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ABSTRACT. The existences of an asymptotic spreading speed and traveling
wave solutions for a diffusive model which describes the interaction of mistletoe
and bird populations with nonlocal diffusion and delay effect are proved by
using monotone semiflow theory. The effects of different dispersal kernels on
the asymptotic spreading speeds are investigated through concrete examples
and simulations.

1. Introduction. Most mistletoes are vector-borne parasites whose vectors are
their avian seed-dispersers [3]. In most vector-borne parasites and diseases, the
vector maintains a parasitic, or, at best, a commensal relationship with the par-
asite. Mistletoes are unique among vector-borne parasites because they maintain
a mutualistic interaction with their vectors [2, 3, 7]. Birds obtain nutrients, en-
ergy, and, in the desert, water from mistletoes. In turn, mistletoes receive directed
movement of their propagules into safe germination sites [3].

Because of the apparently specialized nature of the interaction between mistletoes
and birds, the dispersal of mistletoes has received considerable attention [2, 3, 7,
15]. A model describing the dynamics of mistletoes in an isolated patch assuming
the birds are constant was considered in [14]. In order to better understand the
interaction between mistletoes and the avian seed dispersers, a mathematical model
which incorporated the spatial dispersal and interaction of mistletoes and birds
was derived and studied in [17] to gain insights of the spatial heterogeneity in
abundance of mistletoes. Fickian diffusion and chemotaxis were used to model
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the random movement of birds and the aggregation of birds due to the attraction
of mistletoes, respectively. The spread of mistletoes by birds is expressed by a
convolution integral with a dispersal kernel. A Holling type II functional response
was used to model the process that fruits were removed by birds. And a time delay
was introduced to model the maturation time of mistletoes. The model in [17] is a
reaction-diffusion equation of bird population with chemotactic effect and nonlocal
growth rate, coupled with a nonlocal delayed differential equation for the mistletoe
population. With appropriate initial and boundary conditions, it takes the following
form:

/kxy UFILC Ty)dy—dmm, zeQ, t>0,
m(t—T7,y) +w
@ _ m(t, y)b(t,y)
5 = DAb — BV (bVm) + b(1 b)—l—c/ﬂk(m,y) mty) +w dy, x€Q,t>0,
m(t,z) = mo(t, x), b(t,x) = bo(t, x), zeQ, —1<t<0,
(DVb(t,z) — Bb(t,x)Vm(t,z)) - n(z) =0, x € 0N

(1)
Here, Q is the spatial habitat for both the mistletoes and birds, m(t,x) and b(t, x)
are the densities of mistletoes and birds at time ¢ and location z € (), respectively,
« is the hanging rate of mistletoe fruits to trees, d; and d,, are the mortality rates
of immature and mature mistletoes respectively, 7 is the maturation time of mistle-
toes, D is the diffusion rate of birds, c¢ is the conversion rate from mistletoe fruits
into bird population, and w is used to reflect the fact that birds may stop in other
trees and structures irrelevant to the dynamic process of mistletoes. Apart from
assuming logistic growth for birds population which measures the bird population
growth due to other food resources besides mistletoes in the habitat, we assume that
the birds make directed dispersal from lower to higher concentration of mistletoes,
since the birds are attracted by the trees with more mistletoes. Hence a chemotactic
term with 8 > 0 is included in the equation. The kernel function k(z,y) describes
the dispersal of mistletoe fruits by birds from location y to location x. Different
types of kernel functions are used to investigate (1), showing that the spatial het-
erogenous patterns of the mistletoes are related to the specific dispersal pattern of
birds which carry mistletoe seeds. A no-flux boundary condition is imposed for the
bird population so that the birds are confined to the known habitat.

Besides the spatial pattern formation studies in [17], the spatial invasive spread-
ing speeds of the mistletoes into new territories is of particular interest to the
conservation biologists. In this article, we consider the traveling wave dynamics of
(1) without the chemotactic effect (8 = 0) in a linear habitat = R, then system
(1) turns into

t —
/k T ZTY) b om. zeR, >0,
t_Tvy)+w
35 m(t, y)b(t, y)
— =D 1— _— R
Y bez + b( b)—|—c/Rk;(m Y) m(t,y)—i—wdy’ zeR, t>0,
(t,x):mo(t,x), b(tax):bﬂ(tv‘r)v zeR, —7<t<0.

(2)
The parameters «, d;, d.,, D, c,w are assumed to be positive, and the time delay 7
is assumed to be nonnegative. Throughout this paper, we also make the following
assumptions.
ae~ %™

H1) dp < dpy := ,
(H1) p»
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(H2) k(z,y) = k(z —y), k : R — R is piecewise continuous, k(z) > 0, k(z) =
k(—z) for any z € R, /k(z)dz =1 and /k(z)e”lzldz < oo for any v > 0.
R R

Under the assumption (H1), it is known that (see [17]) (2) has a unique positive
constant equilibrium (my, b, ), in addition to trivial constant equilibria (0,0) and
(0,1). The kernel function k(x,y) satisfying (H2) is positive and symmetric, and
the dispersal only depends on the distance between two points in the habitat. We
also assume that the kernel function decays faster than an exponential function.
Note that our theoretical results for the existence of asymptotical spreading speed
and traveling wave are proved under the assumption that k(z) is positive in (H2),
but these results may still hold if k(z) is non-negative with a compact support
set or finite dispersal range. In Section 5, an example of non-negative and compact
support k(z) is shown in numerical simulation along with a positive kernel example.

Our purpose in the current paper is to investigate the asymptotic spreading
speed and traveling wave solutions of (2) under the assumptions (H1) and (H2),
by using the theory of traveling waves for monotone semiflows developed in [6, 11]
and related work. More precisely, we first prove the existence of the asymptotic
spreading speed p* of (2), which is later shown to be the minimal wave speed of
traveling wave solution. The main results are summarized in the following theorem
(the precise meaning of the asymptotic spreading speed is given in Section 3):

Theorem 1.1. Assume that the parameters o, d;, dp,, D, c,w are positive, the time
delay T is nonnegative, and the assumptions (H1) and (H2) hold. Then,

(1) there exists p* > 0 which is the asymptotic spreading speed of (2).

(2) for any p > p*, system (2) has a traveling wave ¢(x + pt) connecting (0, 1)
and the unique positive equilibrium (m4,by) such that ¢(s) is smooth and
nondecreasing in S.

(3) there is no monotone traveling wave ¢(x + pt) connecting (0,1) and (my,by)
of (2) for 0 < p< p*.

We also create some constructive ways to estimate the lower and upper bounds of
the asymptotic spreading speed p* by using some auxiliary systems whose asymp-
totic spreading speeds can be more explicitly calculated (see Section 3). These lower
and upper bounds can be numerically calculated by using the formulas derived in
this paper (see Section 5 for more details).

There have been many recent work in asymptotic spreading speed and traveling
wave solutions for cooperative reaction-diffusion systems. In [5, 8, 21, 22|, traveling
waves of partially degenerate reaction-diffusion systems were considered. The as-
ymptotic spreading speed for cooperative systems was studied in [1, 9, 11, 12, 20],
and the traveling waves of delayed cooperative systems were considered in [10, 13,
18, 19].

The remaining part of this paper is organized as follows. Section 2 is devoted to
present the basic results on the equilibria of model (2) from [17] and to introduce
some notations and assumptions for the traveling waves from [11]. In Section 3,
we show the existence of the asymptotic spreading speed of (2) and provide some
lower and upper bound estimates of the asymptotic spreading speed. In Section
4, the existence of traveling wave solutions is shown by using recently developed
theory in [6], and the minimal wave speed coincides with the asymptotic spreading
speed proved in Section 3. Some examples and numerical simulations are shown in
Section 5 to illustrate the spreading dynamics of mistletoes and birds.
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2. Preliminaries. First we recall the basic kinetic dynamics of (2) shown in [17].

- —d;T 1 2
Define d,,, = 2 " and dr, = w. It has been shown in [17] that the
eiT

w
following results on the existence of equilibria hold.

Lemma 2.1. Model (2) always has a trivial equilibrium Eq = (0,0) and a boundary
equilibrium Fy = (0,1), and for the constant interior equilibria, there are two cases:
1. Ife > 1, then for d,, > df,, there is no positive equilibrium; for d,, € (Jm, dr),
there are two positive equilibria Ex of (2); for d,, € (O,givm}, there is a unique
positive equilibrium F .
2. If 0 < ¢ <1, then for d,, > (;va, there is no positive equilibrium; for d,, €
(0, c?m], there is a positive equilibrium E .
It follows from Lemma 2.1 that under the assumption (H1), (2) admits three
equilibria
Eo=(0,0), E1=(0,1), E}= (m+,b+),
where m and by are uniquely determined by
cm dm
m+w’ ae—diT

b=1+ (m +w) = b. (3)

Furthermore, Ey and E; are unstable with respect to the corresponding kinetic
model, while F is locally asymptotically stable. Let M =m and B = b—1. Then
(2) becomes:

oM —d; M(t*ﬂx*y)
- = T k-
ot ac /(y)M(t—T,x—y)+w
R
(Bit—1,2—y)+1)dy —dnM, z€R, t>0,
—|—c/k( ) MET=Y) gy 4 1)dy, zER, £ 0
yM(t’x—y)—i—w ) y y7 9 9
R
M(t,x) = mp(t,z) = ¢1(t,z), z€R, —7 <t <0,
B(t,z) = bo(t,x) —1:=¢a(t,x), z€R, —7 <t <0,

which has exactly two nonnegative equilibria under the assumption (H1):
0:=(0,0), K = (my,bp —1).
The spatially homogeneous system associated with (4) is
ae” WMt —1)(B(t —71) +1)
Mt—71)+w

cM(B+1)

M+w
In order to prove the existence of traveling wave solutions of (2) connecting E; and
E., it suffices to consider the traveling waves of (4) connecting 0 and K, which
belongs to the monostable case.

The proper phase space for (4) can be chosen as C := C([—7,0] x R, R?). Clearly,
any vector in R? (which is constant in (¢,z)), or any element in C := C([—, 0], R?)
(which is constant in z), can be regarded as an element in C. A natural order “>”
in C is defined by: u > v for u = (u1,u2) and v = (v1,v2) € C, if u; (6, x) > v;(0, x)

M = — dm M,

(5)
B'=-B(1+B)+
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fori =1,2,0 € [-7,0l and z € R; w > v if u > v and u # v; and u > v if
ui(0,2) > v;(0,z). For any r € R? and r > 0, define C, := {¢p € C: 1 > ¢ > 0} and
Cr:={¢p€C:r> ¢ >0}. The solution operator of (4) is defined by

Qi(6)(8,2) = (Q1(9)(0,2), Q7 (6) (6, 7))

—(My(0,2,0), By(0,2.8)), 0¢[-7.0,zcR,écC. (6)

For any u = (u1(0,x),us2(0,x)) € C, define the reflection operator R by
Rlu](8,x) = (u1(0, —x), uz(0, —x)).
Given y € R, define the translation operator T by
Tyu)(0, ) = (u1(0, 2 — y), uz(0, 2 — y)).

A set W C C is said to be T-invariant if T,,[W] = W for any y € R. In order to
apply the theory in [11] to address the existence of an asymptotic spreading speed
for (4), we need to verify that the solution operator @; defined in (6) at time ¢ = 1
satisfies the following conditions.

(A1) Q1[R[u]] = R[Q1[u]] and T [Q1[u]] = Q1[Ty[u]], for any y € R.
(A2) Q1 : Cx — Ck is continuous with respect to the compact open topology.
(A3) One of the following two properties holds:
(a) {Q1[u](-,z) : u € Ck,z € R} is precompact in Ck, or
(b) Let X be the set of all bounded continuous functions from R to R2.
Q1[Ck](0,-) is precompact in X, and there is a positive number ¢ < 7
such that Q1[u](0,z) = (0 +¢,z) for —7 < 0 < —¢, and the operator

u(0, x), —7 <6< —g,
S[u] (0, z) { Q(l[ld()&a?% _ggego,g (@)

has the property that S[I](-,0) := {S[u](6,0) : u € II} is precompact in Cx
for any T-invariant set IT C Cx with II(0, ) := {u(0,z) : u € II} precompact
in X.

(A4) @, : Ck — Ck is monotone in the sense that Q1[u] < Q1[v] whenever u > v
in Ck.

(A5) Q1 : Cx — Ck admits exactly two fixed points 0 and K, and for any positive
number ¢, there is ( € Ck with ||¢|| < € such that Q1[¢] > ¢, where || - || is
the maximum norm in C.

3. Asymptotic spreading speed. In this section, we show that the solution of
(4) possesses an asymptotic spreading speed as defined in [11]. To apply the ab-
stract theory in [11], we verify that @)1 defined in (6) satisfies properties (Al) —
(A5) defined in Section 2. It is straightforward to verify that (A1) holds, since
(M(t,—x),B(t,—x)) and (M (t,z—vy), B(t,x —y)) are also solutions of (4) provided
that (M (¢, x), B(t,x)) is a solution of (4) and y € R. To prove (A2), we first prove
the following existence, uniqueness and continuous dependence of solutions of (4)
on the initial values.

Lemma 3.1. For any ¢(0,z) = (¢1(0,2),¢2(0,2)) € Ck, system (4) has a
unique nonnegative solution (M (t,x,d), B(t,z,d)) with initial value ¢, satisfying
0 < (M(tz ¢),B(tz,¢) <K fort=>0.
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Proof. Let 6 be a fixed positive constant, and define the operator F' = (F}, F») on
C([—T,00) x R, 0), where © = [0, m4] x [0,by — 1], by

F[M, B](t,x)

o M(t—T1,2—vy)

d;T )

oM + e /k(y) (= w(B(t T,x—y)+ 1)dy
M(t,xz —y) ’

R
6B—Bz+c/k(y)
R
for t € (0,00) and F[M(¢t,z), B(t,z)] = ¢(t,x) for t € [-7,0]. So F is a nonde-
creasing map on C([—7, 00) X R, ©) for a sufficiently large 4. In the following, we fix
0 > 0 so that F' is a nondecreasing map. Let T'(t), t > 0, be the solution operator
generated by the Cauchy problem

m(fg(tvﬂf —y)+1dy

B

aa—t:DBm—@—kl)B, reR, t>0,
B(0,z) = (), z €R,

in the space of bounded continuous functions on R. In particular, we have

T(t)¥(2)] < max [Y(2)le”CHV, 2 e R, (8)

Then system (4) is equivalent to the following integral equations:

t
M(t,z) = e OFtdm)e (0, 2) + / e~ OFtdm)E=9) oy [V B)(s, x)ds := G1[M, B](t, ),

0
t

B(t,x) = T(t)¢=2(0,z) + /T(t — 8)F»2[M, B](s,x)ds := G2[M, B](t,x),

for t > 0 and = € R. Define a set
I':={(M,B) € C([-7,00) xR,0) : M(0,2) = ¢1(0, ),
B(0,z) = ¢2(0,x),0 € [—7,0]}.
with the metric of I" induced by the norm defined on C([—7,00) x R, R):

[(M,B)|[x=sup ([M(t,2)|+ |B(t,z)|)
te[—7,0],z€R
+ sup (|[M(t,z)| +|B(t,x)|)e ™, for A > 0.
teRy ,x€R
Suppose that (M, B) € T'. We observe that
Fi(my, by — 1) Fy(my, by —1)
L e e i s e 7 YU 1
51 d. m4, and Sl by (10)

By using (10) and the monotonicity of F, we obtain

t
0 < G1[M, B](t,z) < e~ CFdm)t | 4 (0, ) + Fy(my, by — 1)/e<5+dm>5ds
0

< e 61 (0,2) - 5+d 5+d

= e OHI [ (0,2) —my] +my <my,

Fi(my, by — 1)] Fy(my,by —1)
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and similarly, also by using (8),

0 < Go[M, B](t,z) < e OV b —1) + Fy(my,by —1) [ e OFDE=9) g

o\ﬁ

_ Fy(my,by —1)
d+1
Hence G(I') C T'. Moreover, for any (M, B),(M,B) €T,

|G1[M, B] = Gy [M, B]|

:b+—1

g/ée_(“dm)(t_SHM— M]|(s,z)ds
t

—(6+dm)(t—s) —d,i-r k(y M(s — 7,2 —y) Bls — _ 1
—|—/e ac Ms—Tx—y)—Fw( (s—mz—y)+1)
0
_ M(S—T7l‘—y)
M(s—1,2—y)+w
¢

t
S/&e_(5+dm')(t_s)|M—M\(s,m)ds—i—ae_d”//e_(HdM)(t_s)k:(y)
0

(B(s — 1,0 —y) + l)‘dyds

X {ZZHM—M|(s—7’,x—y)—|—|B—B|(8—T,x—y)] dyds.

Therefore,
|G1[M, B] = G1[M, B]|e™

t t
S/56—(6+dm+x><t—s>e—xs|M — |(s, )ds + ae—dn//e—(5+dm+A)(t—s>k(y)
0

b _ _
X LjeAﬂM—MKS —rx—y)+e MB-B|(s—T,z —y)} dyds.
(11)

Similarly we also have

|G2[M, B] — G2[M, B]je™™

t

g/(6+2(b+ —1))e CHHNE=) =25 B _ B|(s, 2 ds+c/
0 0

e~ OHHN =9 g

)

%\

X [l:;eAﬂM — M|(s,z —y) + e **|B — B|(s,x — y)] dyds.

(12)
Letting A =6 +2(by — 1)+ (byw™ ' + 1)(ae™%7 +¢) and 6° = § + min{d,,, 1}, we
get

t
GO, B) = GOL, By < 24 [ @ (0, B) - (01, B)ds
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2A o
< —|(M,B) — (M, B)||x.
< 5 I00.8) ~ (11, B)|»
We choose A > 0 large enough so that G is a contraction in I'. This implies the

existence and uniqueness of solution to (4) from the contraction mapping principle.
O

Now by using Lemma 3.1, we prove that the solution operator @); generates a
semiflow on Ck which implies (A2).

Lemma 3.2. Let Q; be the solution operator of (4) defined in (6). Then {Q¢}t>o0
is a semiflow on Ck.

Proof. We prove that Q; is continuous in ¢ with respect to the compact open
topology uniformly for ¢ € [0,t] with t; > 0. Let T'(¢) be the solution operator of
the heat equation

0
6‘71: =DAu, t>0, x €R, u(0,2) =v(z), xR,
that is,
—(z—y)?
Tt)() = | S p(y)dy, t>0, z€R
R VarDt ’ ’ ’

for any 1 in the set of all bounded continuous functions from R to R. Then, system
(4) can be rewritten into the following system of integral equations:

t
M(t,l‘, ¢) = eidmt(ﬁl(ovx) + /eidm(tis)pl[Mv B](va)ds = él[Mv B](ta x),

0
t

B@m@:me@m+/fwﬂﬁWWM@@@:éwmmwm

0

(13)
where
. Mt—r1,2—1y)
ar [ ) : B(t—72—y)+1)d
~ a7 [ k) gt (Bl = o =) + Dy
F[M, B|(t,z) = R M(
Bt ta—y)
-B - B? k(y)~————(B(t,z — 1)d
+o [ 1) g (B =) + )y
R
Suppose that for ¢! = (p1, pd), ¢? = (¢2, ¢3) € Ck. Define
v(t, @) = (V! (t, ), (8, @),
vit,z) = [M(t,z, ") — M(t,x,$?)|, v2(t,z) = |B(t,z,¢") — B(t,z, $?)|,
On(z) =[-7,0] x [z = N,z+ N], N>0, z€R,
|Plany =  sup  [¢i(0,z)[+  sup  [|p2(0, 7)), for ¢ = (¢1,¢2).
(0,2)eQN(2) 0,2)eQN(2)
Fix to > 0 and € > 0. Let ko = (k,k2) = sup  (v(s,x),v2%(s,2)). Set
s€[—7,t],zER
—diT
X = (ae +o)(bs +w) + (264 — 1) and g9 = c Then, there exists

w 2xtgexto’
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(t*, x*) such that v(0,z) < ko < v(t*,2*)+ (€0, €0) for (s,0,x) € [0,t] x [-T,0] x R.

Choose n = Y and N = N(tp, ) such that for 0 < s < ¢,
e

[Vslon (@) + €o-

b b
[ |0 = o2 = )]y < P
R

With these choices, together with (11), (12) and (13), if [¢* — ¢*|q (2+) < 7, then

|Vt(9ax)|QN(w*)
<Vt at) VAt a) e
<e~dmt" Y0, x*) +12(0,2%)

//e (=) k(y )[b+ vi(s —T,x* —y)—l—uz(s—r,x*—y)} dyds
0

w
R
¢ )
+ /(2b+ — 1) (s,z%)ds + c//k(y) {—Ful(s,x* —y) + (s, z* — y)] dyds
w
0
¢

<2|¢ - ¢2|QN($*) + 2b+ — 1 / |Vs|QN(:1;*) + 80})d$
0

t
—d; T
+¢)(by +w)
4 lae (by j/\uJQN  + co)ds
0

t
§%+@W+X/w¢mwﬂ&

Now the Gronwall’s inequality implies that
e (0, 2)|ay @) < (20 + eotx)eX’ < (20 + eotox)eX = ¢,

for ¢t € [0,to] when |¢* — ¢?|q, (»+) < 0. This shows that @Q; is continuous in ¢ with
respect to compact open topology uniformly for ¢ € [0, #5]. By the continuity of Q;
in ¢ from Lemma 3.1, it then follows that @; is continuous in (¢, @). O

In the next three lemmas, we prove that the solution map @Q; satisfies the as-
sumptions (A3), (A4) and (A5). First we recall the following definition of upper
and lower solutions (see for example [21]).

Definition 3.3. A function (M, B) € C([-7,00) x R,[0,m4]) x C?([-7,00) x
R, [0,b4 — 1]) is called an upper solution of (4) if it satisfies

oM ,d.T/ Mt—-T10—y) — —
>ae k(y) = Bt—7,x—vy)+ 1)dy — dmn M(t,x),
e (y)M(t_Tyx_wa( ( y) + Ddy (t,z)

ot
o8
ot

M(t,z —vy)

m(?(t,x —y) + 1)dy.

> DBy, — B(t,z)(1 + B(t,z)) + c/k(y)
R

(14)
for all (¢t,z) € [—7,00) X R. A lower solution of (4) is defined in a similar way by
reversing the inequalities in (14).
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For a pair of upper and lower solutions of (4), the following comparison principle
holds:

Lemma 3.4. Let (M,B) and (M, B) be a pair of upper and lower solutions of
(4) with M(0,x) > M(Q,w) and B(9 x) > B(0,z) for 8 € [-7,0], z € R. Then
M x) > B(t,x) for allt >0 and x € R.

M(t,x) > M(t,x) and B(t,
Proof. Denote vy (t,x) = M(t,x) — M(t, ), vo(t,x) = B(t,x) — B(t,z) and
> 0.

v(t) = mm mf Uz(t x), t>

We now show that v(¢) > 0 for all ¢ > 0. If there exists a tg > 0 such that v(¢g) < 0,
then there is a tg such that
v(to)e % = min v(t)e % < w(r)e T, ¥V 1 € [0, t).
te[0,to]

It easily follows that there exist an index ¢ € {1,2} and a sequence of points
{zx}32, C [0,t0] such that v;(to,zx) < 0 and limg_,oo vi(to,zx) = v(to). Let
{te}32, C [0,t0] be a sequence such that
—5t

vi(te, Tr)e %% = min v;(¢, xp)e
Z( ks k) te0.to] ’L(a k)

Moreover, {xj}72 ; can be chosen properly as local minimums of v;(x, ), that is,
2
% > 0 if the second order partial derivative of v; with respect to z exists.

Then, a similar argument as in [21] gives

81}i(tk, Ik)

If ¢ = 1, we have

0 <6U1(tka xk)
- ot

M(ty — - —
_ ae*dﬂ/k(y)f U =78 =Y) By~ 7oap —y) +1)dy
R

+ dpv1 (L, T)

Mty — T, —y) +w

d M (tk — T, Tk — y)
T )
+ae k Bty — 1,2, —vy) +1)d

<+ dn)unlten) =~ ae [ k) —nlte — ron — y)dy
R
B w(B+1)
d; T
- T k(y te — T, 2 — y)d
/ M—i—w(M—&—w)Ul(lC ™2k = Y)dy
R
<(0 + dp)v1 (b, 1) — €™ /k b+ v(ty)d
> m)V1\lk, k m++w w k)ay
dTb
<8+ dy)vr (tr 78) — (1) < 0,

and if i = 2, we have

8U2(tk, :ck) . Dé)v%(tk, Ik)

<
0= ot Ox?

+ (14 B+ B)va(tg, z1)
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M(te,xx —y) &=
—C!kwmﬂmwk_w+wuﬂka—m+lMy

M(tkawk_y)
+c | k
/(y M(ty,zp —y) +w
R
1

<(0 + 1+ B+ B)va(tg, z)

- c/k:(y) [M va(ti, xp —y) + wB+1) vy (t, T — y)} dy
R

(B(tkv Tr — y) + 1)dy

M+ w (M + w)(M + w)
<(6+ 1+ B+ B)va(ty, zx) — C/k(y) {minji:w + ZZ] v(tr)dy

_ b
<(5+1+ B+ B)ua(ty, z1) — %v(tk) <0,
for sufficient large k and §, which is a contradiction. O

We observe that the property (A44) can be guaranteed by Lemma 3.4. Also the
comparison principle in Lemma 3.4 implies the following positivity result for the
solution of (4).

Corollary 3.5. For any ¢ € Cx with ¢ # 0, let (M(t,z,¢),B(t,z,9)) be the
solution of (4) with initial condition ¢. Then there exists t = t(¢) > 0 such that
M(t,z,¢) > 0 and B(t,z,¢) > 0 for any t > t(¢), x € R.

Proof. Comparing the second equation of (4) with

oU
{at_AU—U(l—i-U), 2€R, t>0, (1)

U(0,z) = ¢2(0, x), xr € R,
from Lemma 3.4, we know that B(t,z) > U(t,x) > 0 for ¢ > 0 and x € R, since
each solution of (15) is positive provided the initial condition is nonnegative. Now
we claim that there exists a tg € [0, 7] such that M (tg,z) # 0 for all x € R. Assume,
by contradiction, that M (¢,z) = 0 for all ¢ and x. From the first equation in (9),
we have ¢1(t,x) =0 for t € [—7,0] and = € R, which is a contradiction. Then, for
t € [to,to + 7], M(t,z) £ 0 for all z € R, since %—A{[ > —d, M. From M’s equation
in (4), we know that
M(t,x)
¢

o . M(s—T,2—vy)
N Ao (t—35) dit | L ’ B(s — — Ddy| d
> [ e [ (o) g (B = r =) + 1y |

0

Let t(¢) = to+ 7. It follows from the inequality above that M (¢, z) > 0 for t > t(¢),
x € R. O

Now we are ready to prove the property (A3) and (A5) in the next two lemmas.
Lemma 3.6. Q; satisfies (A3)(a) if 7 < 1, and satisfies (A3)(b) if 7 > 1.

Proof. By Lemma 3.1, it follows that all solutions of (4) are bounded with initial
value ¢ € Ck. Since there is no diffusion term in M’s equation of (4), it is immediate
that %—]\f is bounded for ¢ > 0. By the Arzela-Ascoli Theorem, we obtain that
{Qt](+,x) : u € Ck,x € R} is precompact in C([—7,0],R) if ¢ > 7. Therefore, Q}
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satisfies (A3)(a) for ¢ > 7. On the other hand if ¢ < 7, we set ¢ = 1. Then, for the
T-invariant set IT defined in (A3), the set {S'[I1)(#,0) : § € [—¢,0]} is precompact
in C([—s,0], R) where S! is the first component of the operator S defined in (7). It
is obvious that {S*[I1](6,0) : 6 € [-7, —¢]} is an infinite set of constant functions in
C([—7, =], R), hence it is precompact in C([—7, —s],R). Thus, Q} satisfies (A43)(b)
fort <.

For 2, similar arguments in Lemma 2.3 in [4] imply that Q?[Ck] is precompact
in C([-7,0] x R,R) if t > 7, and if ¢ < 7, S?[I] is precompact in C([—7,0] x R, R)
for any T-invariant set I C Cx with I1(0, ) precompact in X. This proves that Q?
satisfies (A43)(a) if t > 7 and (A3)(b) if ¢ < 7, which completes the proof of the
lemma. O

Lemma 3.7. For each t > 0, Q; satisfies (A5).

Proof. Let Qt be the restriction of Q; on C. Then Q; is the semiflow generated
by (5). Since (5) is a cooperative and irreducible system, it follows from Corollary
5.3.5 in [16] that K is a globally asymptotically stable equilibrium in C\{0}, and Q;
is a strongly monotone semiflow on C. By the Dancer-Hess connecting orbit lemma
(see [23]), it follows that Q; admits a strongly monotone full orbit connecting 0
and K. For any positive number ¢, there exists ( € Ck with ||¢|| < € such that
Q1[¢] = Q:[¢] > ¢, and hence, Q; satisfies (A5). O

Now with all properties (A1)-(A5) proved, we are ready to apply the general
theory in [11, Theorem 2.17] to show that the map @1 has an asymptotic spreading
speed p*, which is also the asymptotic spreading speed of solutions to (2) in the
following sense.

Theorem 3.8. Assume that (H1) and (H2) hold, then there exists an asymptotic
spreading speed p* of Q¢, in the following sense:
(1) For any p > p*, if ¢ € Ck with 0 € ¢ < K and ¢(-,x) = 0 for = outside a
bounded interval, then
lim M(t,z,¢)= lim  B(t,z,¢) =0.
t—o0,|z|>tp t—o0,|z|>tp
(2) For any p < p* and any o € Cx with o > 0, there is a positive number r,
such that if ¢ € Ck and ¢ > o for x on an interval of length 2r,, then
lim M(t,z,¢) =my, and lim B(t,z,¢) =by — 1.
t—oo,|z|<tp ( QS) + t—oo,|z|<tp ( (b) +
Next we give an estimate of the upper bound of the asymptotic spreading speed
p* by computing the spreading speed of a linear reaction diffusion system, which
will be used later on to show the existence of traveling wave solutions with upper
and lower solution method. First we consider the following linear system:

oM . 1 my
IR _ et Mt —ra—y) - —"F Bt -7,z —
o= e k) [ =)+ B )| dy
—d,M, z€R,t>0,
0B
—= DB,,—B
ot )
my
“Mtr—y)+ —2F B(tx— R .
ve [k | MO =)+ Bl )|y R >0
R

(16)
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For any 1 € Ry, define M(t,) = e~#3,(£), B(t,z) = e~#na(t). Then n = (11,712)
satisfies

' (t) = Un(t) + Vn(t — 1), (17)
where
—dpm 0
U= | cA(p Dt —1+ emyA(p) |, (18)
w my +w
and
ae” BT A(p)  myae™ 4T A(p)
0 0

where A(p) = /k(y)e”ydy < oo for any pu > 0. If n(t) is a solution of (17), then
R
e~ H¥p(t) is a solution of (16). Define
B},(n°) :== Ne(n"e™)(0) = n(t,n"), (20)

where N; is the solution operator of (16), and 7(t,n°) is the solution of (17) with
n° = n(0) for 6 € [—7,0]. Since system (17) is cooperative and irreducible, we know
from [16, Theorem 5.1] that its characteristic equation

AN) =det(\] —U — Ve ™) =0 (21)
have a real root A(u) > 0, and the real parts of all other roots are less than A(y).
Let ¢ = (q1(0),92(0)) be the eigenfunction of the infinitesimal generator corre-
sponding to A(u). In fact, u can take the form (q1(6), ¢2(0)) = (qr0e**™?, gooe* )
with qi0,q20 > 0, 6 € [-7,0]. Then eM#? is the principal eigenvalue of B;, with
eigenfunction ¢. In particular, v(u) := e**) is the eigenvalue of B}L. Define

O(p) = %ln'y(,u) = )\L'u), for p e Ry. (22)

By using [11, Lemma 3.8], we have the following properties of ®(u).

Lemma 3.9. Let U and V' be defined as in (18) and (19), and let AM(p), v(p) and
D(u) be defined as above. Then we have the following characteristics of ®(u):

(1) ®(u) = o0 as p— 0F;

(2) ®(u) is strictly decreasing for u near 0;

(3) ®'(p) changes sign at most once on (0,00);

(4) )LH;O O(u) exists, where the limit may be infinite.

Now the following proposition provides an estimate of an upper bound of the
asymptotic speed of spread p*.

Proposition 3.10. Let p* be the asymptotic spreading speed of Q: defined as in
Theorem 3.8, and let A(p), v(u) and ®(u) be defined as above. Then

p* < inf ®(u) = inf M
n>0 uw>0 [
Proof. Suppose that (M (t,z), B(t,x)) is the solution of (4) with initial condition
¢ € Ck. Tt is easy to verify that it is a lower solution of (16), which implies
Q1(¢) < Ny(¢) for any ¢ € Ck. Also note that Ny and Bt satisfies (C'1)-(C6) in
[11]. By Theorem 3.10 in [11], it suffices to show that the principal eigenvalue v(0)
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is greater than 1, and the infimum of ®(u) is attained at some positive p* > 0. For
=0, (21) becomes

—d;T —d;T
AN = At dy — 28— eyap1— Ty THAC o
my+w wlmy 4+ w)
—diT
=N A+ 1 2 A+ (1 - T g, -2 ke =0
my +w my +w w
Let em em
M) =224 (Ao + 1= ———)A+ (1 = ———)d,,,
my +w my +w
—diT
ha(A, 1) = 25 (A4 1)
7di7' -
Then we have hy(0) = (1 — CmiJr)dm < he(0,7) = ac;, since dy, < dp, =
m4 +w w

ae~ 4T

oh

. If 7 > 1, we have 87/\2 < 0for A > 0. If 7 < 1, then hg(A, 7) reaches
w

1
its unique local (thus global) maximum at A = — — 1 and tends to 0 as A — +o0.

T
Moreover hi(A) is convex for A > 0, while for any fixed 7 > 0, ho(\, 7) has at most
one reflection point for A > 0. Accordingly, there is a unique A* > 0 such that
h1(A*) = ha(A*, 7) no matter what value 7 takes. This implies that A(0) = A\* > 0,
and hence v(0) > 1, i.e. the condition (C7) in [11] is satisfied.

It remains to show that ®(u) attains its infimum at some p* > 0. This is
accomplished by proving that lim ®(u) = co. From (21),
H—>00

Cm

AN = A2+ (dp — Dp? +1— — % A(p)A+ (=Dp + 1 — —F A1) di
() = X2 (= Dy 1=~ A+ (D + 1=~ Ay
7di7'
— S A (A~ D+ e =0,
(23)
Similar as above, we define
12 _ 2 _ Ccm _ 2 _ cmoy
hs(X) = A"+ (=Dp” +dm + 1 m++wA(M)))\+( Dp”+1 p———; (1)) dm,
ae 4T 2 “a
ha(A\, 1) = A(p) A= Dp” +1)e 7.
For any large u, we have hg(Du? —1+771) <0, h5(A) >0 for A > Dp? — 1+ 771
Ohg(A
and lim h3(\) = oo. Also, ha(Dp? — 1+ 771 7) > 0, Oha(A7) < 0 for A >
A—00 oA

Dup? — 1+ 771 and )\lirf ha(A,7) = 0. So (23) admits a unique positive root
— 400

A
Ap) > Du? — 1+ 771 Therefore, lim ®(u) = lim Alw) = 00. O
J—00 p—oo
Finally we provide an estimate of the lower bound of the asymptotic spreading
speed p* of (2). Choose any small ¢ > 0. Let PF, t > 0, be the solution operator of

the following linear system:

M 1
oM _ ae_d”/k(y) M(t— 7,2 — y)dy — dy M, rER, t>0,

W w+ €
0B DB Rl B k 1 M d R 0 &
e we — (1 +¢) +C/ (?/)107JFE (t,x —y)dy. xR, t>0.

R
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Similar arguments as in the proof of Proposition 3.10 show that P also satisfies
(C1)-(C7) in [11]. Moreover, for given € € (0,1), there exists € = (e, €2) such that
the solution (M, B) of (24) satisfying

0< M(t,z,u) <e, 0< B(t,z,u) <e, tel0,1],

for any initial u = (ug,u2) with 0 < wu; < €1, 0 <wug < eg. Thus (M (¢, z,u), B(t, z,
u)) satisfies

M@t —12—y)
B — 1 —dn,M
/k th:vfy)er( (t,z—y)+1)dy —dn

—dit —— M(t— 1,2 —y)dy — dM 1
/k<y>w+5 (t 72— y)dy — duM, t€[0,1),

and

0B Y)
o DB, —B(1+B)+c | ky Blt,z —y) + 1)d
ot c/ ta:— )—l—w( (tz—y) )y

R
ZDBmflesBJrc/k M,z —y)dy, t €[0,1].

The comparison principle implies that Pflu] < Q[u] for t € [0,1]. In particular,
Pflu] < Q1fu] for 0 < uy < €1, 0 < up < ez. By using Theorem 3.10 in [11] again,
we know that the asymptotic spreading speed of Pf is attained by the infimum of

AE
Ue(u) := ‘L(LM)’ and A°(p) is the principal eigenvalue of
ae_diTA(lj‘) e—AT

w+e

)(A—D,u2+1+5):0, (25)
which is the characteristic equation for the equation of 7 corresponding to (24).
One can show that results in Lemma 3.9 also hold for W¢(u). Moreover from the
comparison argument above, we have
> inf W° 26
P2 nf (), (26)
which provides a lower bound of the asymptotic spreading speed of (2). Since € > 0
can be chosen arbitrarily, then indeed we have

o Ap)
> = _
prz Il () = inf 0 (27)

where A(u) is the principal eigenvalue of

aentTAG .
w

(A + dy, ) (A —Dp*+1)=0. (28)
In summary we obtain the following result for the lower bound of the asymptotic
spreading speed p*:

Proposition 3.11. Let p* be the asymptotic spreading speed of Q defined as in
Theorem 3.8, and let A(u) and U (u) be defined as above. Then

o Ap)
> )\ = inf ——=.
Pz b Wn) = nf =/
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In particular, A(p) = max{Du?® — 1,A2(u)} where As(p) is the unique positive
7dLTA
number satisfying f(A, p) := A+ d,, — ue*m =0.
w
For a fixed p > 0, the existence and uniqueness of As(u) follows easily from the
—d;T
ae” %

monotonicity of the function f(A, u) in A, the assumption (H1) that d,,, —

dpm — dy, < 0 and the assumption (H2) that A(u) > 1 for > 0.

The results in Propositions 3.10 and 3.11 imply that p*(¢) > p*(0) for ¢ > 0,
since p*(0) is a lower bound of p*(c) for positive c¢. This suggests that the additional
birth of the birds due to mistletoes will speed up the spreading of the mistletoe and
bird into new territory.

4. Traveling wave. In this section we prove the existence of traveling wave so-
lutions with speed p > p*, where p* is the asymptotic spreading speed defined in
Section 3. A traveling wave front of (4) is a solution with the special from

M(t,z) = ¢r(x + pt) := d1(s), B(t,x) = oz + pt) := ¢2(s), (29)
where p > 0 is the wave speed. Substituting (29) into (4) gives

oot = e [y) S OB gu(s )+ Dy~ o,

$1(s — y) (30
pdy = Dy — (1 + ) + Cﬂ{k(y)w(¢2(s —y) +1)dy,
where ’ denotes %.

The existence of traveling wave solution is proved using the newly developed
theory in [6], even though the system is not linearly determined. Note that the
solution operator Q; fails to be compact for any ¢ > 0 due to time delay and the
absence of diffusion term for the mistletoe’s equation. We have the following result
regarding the existence of traveling wave solutions for any p > p*, the asymptotic
spreading speed.

Theorem 4.1. Assume that (H1) and (H2) hold, and let p* be the asymptotic
spreading speed of Q: defined as in Theorem 3.8. Then for any p > p«, system (4)
has a monotone traveling wave solution connecting 0 and K with wave speed p, and
for 0 < p < p*, system (4) has no monotone traveling wave solution connecting 0
and K. That is, the asymptotic spreading speed p* is also the minimal wave speed for
the monotone traveling waves. Furthermore, these traveling waves are also classical
solutions to (4).

Proof. We apply the abstract theory in [6]. In Section 3, we have proved the
existence of an asymptotic spreading speed p* following the theory in [11] by showing
that assumptions (A1)-(A5) in Section 2 are satisfied. Note that Theorem 4.1 in [6]
requires conditions (A1), (A2') and (A3)-(A5) of paper [6], which are not exactly
the same ones in Section 2 here. Comparing the conditions, we can see that (A1),
(A4) and (A5) in Section 2 (or [11]) and the ones in [6] are exactly same. The
condition (A2') in [6] can be proved for our situation by using arguments in the
proof of Lemmas 3.1 and 3.2. Hence we only need to verify the assumption (A3)
in [6]. Tt is sufficient to show that the solution operator @Q; satisfies a certain
compactness property (point-a-contraction), that is, there exits k € [0,1) such that
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for any v € M, a(Q+[u](0)) < ka(u(0)), for t > 0, where M is the set of all non-
decreasing and bounded functions from R to C, and «(-) is the Kuratowski measure
for a bounded set in C([—7,0], R?).

Indeed we can follow the same idea of the proof of Theorem 5.2 in [6] to write
Q: = Ly + S, where L; is the solution map of a delay differential equation, and .S;
is compact. Then we obtain that

a(Q¢[u](0)) < a(L[u](0)) + a(Se[u](0)) < e~ a(u(0)),

for some positive v > 0. Therefore, by Theorem 4.1 in [6], it follows that p* is the
minimal wave speed for monotone traveling waves connecting 0 and K.

It remains to show the smoothness of wave profile (M (z + pt), B(x + pt)) for any
p > p*. Note that

t

B(x + pt) = T(t)[B](x) + / T(t — s)Fy[M, B)(z — ps)ds.
0

By the expression of T, it follows that B is twice differentiable. For M (z + pt), we

have
t

M(x + pt) = M(z) + /(Fl[M, Bl(z — ps) — dp M (x — ps))ds,

0
which implies M’ exists for any = € R. O

5. Examples and simulations. It is important to have more information about
the asymptotic spreading speed p*. From the comparison arguments used in Section
3, we have that

PinT;fOAMSP S;igfo)\TEpU’ (31)
where A\(u) and A(p) are defined through auxiliary systems (16) and (24). We can
have a more precise estimate of the spreading speed p* with further assumptions.
Indeed from (23), A(u) is the principal eigenvalue of the eigenvalue problem

A= Dp® + 1)\ + d — d A(p)e ™7 — %A(u)()\ +dn) =0, (32)

+ +
hence p;; depends on D,dm,cim,A(,u),T and ¢. On the other hand, A(u) is the
principal eigenvalue of the eigenvalue problem

(A = Dp? + 1)(A + d, — din A(p)e™7) =0, (33)

which is same as (32) with ¢ = 0. Hence when D, dp,, dm, A(11), 7 and ¢ are known,
then the upper and lower bounds of p* can always be numerically calculated. We
use two examples to illustrate the effect of the kernel function k(z) which determines

Alp).

Example 5.1. Suppose that the kernel function is a Dirac delta function k(z) =
0(2), that is, the birds drop mistletoe seeds only locally. Note that in this case, the
assumption (H2) is not satisfied, but the proof given in this paper can be modified
to cover this case as well. In this example we have A(x) = 1. If in addition we
assume that the delay 7 = 0, then we obtain that

D . .

* «
P = m(dm — dm)7 where dm = E (34)
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For delay T > 0, there exists a unique A, > 0 such that A, +d,, chmA(,u)e’ATT =0

~ ae~ %™ D
where d,, = and A; is strictly decreasing in 7. Then p} = {/ ——A-.
w ~ A+1
dpm — dpm,
1+ chT
asymptotic spreading speed is smaller when 7 is larger.
On the other hand, the upper bound pg; is determined by the eigenvalue problem

A—=Du2+ DA+ dy —dpe ) — - (A4 d,) =0.
(A= D+ D+ dy = ™) = L) =0 (@)

For small 7 > 0, it is easy to see that A, = Hence in this case, the

In general we can obtain that pj; = pj + O(c), and when 7 = 0 and ¢ > 0 is small
we obtain that
~ CIm

D
Sy —m—— [(dy, — dp _
o [ )+ T

dm +1/2)| .
dp —dpy +1 ( /2)

Example 5.2. Consider that the kernel function is a square wave with a finite
influence region. Given K > 0, and let

_ [ K7 2 < K/2,
h(z) = { 0, otherwise. (36)

Note that here again (H2) is not satisfied as k(z) is not strictly positive. But
numerical simulation shows that a spreading speed and travel waves exist. The
upper and lower bounds given above can still be explicitly calculated. Indeed

A — e KLty _ 2
(1) = s e dy—ﬂ(e

(as well as ®(p) = A(u)/p) of (32) and the principal eigenvalue A(u) (as well as
U(p) = A(w)/p)(33) can be calculated numerically. Here we use the following set
of parameters:

Kp

N‘

— 1). Then the principal eigenvalue A\(u)

Parameter |w |a | ¢ | d; |dy | T | D
Value 111]05{01(01|1]1
TABLE 1. Parameter values used in Example 5.2

In Fig. 1, the graphs of ®(u) and ¥(u) with K = 4,6,8 and 10 are plotted,
from which the upper and lower bounds of the asymptotic spreading speed p* can
be estimated. For example, if K = 4, then 0.91 < p* < 1.83, and if K = 10, then
2.27 < p* < 3.99. It appears that p* is increasing in K, which means that the
spreading is faster when the bird flying range is wider. A numerical simulation of
the traveling wave with square wave kernel and parameters given in Table 1 with
K = 4 is given in Fig. 2. The wave profile of the corresponding traveling waves
with K =4 and K = 10 are given in Fig. 3 and 4.

Example 5.3. Let the kernel k(z) be a normal distribution function with mean
zero and variance o2, that is,

k(2) = % exp (—;;> , (37)

Then ®(u) and ¥(u) for this kernel can also be calculated numerically, and are
plotted in Fig. 5 with same parameters as in Table 1 and standard deviation
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W)

u

FIGURE 1. The graph of ®(u) (left) and W(u) (right) for the kernel
given by (36) with different parameter K. The graphs of ¥(u)
for different K overlap since the principal eigenvalues of (33) are
Dp? — 1 for large p, which is independent of K.

0" 200 0200

FIGURE 2. A solution of (2) for the kernel defined by (36) with
parameters given in Table 1 and K = 4, which tends to a traveling
wave solution.

FIGURE 3. Wave profiles for mistletoes (left) and birds (right) of
the traveling wave solution of (2) for the kernel defined by (36)
with K = 4 and other parameters given in Table 1.
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-100

FIGURE 4. Wave profiles for mistletoes (left) and birds (right) of
the traveling wave solution of (2) for the kernel defined by (36)
with K = 10 and other parameters given in Table 1. The wave
speed with K = 10 is faster than the one with K = 4.

o =1,2,3,4. For example, if o = 1, then 0.63 < p* < 1.13, and if o0 = 4, then
2.54 < p* < 3.62. Apparently the asymptotic spreading speed p* is increasing as
the variance o2 increases. A numerical simulation of the traveling wave with normal
distribution kernel and parameters given in Table 1 with ¢ = 2 is given in Fig. 6.
The wave profile of the corresponding traveling waves with ¢ = 2 and o = 4 are
given in Fig. 7 and 8.

FIGURE 5. The graph of ®(u) (left) and ¥(u) (right) for the kernel
given by (37) with different variances.

It is well known that the Fisher-KPP equation B; = DB,, + B(1 — B) has a
family of traveling wave solutions with wave speed p > po = v4D. In particular
the asymptotic spreading speed for the Fisher-KPP equation is pg = V4D (see [1]).
Apparently this family of traveling wave solutions can also be regarded as travel-
ing wave solutions of (2) connecting the equilibria (0,0) and (0,1) with mistletoe
population always being zero. For parameters given in Table 1, we have py = 2.
From Example 5.2, one can see that when p* < 1.83 < 2 = pg when K = 4, while
p* > 2.27 > 2 = pg when K = 10. Similar phenomenon occurs in Example 5.3 with
normal distribution kernel. This suggests two different invasion scenarios: (i) when
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FIGURE 6. A solution of (2) for the kernel defined by (37) with
o = 2 and other parameters given in Table 1.

FIGURE 7. Wave profiles for mistletoes (left) and birds (right) of
the traveling wave solution of (2) for the kernel defined by (37)
with ¢ = 2 and other parameters given in Table 1.

-200 -150

FIGURE 8. Wave profiles for mistletoes (left) and birds (right) of
the traveling wave solution of (2) for the kernel defined by (37)
with ¢ = 4 and other parameters given in Table 1. The wave speed
with o = 4 is faster than the one with o = 2.
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P« < po, the birds will invade the new territory with a speed pg without the existence
of mistletoes, and a second (and slower) wave of mistletoes and birds will follow
with a speed p, which will increase the bird population to a higher value by > 1;
and (ii) when p, > pp, the wave of mistletoes and birds is faster than the bird-only
wave, hence when the two wave propagations both exist, the mistletoe-bird wave
will catch up with and supersede the bird-only wave.
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