 for 0 <z < 1.
Proof. Set n =1/2. Then w satisfies

2
Wy + W —v—+g(I(x))—d =0 in0<z<l,
(8.3) 4

ww:gw at x =0, 1.

If v > 24/9(lo) — d, then

2

v —g(I(z))+d>0
in (0,1); i.e., wgy > 01in (0,1). Since w4 (0) > 0, we have w, > 0 in [0, 1]. This implies
that

P, = e [(0/2)w +w,] > 0
in[0,1. O

LEMMA 8.3. There exist positive constants C; (i = 1,2), both independent of v,
such that

(a) if v>CY,
e (12 (1-z) < P(x’v) < e&(lfw)
~ P(1;v)ev(-z) =
for every z € [0, 1];
(b) if v < —=C1, then
oo o _Ply) o,
— P(0;v)evr —

for every x € [0,1].
Proof. We first set n = 1—C3/v?, where C3 is some positive constant to be chosen
later. Then w satisfies
(8.4)
Wea + v(1 — 203 /v*)w, + w[—Cs3(1 — C3/v*) +g(I(z)) —d]=0 in0<x<1,
wy = (Cs/v)w at z=0,1.

Let z* € [0, 1] such that w(z*) = maxo<z<1 w(z). If z* € (0, 1), then wy,(z*) <0
and w,(z*) = 0. By (8.4) we have

~C3(1 = C3/v?) +g(I(x")) —d >0,

which is impossible if we choose C3 = 2¢(ly) and v > 24/g(ly). Hence, for such
choices of C3 and v, * = 0 or z* = 1. We consider two cases.
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Case 1. v > 0. For this case, since w,(0) > 0, 2* # 0. Therefore, 2* = 1; i.e.,
w(z) < w(l) for every = € [0, 1]. Therefore,

P(a;0) < P(1;v)e"(1=Ca/v0 ),

which can be written as

P(z;v) 51
I et e APl € Sl )
P(1;v)e-vi-2) = ¢

Case 2. v < 0. Since w,(1) < 0, * # 1. Therefore, 2* = 0; i.e., w(z) < w(0) for
every z € [0, 1], which can be written as

P(z;v) -
P(0;v)eve —
For the other side of the inequalities, set 7 = 1 + Cy/v?, where Cy > 0 is to be
chosen later. By (8.2), w satisfies
(8.5)
Wea + 0(1 + 204 /v*)w, + w[Cy(1 4+ Cy/v*) +g(I(z)) —d] =0 in0<x<1,
wy = —(Cy/v)w  at z=0,1.

Let z, € [0, 1] such that w(z,) = ming<y<1 w(x). If 2, € (0,1), wyz(x.) > 0 and
we () = 0. By (8.5) we have

Ci(1+ Cu/v*) 4+ g(I(z.)) —d <0,

which implies that d > Cy. Hence, if C4 = d, we must have z, = 0 or z, = 1. Next
we consider two cases.

Case 1. v > 0. Since wg(0) < 0, z, # 0. That is, z, = 1; i.e., w(z) > w(l) for
every z € [0, 1]. Therefore,

P(x;v) 2 P(L;p)e (/007

which can be written as
P(x;v) -
P(l;v)e—v(i-=) =

Case 2. v < 0. Since wg(1) > 0, z, # 1. That is, z, = 0; i.e., w(z) > w(0) for
every z € [0, 1], which can be written as

P(z;v) Cay
P(0;v)evr — '
This completes the proof. a
LEMMA 8.4. For anyy > 0,
. v 1—y/v _y
vll>nolo m/o P(s;v)ds =e

and

lim Y
V——00 P(O; 11)

—y/v
/ P(s;v)ds=eY — 1.
0
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Proof. First of all, we establish the first limit. By part (a) of Lemma 8.3,

P(s;0) Cofv —v(1—
’ < >/v ,—v(1 s).
PLo) - ¢

Hence,

1—y/v . 1—y/v — —v
/ y/ P(S, 11) ds < 602/”/ y/ o—v(1=8) gg — 602/1)6 Y_e
0 P(Lv) — — 0 ’

which can be written as

v 1-y/v
m /0 P(S7 ’U) ds < €C2/’U[efy _ 671}].

Similarly, by part (a) of Lemma 8.3,

P(s;v) CaJo (1)
> 2/v v s )
P(Lo) =€ e
Hence,
1—y/v
%‘/0\ P(S’ U) ds > 6702/1)[67%, _ efv].

This proves the first limit.
For the proof of the second limit, by part (b) of Lemma 8.3, for v < —Cf,

P(s;v) _
Ca/v vs ) < Ca/v vs
e eV’ < 00) = e e

Hence,

-y _ —-y/v . -y _
Ca/v y_1q S/ Y'Y P(s;v) dsgef@/”e Y 17
v 0 P(0;v) v

which can be written as

_ —y/v
602/11[1 —eV] < P(Oj}v) /0 P(s;v)ds < 6_02/U[1 —e Y.

This completes the proof. a

LEMMA 8.5. Suppose that d € (0,g(lpe*)). Then
P(1;

lim M =K"

v—00 v

)

where £* > 0 is uniquely determined by

1
/ g(Ige Fo=ks"2y gr — g,
0

Proof. Dividing (3.1) by P(1;v), integrating in (0, 1), and applying the boundary
condition in (3.1), we have

Y P(z;0) e
/0 B(L o) U @) —d dz=0.
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Set = 1 — y/v. We can rewrite the above equation as

CPA—y/viv) o=
8.6 _ { I(y)) — d} dy =0,
9 [P (o))~ ]
where
j(y) = Ioe*ko(lfy/v)*/ﬁ Oliy/u P(s;v)ds'
We claim that P(1;v)/v is uniformly bounded for all v. To establish this assertion,

we argue by contradiction: If not, passing to a sequence if necessary, we may assume
that P(1;v)/v — 0o as v — co. Then by Lemma 8.4,

1=y/v P(1;v) v 1-y/v
P(s: — ? . Pl(s:
/0 (s;v)ds » P0) /0 (s;v)ds = o0

pointwisely in y as v — oo. Hence, I(y) — 0 pointwisely as v — co. As

e—Cg/ve—y < P(l _y/v;v) < ng/ve—y
P(1;v)

for every y € (0,v), we see that

PO—y/vv)
Po)

pointwisely in y as v — co. Moreover,

P —y/v;v)

P |90 —d| < /e gl) 4 d

for every y € (0,v). Hence, we can apply the Lebesgue dominant convergent theorem
and let v — oo in (8.6) to conclude that

which is a contradiction as g(0) = 0 and d > 0.

Hence, P(1;v)/v is bounded uniformly for large v. Passing to a sequence if
necessary, we may assume that P(1;v)/v — k as v — oo for some constant x > 0.
For this case,

1-y/v P(1: 1-y/v
/ P(s;v)ds = Plliv) L/ P(s;v)ds — ke Y.
0 v P(1;v) J

Hence,

I(y) — loe

—ko—kike Y

pointwisely in y as v — oo. Following the same argument as before, we can apply the
Lebesgue dominant convergent theorem and let v — oo in (8.6) to conclude that

(8.7) / e Y[g(Ipe Fo—kme™y _ d)dy = 0.
0
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We claim that & > 0: if x = 0, then from (8.7) we obtain g(Ipe %) = d, which
contradicts our assumption d < g(Ipe~*). By the new variable z = e~¥, (8.7) can be
rewritten as F'(k) = d, where

1
F(k) :E/ g(Ipe Fo—Fr=) 4z,
0

Since F(0) = g(Ipe™*°) > d, lim, o F(x) = 0, and F is strictly decreasing in (0, c0)
we see that there exists a unique x* such that F'(k*) = d. Since k* is independent of
the choice of sequence, we see that P(1;v)/v — k* as v — oo. O
LEMMA 8.6. Suppose that d € (0,9(ly)). Then
P(0;v)

lim ————= = Ky,
V——00 v

where k. < 0 is uniquely determined by

1
0

Proof. Dividing (3.1) by P(0;v), integrating in (0, 1), and applying the boundary
condition in (3.1), we have

1P(x;v) B
/O B la(r(e) = d) do =0,

0;
Set © = —y/v. We can rewrite the above equation as
U P(—y/viv) s
. —— |g({ —d| dy =
(59) | TR et ~ ] s = o.
where

H(y) = Iekon/v=rs /" Pswyds,

We claim that P(0;v)/v is uniformly bounded for all large negative v. If not, we
may assume that P(0;v)/v — 0o as v — —oo. Then by Lemma 8.4,

—y/v . —y/v
/ P(s;v)ds = P:v)  _v / P(s;v)ds — oo
0 v P(0;v) Jo

pointwisely in y as v — —oo. Hence, f(y) — 0 pointwisely as v — —o0. As

—y o Ply/viv) ey -
CQ/’U Y < ) < CQ/’U Y
e e ¥ < 0:0) <e e

for every y € (0,—v), we see that P(—y/v;v)/P(0;v) — e~ ¥ pointwisely in y as
v — —oo. Moreover,

P(—y/v;v)

Pl0;0) \g(f () - d} < e MeVg(Io) + d]

for every y € (0,—v). By the Lebesgue dominant convergent theorem and letting
v — —oo in (8.8) we have that [~ e ¥(g(0) — d) = 0, which is a contradiction as
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9(0) = 0 and d > 0. Hence, P(0;v)/v is bounded uniformly for large negative v.
Passing to a sequence if necessary, we may assume that P(0;v)/v — Ky as v — —00
for some constant k, < 0. For this case,

—-y/v P(0;v) v —y/v
) _ ) . -y _
/0 P(s;v)ds » P0:0) /0 P(s;v)ds — kule 1].

Hence, f(y) — Igefrr=l1=¢7"] pointwisely in y as v — —oo. Following the same
argument as before, we can let v — —oo in (8.8) to conclude that

(8.9) / e Y[g(IpeFr=1=¢""l)y — dldy = 0.
0

We claim that . < 0: if k, = 0, from (8.9) we obtain g(ly) = d, which contradicts
our assumption d < ¢(lp). By the new variable z = e~¥, (8.9) can be rewritten as
G(k+) = d, where

1
G(k) := / g(ToeF"1=2)) dz.
0

Since G(0) = g(Ip) > d, lim,—,_o G(k) = 0, and G is strictly increasing in (—oo,0)
we see that there exists a unique x. < 0 such that G(k.) = d. Since k. is independent
of the choice of sequence, we see that P(0;v)/v — ks as v — —o0. O

LEMMA 8.7. There ezist positive constants Cs,Cg, both independent of v, such
that

(a’) va > 057
P(Q?,U) _e—v(l—r) < %
P(1;v) - 0?
for every z € [0, 1];
(b) if v < —C5,
P(z;v) 0| _ Cs
P(0;v) — w2

for every x € [0,1].
Proof. We first establish part (a). By part (a) of Lemma 8.3 we have

P(z;v)

Y pmv(l-w) o .
P(l,l}) € = 92(x7v)7

g1(x;v) <

where g;(z;v) (i = 1,2) are given by
g1 (z30) = (e~ C2-0)/v _ 1)g=v(1-2)
and
ga(30) = (€C20=D)/v _ 1)emv(i=2),
It is easy to check that

0g1(z;v)

o = Ueiv(lfw)[eicb(liw)/v(l + CQ/U2) — 1]
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For large v, the only critical point (denoted by z1) of g; in [0, 1] is determined by
602(1—I1)/’U — 1 + CQ/UQ,
which implies that 1 = 1 — (1/v)(1 + o(1)) for large v. Hence,

Cy —v(l—z1) 07
gl(ﬂfl;v)Z—U—ge Yz 7
for some positive constant C7 independent of v. As g; attains the global minimum at
x =z in [0, 1], we see that

C
R e
P(1;v) ¢ - 0?7

For g2 we have

9g2(z;v) —v(1=2) | Call—2)/v 1
Fra (v—Cs/v)e e 1= Co/o?

For large v, the only critical point (denoted by z2) of g2 in [0, 1] is determined by

(Ca—ea)o _ L
1— OQ/'UQ ’
which implies that o = 1 — (1/v)(1 + o(1)) for large v. Hence,

Co Jv?
leio) = T e <

where Cg is some positive constant independent of v. As go attains the global maxi-
mum at ¢ = z2 in [0, 1], we see that

for every « € [0, 1]. This establishes (a).
For the proof of part (b), by part (b) of Lemma 8.3 we have

— e"" < ha(z;v),

where h;(z;v) (i = 1,2) are given by
hi(z;v) = (ecﬂ/” —1)e*™
and
ho(z;0) = (e~C2%/v — 1)e¥2.
It is easy to check that

Ohi(z;v)

oy = Vel N1+ Cofv?) 1],
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For large negative v, the only critical point (denoted by x3) of hy in [0, 1] is determined
by

eC23/v — 1/(1 + 02/U2)7

which implies that 3 = —(1/v)(1 4 o(1)) for large negative v. Hence,

C

hi(23;0) = (—C2/v?) /(1 + Ca fv?)e’™ > —U—;’

for some positive constant Cy independent of v. As h; attains the global minimum at
x = x3 in [0, 1], we see that

— Cg

V2

For hy we have

Oha(x;v)
Ox

1

— _ v —Cox/v _
(v —Cq/v)e’ |e eyl

For large negative v, the only critical point (denoted by 24) of hy in [0, 1] is determined
by

670214/1): 1
1— 6'2/1127

which implies that x4 = —(1/v)(1 4 o(1)) for large negative v. Hence,

Cy/v? .. _ Cio

) S TG S

where Cpp is some positive constant independent of v. As ho attains the global
maximum at z = x4 in [0, 1], we see that

for every = € [0, 1]. This completes the proof. a0

COROLLARY 8.8. There exists some positive constants C11 and Cya, both inde-
pendent of v, such that

(a) if’U Z 011,

P(x;v) — P(1;0)e (17| < Crz
v
for every z € [0,1];
(b) ifU S —011,
|P(z;v) — P(0;0)e”| < Cr2
v

for every xz € [0,1].
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Proof. For part (a), as P(1;v)/v — k* > 0 as v — 00, by (a) of Lemma 8.7 we
have

P(l’;’U) _ —v(l—xz) %

. _ . —v(l—z)
P(z;v) — P(1;v)e P(10) e ==

- P(1;U)}

The proof of (b) is similar to that of part (a) and is thus omitted. O

Proofs of Theorems 3.10 and 3.11. For the proof of Theorem 3.10, part (a)
follows from Lemma 8.2. For the proof of part (b), it follows from Lemma 8.5 that
P(1;v)/v — k* as v — oo and the existence and uniqueness of k* are also established
in Lemma 8.5. The limit (3.11) is established in Corollary 8.8, from which it follows
that P(x;v) — 0 uniformly in any compact subset of [0,1). It also follows from
Lemma 8.5 and Corollary 8.8 that P(-;v) — k*6(1) as v — oo. Finally, it follows
from Lemma 8.3 that

Py
P(1;v)e—v(1-x)

in L*>°(0,1) as v — oo. This together with Lemma 8.5 implies that (3.12) holds. This
completes the proof of Theorem 3.10.

For the proof of Theorem 3.11, part (a) follows from Lemma 8.1. The proof of
part (b) is similar to that of part (b) of Theorem 3.10 and is thus omitted. O

9. Discussion. In this paper we studied a mathematical model on the growth of
a single phytoplankton species in a water column where the species depends solely on
light for its metabolism. The model was described by a nonlocal reaction-diffusion-
advection equation, proposed and studied by Shigesada and Okubo [23], Huisman
et al. [10, 12], and others. We focused on the combined effect of death rate, advection
(sinking or buoyant) coefficient, water column depth, and turbulent diffusion rate
on the persistence of the single species. Under a general reproductive rate which
is an increasing function of light intensity, we established the existence of a critical
death rate; i.e., the phytoplankton species survives if and only if its death rate is
less than the critical death rate. We show that the critical death rate is a strictly
monotone decreasing function of the advection coefficient and water column depth
and is also a strictly monotone decreasing function of the vertical turbulent diffusion
rate for buoyant species. We also determine the asymptotic behaviors of the critical
death rate for a sufficiently large sinking or buoyant rate, for shallow or deep water
columns and for poorly mixing water columns (small turbulent diffusion rate) and
well-mixing water columns (large turbulent diffusion rate). These results enabled us
to investigate a critical advection rate, a critical water column depth, and a critical
turbulent diffusion rate, which may or may not exist. For example, if the death rate
is suitably small (with fixed water column depth), the phytoplankton can persist for
any sinking /buoyant velocity; i.e., there is no critical sinking/buoyant velocity under
such a situation. Similarly, if the death rate is suitably small (with fixed sinking
or buoyant rate), the phytoplankton can persist for any water column depth; i.e.,
there is no critical water column depth. Our analysis shows that these critical values
for water column depth, sinking/buoyant velocity, and diffusion rate exist for some
intermediate range of phytoplankton death rates. In short summary, we have shown
the following:
e Critical death rate always exists and is unique.
e Critical sinking or buoyant rate and critical water column depth exist only
for intermediate values of death rates. They are unique whenever they exist.
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e A critical turbulent diffusion rate exists only for intermediate values of death
rates. Whenever it exists, it is unique for buoyant species. However, there
may exist two critical turbulent diffusion rates for sinking species.

9.1. Critical water column depth. In 1953 Sverdrup introduced the concept
of a critical depth of the mixed layer beyond which the phytoplankton growth would
be impossible [12]. In [10] the authors introduced an interesting way to define the
critical water column depth. They considered the positive steady state problem of the
same model (2.1)—(2.4) satisfying (2.5). When the positive steady state exists, they
proved the following nontrivial properties of steady states:

e Let pg be the plankton population density at the surface of the water column.
If we treat the depth L as a function of pg, then

M 1
LZL(po): —+O<—2)
Po Py

as pg — 0o, where M > 0 is some positive constant.
e L(po) is a monotonically decreasing function of po: L(po.1) > L(po,2) if po1 <
Po,2-
As a consequence, the critical water column depth is defined in [10] as

(9.1) L* = polgréJr L(po).

In this paper, we define the critical water column depth L, by the equation
d = di(v, L«, D), where d, is the critical death rate. We conjecture that L, = L*
whenever they are finite; i.e., our definition of the critical depth is equivalent to that
given by (9.1).

We establish here some lower bound of L, in terms of d. For a fixed death rate
satisfying d < g(Ip), we define the depth L, as

1 Iy
Ly:=—1
" g (d)

or, equivalently,

It follows that

“koly o 0 < L < L.

0<d<g(loe
Thus if the water column depth is less than Ly, it follows from part (a) of Theorem 3.3
that plankton bloom for any sinking/buoyant rate and any turbulent diffusion rate.
In particular, this implies that

1
L*sz::k_olngfl(d)'

Interestingly, this implies that L, — oo as kg — 0+; i.e., if ko is very small (close
to the self-shading situation), the critical depth will become sufficiently large. This
is consistent with the result from [19] that the self-shading model has positive steady
state for any finite water column depth.
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9.2. Monotonicity of critical rates. By Theorem 3.2, the critical death rate
d.«(v, L, D) is strictly monotone decreasing for v and L, which is biologically intuitive:
the larger v and L are, the greater the tendency is for the species to sink and the
deeper the water column is, which leaves the species less susceptible to the light and
makes it harder for the phytoplankton to persist. It is natural to inquire how other
critical rates Ly, a,, and D, depend on their parameters.

o L, = L.(d,v, D) is monotone decreasing in d and v and monotone decreasing
in D when v < 0. To see this, differentiating d = d.(v, L., D) with respect
to d,

od. OL.

9L ad
As 9d,/OL < 0, OL,/0d < 0 (and also dd./OL < 0); differentiating d =
d.(v, L., D) with respect to v, we have

od, OL. Od.
oL v v
As 9d./OL < 0 and dd./0v < 0, OL,/0v < 0. Similarly, we can show that
OL./0D < 0, provided that v < 0.
e By a similar argument as before, we can show that the critical rate v, =
v, (d, L, D) is also monotone decreasing in d and L, and monotone decreasing
in D when v < 0. Similarly, D, = D.(d,v, L) is also monotone decreasing in
d, v, and L when v <0, i.e, the buoyant situation.
It will be of interest to understand the asymptotic behaviors of the critical rates
L., a., and D, for large sinking/buoyant rates and poorly and well-mixed water
columns.

0.

9.3. Future directions. In the case in which there is no sinking/buoyancy, it
has been illustrated numerically in [14] that if the turbulent diffusion rate is less
than a critical value, the phytoplankton can persist irrespective of the water column
depth. The role of a vertical turbulent diffusion coefficient becomes more complicated
if we include the advection of the phytoplankton species in the water column. The
analysis in [10] suggests that there might exist two critical vertical turbulent diffusion
coefficients for sinking phytoplankton [10, Figure 5]. When the sinking velocity is
suitably small, the existence of two critical turbulent diffusion rates is confirmed by
part (b) of Theorem 3.8, in strong contrast with both the buoyant case and the case
with a large sinking rate, for which there is at most one critical turbulent diffusion
rate, as shown by Theorems 3.7 and 3.9, respectively. It will be of interest to further
investigate in more detail how the critical death rate depends upon vertical turbulent
diffusion.

Regarding phytoplankton density distributions in the water column, we show
that the species forms a thin layer at the surface of the water column for a sufficiently
large buoyant rate, and it forms a thin layer at the bottom of the water column for
a sufficiently large sinking rate. It will be of interest to understand the asymptotic
behaviors of positive steady states for poorly mixed water columns and for shallow
and deep water columns; see [9] for recent progress in this direction.

Regarding multiple consumer and/or multiple resource problems, we plan to build
upon the current work and further study two species competing for light and/or
nutrients in a water column with advection. We will also investigate the competition
of two species for two complementary nutrients in the oligotrophic ecosystem where
light is amply supplied.
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