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Abstract

It is shown that the methods previously used by the author [Wei82] and by
R. Lui [Lui89] to obtain asymptotic spreading results and sometimes the existence
of traveling waves for a discrete-time recursion with a translation invariant order
preserving operator can be extended to a recursion with a periodic order preserving
operator. The operator can be taken to be the time-one map of a continuous
time reaction-diffusion model, or it can be a more general model of time evolution
in population genetics or population ecology in a periodic habitat. Methods of
estimating the speeds of spreading in various directions will also be presented.



1 Introduction

In 1937 R. A. Fisher [Fis37] introduced the model
Up = U gy +u(l —u),

where u is the frequency of one of two forms of a gene, for the evolutionary take-over of
a habitat by a fitter genotype. He found traveling wave solutions of all speeds ¢ > 2, and
showed that there are no such waves of slower speed. Fisher conjectured that the take-
over occurs at the asymptotic speed 2. This conjecture was proved in the same year by
Kolmogorov, Petrowski, and Piscounov [KPP37]! . More specifically, they proved a result
which implies that if at time ¢ = 0 u is 1 near —oo and 0 near oo, then lim; .., u(z — ct)
is 0if ¢ > 2 and 1 if ¢ < 2. We call such a result, which states that a fitter state in the
initial values spreads at a speed which is both no larger and no smaller than a certain
spreading speed, a spreading result.

The results of Kolmogorov, Petrowski, and Piscounov for models of the form
Uy = Uy + f(u)

were extended in a number of directions. (See, e.g., [Fif79]). [AWT75] applied phase plane
analysis to show that if f(0) = f(1) = 0 and f changes sign at most once in the interval
(0,1), then there is a spreading speed ¢* with the property that if u(zx,t) is a solution of
this equation with nonnegative initial data which vanish outside a bounded interval, then
an observer who travels to the left or right with speed greater than ¢* will eventually see
u go to 0, while an observer who travels with a speed below ¢* eventually sees u approach
1. A stronger spreading result was proved by Fife and McLeod [FM77], who showed that
for a large class of f the solution with such initial values approaches what looks like a
juxtaposition of traveling waves. The results of [AW75] were extended to more general
equations in [AWT78], and it was shown that a spreading result also applies to solutions of
the problem

u; = DV?u+ f(u) (1.1)

in any number of dimensions. Because the equation is rotationally invariant, the spreading
speed c¢* is the same in all directions, and it is equal to that of the corresponding one-
dimensional problem. It was also shown that there is a traveling wave of speed ¢* in
each direction, and that in the Fisher case there are also waves of all speeds greater than
¢*. Equations of the form (1.1) serve as models for a number of situations in population
genetics, population biology, and other fields.

It was shown in [Wei82] that many of these results could be carried over to recursions
of the form

Up+1 = Q[un]a (12)

HKPP37] was actually motivated by a similar model in which the growth term is u(1 — u)?, but the
result applies to both models.




where u, is a scalar-valued function on a Euclidean space or, more generally, a habitat
‘H in such a space, while ) is a translation invariant order-preserving operator with the
properties that Q[0] = 0, and Q[m;] = m for some positive constant 7. If u(x,t) is a
solution of the equation (1.1) and 7 is any positive number, then the sequence of functions
Uy (x) 1= u(x,n7) satisfies the recursion (1.2) with ) the operator which takes the initial
values u(x,0) to the values u(x, 7) of the solution of (1.1) at time 7. This @ is called the
time-7 map of the equation (1.1). It is easily seen that if f(0) = f(1) =0 and f'(1) < 0,
then this () has the properties required of () above, with m; = 1. In population genetics,
one can think of u as a gene fraction. In population ecology, u can be thought of as the
population density, or, if H is discrete, the population in the census tract centered at each
point.

Under some technical conditions on ) which are satisfied by the time-7 map of (1.1)
it was shown that the recursion (1.2) has a spreading speed in each direction, and that
for large n, the part of w, which lies above the largest equilibrium below 7y, which is
denoted by 7, spreads like the solution of a wave equation with these wave speeds in
the various directions. It was also shown that the spreading speeds can be bounded
above and below, and in some cases found explicitly, by solving linear problems. Under
the additional condition that Q[a] > « for every constant « in (0,7;) (the heterozygote
intermediate or Fisher case) it was shown that there is a traveling wave of speed ¢ in any
direction if and only if ¢ is at least as large as the spreading speed in this direction. Under
other conditions, such as the heterozygote inferior or bistable case, the methods in [Wei82]
still give the spreading result, but they provide no information about the existence of a
traveling wave.

In 1979 Gértner and Freidlin [GF79] used probabilistic methods to show that one can
still obtain spreading results for an equation of Fisher type in which the mobility and the
growth function vary periodically in space.

Shigesada, Kawasaki, and Teramoto [SKT86], [SK97| studied population spreading in
a periodically varying habitat. They used the one-dimension model

up = (D(@)uz) 0 + ule(x) —ul,

where the mobility D and the growth rate € are periodic functions of period 1, to model
the growth and spread of an invading species in a forest which consists of trees planted in
periodic rows when the population density u does not vary in the direction of the rows.
They obtained a formula for the speeds of what they call periodic traveling waves of the
linearization of this equation about u = 0. As Theorem 2.3 and Corollary 2.1 will show,
this system is linearly determinate in the sense that its spreading speed is given by the
slowest wave speed of this linearized system. The same is true of the two-dimensional
version

= (D(@)u) e+ (D(@)uy), +ule(x) — u] (1.3)
of this model, which has recently been treated by Kinezaki, Kawasaki, Takasu, and Shige-
sada [KKTS03]. They showed how to obtain spreading speeds not only in the direction
perpendicular to the rows but in each direction.



The methods presented in the present paper permit the treatment of the periodic
model (1.3) and of the more general model in which the mobility D and the carrying
capacity e are periodic functions of both x and y. Such models can be thought of as
simple cases of growth and spread in a patchy environment.

As in [Wei82], we shall study such problems by considering a recursion of the form (1.2),
but with an operator () which is periodic but not necessarily translation invariant. That
is, () commutes with some but not all translations. As in the case of the equation (1.1),
a continuous-time model like (1.3) can be reduced to a recursion of the form (1.2), where
un(x) 1= u(x,n7) and @ is the time-7 mapping of (1.3), which takes the initial values
u(x,0) of a solution of (1.3) to the values u(x,7) at time 7.

R. Lui [Lui89] showed that the discrete-time methods of [Wei82] can be extended to
multispecies recursion systems of the form (1.2) in which v and Qu] are vector-valued
functions and @ is translation invariant and order preserving, provided one makes suitable
assumptions about ). We shall obtain our results by showing that the methods of [Wei82]
and [Lui89] can be extended to the case of a periodic operator.

The class of discrete-time models of population genetics or population ecology was
introduced as a more flexible model in which one avoids the somewhat questionable as-
sumption that the system is in equilibrium at every instant, which is implicit in any
continuous-time diffusion model. However, it also permits the treatment of time-periodic
models which allow for diurnal or annual variations. The fact that spatially discrete
models are included permits models in which the required measurements involve only
aggregate populations in census tracts. Such measurements are more likely to be possible
than measurements at every point. Of course, numerical simulations of continuous models
use discrete-time discrete-space models.

In all these cases it is shown that the spreading results obtained for translation in-
variant partial differential equation models are still valid. Lui’s work on multispecies
systems [Lui89] shows that one can also obtain these results for systems of partial dif-
ferential, integro-differential, or finite difference equations where phase plane methods
become difficult or impossible to apply. An extension of these results to more general sys-
tems which include models for invasion by a competing species was presented in [WLLnt]
and [LLWnt]. The present work gives an extension in a different direction. It seems likely
that the methods presented here can be combined with those found in these earlier papers
to obtain corresponding results about models for two competing species or any number of
cooperating species in a periodically varying environment. Such an extension might also
provide sufficient conditions for the hairtrigger effect, which will not be discussed here.

Section 2 formulates the problem in detail, and states all the theorems in this work.
Section 3 shows how the spreading speed is defined, and the next two sections prove the
spreading properties. Application of these results to a prescribed model requires a way
of calculating the spreading speed. Proposition 3.1 at the end of section 3 shows how to
obtain a lower bound for the spreading speed by means of numerical simulation. Section
6 shows how to obtain both upper and lower bounds for the spreading speed and the ray



speed in terms of the eigenvalues of linear problems. Corollary 2.1 is the general version
of linear determinacy, in which the spreading speed is equal to that of the linearization
of the problem. It requires the assumption that the operator Q[u] is bounded above by
its linearization around v = 0, which can be interpreted as the absence of an Allee effect.
This assumption is crucial to much of the work in this area, but it is not needed for any
of our results other than Corollary 2.1.

Section 7 shows that for problems of Fisher type, the spreading speed in a direction is
equal to the slowest speed of traveling waves in that direction. There is a large literature
on the existence of traveling waves for continuous-time models in periodically varying
Euclidean spaces of one or more dimensions. See, e.g., [Xin00], [PX91], [Xin91], [HZ95],
[Hei01], [Nak00]. The speeds of these waves are upper bounds for the spreading speeds,
but our result has the advantage of showing that the spreading speed is no slower than the
slowest wave speed. The existence of traveling waves has also been proved for periodically
varying discrete lattices. (See, e.g. [Kee87|, [Zin92], [CMPS98], [MP99], [CMPvV99].)
Some of these results include the sophisticated phenomenon of pinning, which does not
appear to be obtainable from our methods.

The existence of traveling periodic waves has been extended to partially bounded
domains such as strips and cylinders in [BL89], [BLL90], and [BN92]. Berestycki and
Hamel [BHO2] have recently extended these results to a rather general class of domains
such as periodically varying strips or cylinders. In Section 8 we shall show how the results
of the present work can be extended to such domains.

2 Formulation of the problem and statement of the
results

We suppose that we are given an unbounded habitat H, which is a closed d-dimensional
subset of the Euclidean space R?. We shall study a recursion of the form

Up+1 = Q[un]a (21)

where the operator () takes a set M of uniformly bounded continuous functions into itself.
The initial function ug is prescribed. We are interested in the asymptotic behavior of the
function wu,, for large n when uy vanishes outside a bounded set. We shall assume that
is order preserving.

For any a in R? we define the translation by a of a point x to be x —a. We also define
the translation operator
Talul(x) == u(x — a).

We say that a set £ of vectors is a lattice if a & b is in £ whenever a and b are in L.
That is, £ is an additive group of vectors. Then the corresponding translations T, also
form a group.



This work is distinguished from earlier work by the fact that, instead of assuming @)
to be translation invariant, we make the weaker assumption that it is periodic. We shall
suppose that for some d-dimensional lattice £ every translation 7T, with a € £ takes the
habitat into itself, so that H is unbounded in all directions. Then T,[u] is defined for all
u € M, and we suppose that M contains all these translates. We say that u is periodic
with respect to £ (or, more briefly, £L-periodic) if T,[u] = u for all a € L. We say that
the operator () is periodic with respect to L if

QIT[u]] = Ta[Q[u]] for all a € £ (2.2)

for every w. It is easily seen that if u and ) are periodic with respect to £, then Qu] is
also periodic with respect to L.

An equilibrium 6(x) is a fixed point of Q: Q[f] = 6. We shall deal with two
or three equilibria ¢(x) < 6y(x) < 61(x) which are periodic with respect to £. By
changing the variable from w,, to v,, = u,, — ¢ and writing the recursion (2.1) in the form
Unt1 = Q[d+v,]— ¢ we can (and shall) assume without loss of generality that ¢ = 0. Note
that the new operator Q[¢ + v] — ¢ is again order preserving and periodic with respect to
L and has the equilibrium 0. We denote the other resulting equilibria 6; — ¢ by 7;. We
shall assume that 7 is unstable and m; is stable in a very strong sense. We shall take the
domain M of @) to be the set

M = {u(x) : u continuous on H, 0 < u(x) < m(x)}.
We write down our basic assumptions about the operator Q.

Hypotheses 2.1 i. The habitat H is a closed subset of R, which is not contained in
any lower-dimensional linear subspace of R.

ii. @Q is order preserving in the sense that if u(x) < v(x) on 'H, then Qul(x) < Q[v](x).
That is, an increase throughout H in the population w, at time nt increases the
population u, 1 = Qluy,] throughout H at the next time step.

1i. There is a closed d-dimensional lattice L such that 'H is invariant under translation
by any element of L, and Q is periodic with respect to L in the sense that (2.2)
holds for all w € M and a € L. Moreover, there is a bounded subset P of H such
that every x € H has a unique representation of the form x = z + p with z in L
and p in P.

. Q[0] = 0, and there are L-periodic equilibria mo(x) and m(x) such that 0 < my < 7y,
Q[mo] = mo and Q[m] = m. Moreover if my < ug < w1, ug is periodic with respect
to L, and ug # mo, then the solution u, of the recursion (2.1), which is again
periodic with respect to L, converges to m as n—oo uniformly on H. (That is, 7
is unstable and my is stable.) In addition, any L-periodic equilibrium 7 other than
w1 which satisfies the inequalities 0 < m < my also satisfies T < 7.



v. @ 1s continuous in the sense that if the sequence u,, € M converges to u € M,
uniformly on every bounded subset of H, then Q[u,,| converges to Q[ul], uniformly
on every bounded subset of H. That is, a change in u far from the point x has very
little effect on the value of Q[u] at x.

vi. Every sequence {uy} of functions in M contains a subsequence {u,,} such that
{Qlun,]} converges to some function, uniformly on every bounded set.

Example 2.1 We consider a stepping stone model for growth and spread of a population
in the Euclidean plane. The plane is broken into unit squares, which can be thought of
as census tracts. Let u,(i,7) denote the population of the nth synchronized generation of
some species in the square it < x < i+ 1,7 <y < j+ 1. We associate this square and its
population with the center (i+ %,j—l— %) Thus we let H be the set of points with coordinates
of the form (i + %,j + %) where i and j are integers. We assume that if u,(i,7) is the
population in the square with center (i+1/2,j+1/2) at the nth time step, the population
grows or decays to the value g(i,7,u,(i,7)), after which a positive fraction d(i,7) < 1/4
of this population migrates to each of the four adjacent squares. Then

un-i-l(iuj) = [1 - 4d(2,])]g(l,], Un(’l,]) + d(Z - 17])9(7’ - Lja un(z - L]))
+di+1,5)9(t + 1,4, u, (i +1,5)) +d(,j — 1)g(i, 7 — Liun(i,j — 1))
Fd(i,j 4+ 1)g(i, 5+ 1un(i, j + 1)).
(2.3)
This is a recursion of the form (2.1), where Q[u,) is the function of i and j on the right.
We shall use the growth function

e u 4 1(i, 5)s(i, j)u?
1+ s(i, j)u

g(i,j,u) == where s(i,j) >0 and 0 < (i, 5) < 1. (2.4)
Here r(i,7) is the growth rate when the population is small, s(i,j) > 0 is a logistic param-
eter, and —Int(i, ) is the decay rate when the population is large. When t(i,j) = 0, this
is just the Beverton-Holt growth law. 0 < d(i,j) < 1/4 is the mobility. Because ¢(i, j,u)
is increasing in u and d(i,7) < 1/4, Q is order preserving.

We now suppose that for some positive integers Ny and Ny the square [i,i+1) X [j,j+1)
has the same growth and dispersion properties as the square [i+Ny,i+N1+1) X [j+ No, j+
No+1). That is, the functions (i, j)), s(i,j), t(i, ), and d(i, j) are periodic of period Ny in
i and of period Ny in j. We define the lattice L := {(kN1,{Ns) : k, € integers}. It is easily
verified that Q) is L-periodic. Hypothesis 2.1.11i is satisfied with the set P = {(i —1/2,j —
1/2) i =1,---,Ny, j=1,--- No}. Since H is discrete, all functions are continuous,
and Hypotheses 2.1.v and 2.1.vi are trivially satisfied. Thus all the Hypotheses 2.1 are
valid with the possible exception of Hypothesis 2.1.1v.

It only remains to verify Hypothesis 2.1.1v. 0 is clearly an equilibrium. Arguments
of mazimum principle type show that there is at most one other nonnegative periodic
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equilibrium, and that if it exists, it is strictly positive. Since t(i,j) < 1, the population
decreases if it is large. From this we can obtain the existence of a positive N -periodic
equilibrium (i, j) such that Hypothesis 2.1.1v is valid with my(i,7) = 0 if and only if the
equilibrium 0 is unstable. One can determine whether or not this is the case by looking
at the stability of the linearization M of ), which is obtained by replacing the function
g(i,j,u) in (2.8) by its linearization " . This problem will be discussed in Example 6.1
in the special case where Ny = 1, so that the parameters are independent of 7, and the set
P is one-dimensional. The methods presented there serve to show that, even without this
special assumption, Hypotheses 2.1 are satisfied if v(i,7) > 0 everywhere, and that there
is mo positive equilibrium if r(i,7) < 0 everywhere.

Example 2.2 Let H be the Euclidean plane, and consider the equation (2.1) of [KKTS03]

up = [D(@)ug] o + [D(@)uyly + ule(z) —u), (2.5)
)

where the functions D(x) and e(x) are independent of y and periodic of period 1 in x. Then
L is the set of vertical lines {(i,y) : i an integer}. Hypothesis 2.1.1ii is satisfied with P the
segment P = {(x,y) : 0 <z < 1, y = 0}. Well-known properties of parabolic equations
show that the time-one map Q) of this equation satisfies all the Hypotheses 2.1 with the
possible exception of Hypothesis 2.1.1v. As in the preceding example, the existence of a
periodic w1 (x) such that Hypothesis 2.1.iv is satisfied with o = 0 is equivalent to the linear
instability of the equilibrium 0. It is easily seen that this property is valid when e(z) > 0
and invalid when e(x) < 0, but needs to be investigated numerically as in Example 6.2
when € changes sign.

We remark that when m (x) > 0 is known, the variable v := u/m satisfies a periodic
equation of the form

V= D(2)[V40 + vy — €1(2)v, — ea(x)v, + r(x)v(l —v), (2.6)

which is of the type treated by probabilistic means by Gértner and Freidlin [GF79], [Fre84).
The equation

Us = {D(@)U 4o + {D(@)U} 5y + R(@)U — [1 — T(2)]S(2)U?,

1s obtained as a formal limit of the preceding example with No = 1 by shrinking the sides
of the squares and the time interval by the factor Ny, scaling the parameters suitably, and
letting Ny approach infinity. This equation can also be put into the form (2.6) by letting
v:=U/m when a positive equilibrium m is known.

Our principal results will be stated in terms of spreading speeds, which are defined
and characterized by the following theorem.

Theorem 2.1 For each unit vector € there erists a spreading speed c¢*(§) € (—o0, 00|
such that solutions of the recursion (2.1) have the following spreading properties:
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1. If up(x) > 0, inf[m(x) — ue(x)] > 0, and ug(x) = 0 in a half-space of the form
£-x> L and if ¢*(€) < oo, then for every ¢ > c*(€)

lim sup [ sup [u,(x) — wo(x)]] < 0; (2.7)

n—oo | €x>ne
and

2. If 0 < wug < m and there is a constant K such that infé.x<_K[u0(x) — mo(x)] > 0,
then for every ¢ < c*(&)

lim [ sup [m(x) —un(x)]] = 0. (2.8)

n—00
€~x§nc

This theorem states that if ug is zero for all large values of £ - x and uniformly above
for all sufficiently negative values of £ - x, then an observer who moves in a direction &
with a speed above ¢*(&) will see the solution go down to at most 7y, while an observer
who moves in this direction at a speed slower than ¢*(£) sees the solution approach 7.
It should be noted that if the model includes a phenomenon such as a prevailing wind,
c*(&) may be negative in some directions. In this case an observer who stands still sees
the solution go down to or below the unstable state my because the cloud of growing
population gets blown away.

The next two theorems show that the spreading speeds also serve to describe the
asymptotic location of any level surface between my and 7; of a solution of the recursion
(2.1) in any number of dimensions when the initial function ug vanishes outside a bounded
set. We first define the set

S:={xe€R": & x <€) for all unit vectors £}. (2.9)

If ¢* (&) were the propagation speed in the &€-direction of a wave equation, S would be the
ray surface. (See, e.g., pp. 552-587 of [CH62].) This convex set can also be characterized
by the ray speed C(n) in the direction of the unit vector n. C(n) is defined to be the
largest value of o such that an € §. It is related to ¢* by the formula

_ i S
C(n) v

(2.10)

where the right-hand side is defined to be o0 if the set of & where ¢*(§) < oo and €. > 0
is empty. When S contains the origin so that ¢*(&) > 0, C'(n) is defined and nonnegative
for all directions n. If ¢*(&,) < 0, then C(n) < 0 for all i such that n - & > 0. Moreover,
if n- &, =0, then the line an does not intersect S, so that C'(n) is undefined.

For any positive 3 we define the dilation 8S to be the set of points of the form fgx
with x € §. Clearly, 38 = {x € R¥ : £ - x < Bc¢*(€) for all £}.

9



Theorem 2.2 Let u,(x) be a solution of the recursion (2.1). Suppose that ug vanishes
outside a bounded set, and that 0 < uy(x) < m(x). Then

1. If C(n) is defined and finite, then for any ¢ > C(n)

lim sup [sup[un(nﬁn) - Wo(nﬁn)]} <0, (2.11)

n—00 B>c

and if C(n) is undefined,

lim sup [sup[un(ﬁn) - wo(ﬂn)]} <0. (2.12)

n— oo Jé]

2. Suppose in addition that the set S is nonempty and bounded, and let S’ be any open
set which contains S. Then

lim sup {sup (1, () — m(x)}} <o. (2.13)

n—00 xZnS’

Note that the statements of Theorem 2.2 become stronger when 7y = 0.

Theorem 2.2 states that an observer moving in the direction n sees the values of the
function above my spread at a speed which is no faster than C'(n). The next theorem
shows that, if S has interior points, these values do not spread at a slower speed either.

Theorem 2.3 Suppose that the set S has nonempty interior, and let S” be any closed
bounded subset of the interior of S. For every positive constant o there exists a radius
R, with the property that if u, is a solution of the recursion (2.1), if 0 < uy < w1, and if
ug > mo + o on the ball |x| < R,, then

lim | sup {m(x) —u,(x)}| = 0. (2.14)

n—oo Xens//

In particular, if C(n) is defined and if —C(—n) < ¢ < C(n), then

Jim [y (nem) — un(nen)] = 0.

Remark. A simple continuity argument shows that when Qlu|(y) := (1/2) yyjll u(z)
{1+(u(z)—1)(3+sinx—u(x)) }dz, there is an initial function which lies above 9 = 1 some-
where and for which the sequence u;, approaches zero uniformly. Thus the requirement of
this Theorem that wg lie above 7y on a sufficiently large set is needed. [CORRECTION
AFTER PUBLICATION: In order to satisfy the Hypotheses 2.1, the operator in this Re-
mark should be changed to Q[u](y) := & [*" " u(x){1+ +(u(x) —=1)(3+sinz —u(x))}dz,

2 Jy—m
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which is order-preserving for 0 < u < m; = 3 and takes all 2r-periodic functions into
constant functions. |

It is computationally difficult to calculate the spreading speed ¢*(&) from the defini-
tion in Section 3. As in the case of the Fisher equation, one can often obtain bounds for,
and sometimes the value of, ¢*(£) in terms of a linear problem. Let L be a linear oper-
ator on nonnegative functions which are continuous on H. Suppose that L is strongly
order preserving in the sense that if u > 0 and w # 0, then L[u] > 0. Also suppose
that L is periodic with respect to £. That is, T,L = LT, for all a € L. Finally, we
assume that, for each p, L[e#™/] exists in the following sense: The nondecreasing sequence
L[min{n, e**}](y) converges to a function, which we call L[e**/](y). (We use the con-
vention that L acts on a function of x to produce a function of y.) If L[e*™] exists,

L[e‘g'xz/}(x)](y) with ¢ is bounded and continuous can also be defined by a limiting pro-
cess. In particular, one can seek traveling waves of the recursion wu,,; = Lfu,| of the
form

(%) = e HEX I (x)

where the function v is continuous and periodic with respect to L. If we insert this form
into the recursion, we find that 1 has to satisfy the equation

& LI (x)](y) = e u(y).
That is, e is a positive eigenvalue of the operator
Lell(y) = &Y Ly (x)](y), (2.15)

and 1 is the corresponding eigenfunction. By applying a translation T, with a € £
to this definition, it is easily verified that the linear operator L#f is again periodic with

respect to £ and strongly order preserving. Consequently, LuE takes nonnegative periodic
functions into positive periodic functions, and we shall only consider the restriction of
LuE to such functions. Such an order preserving operator has a positive eigenvalue A(p€)
with a positive eigenfunction, and with the property that the absolute values of all the
eigenvalues of LuE are below \(u&). A(u€) is called the principal eigenvalue of L ¢

I
We note that the speed of the above wave satisfies e/® = A(u€), so that ¢ = (1/u) In A(u&).
Theorem 2.4 Suppose that there is a linear operator L with the properties

1. there is a positive number n such that
Qlu] > L[u] for every u such that 0 < u < n; (2.16)
2. L is L-periodic and strongly order-preserving, and L[e“'x‘] 1s defined for all p.
3. There is a positive L-periodic function v such that L|r] > r, and the truncated operator
QU] := min{L[u],r}
satisfies the hypotheses 2.1;

11



Let A\(pn&) be the principal eigenvalue of the operator LME defined by (2.15). Then

¢"(§) = nf[(1/) In A(p€)]; (2.17)
and the ray speed in the direction m has the lower bound
C(n) = Cinfd {In A(C)}/n - ¢l (2.18)
7-C>o0

We can also find an upper bound for ¢*(§) in terms of a linear problem.

Theorem 2.5 Suppose that there is a linear operator L such that

1.
Qlu] < L[u] for all w with 0 < u < my; (2.19)

2. L is L-periodic and strongly order-preserving, and L[e“'x‘] 1s defined for all p.
3. there is a positive L-periodic function r such that L[r] > r, and the truncated operator
QU ) := min{L[u],r}
satisfies the hypotheses 2.1;

Let \(€) be the principal eigenvalue of the operator wa [u] defined by (2.15). Then

(€) < inf[(1/30) 10 N(1€)), (2.20)
and the ray speed in the direction m has the upper bound
Cn) < inf [{InA(C)}/n-¢]. (2.21)
o

We remark that if, instead of taking the infimum, we take a particular value of p in (2.20)
or a particular value of ¢ in (2.21), we still obtain an upper bound.

The linear operator M is said to be the linearization (or Fréchet derivative) of the
operator () at 0 if for every positive number ¢ there is a positive number 7, such that
0 < u(x) < n, implies that |Q[u] — M[u]| < osup, u(x). For most models which have
been studied it is true that for every positive number § there is an 7 such that the operator
(1 — )M satisfies the conditions on L in Theorem 2.4. By letting 6 approach zero, one
finds the lower bounds (2.17) and (2.18) with A(¢) replaced by the principal eigenvalue
AC¢) of M ¢+ It many problems Qlu] < MJu] for all w in M. This can be interpreted as the
lack of an Allee effect in the growth law. The following obvious corollary of Theorems 2.4
and 2.5 shows that when this is the case, one can determine ¢*(£) exactly in terms of the
eigenvalues of a linear problem. When this happens, we say that the recursion (2.1) is
linearly determinate in the direction &.
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Corollary 2.1 If the linearization M of QQ at uw = 0 satisfies the conditions on L in
Theorem 2.5 and if for each small positive § the operator (1 —0)M satisfies the conditions
on L in Theorem 2./, then

¢ (§) = inf[(1/) I A(1E)] (2:22)
and .
Cn) = ot [{nAQ)} /) (223)
’T]-C>0

where X(uf) is the principal eigenvalue of Muﬁ' Thus, the spreading speed is linearly
determinate in all directions under these conditions.

The formula (2.23) was found by Gértner and Freidlin [GF79]

Under the additional condition 7y = 0 we shall show that the spreading speed ¢*(&) can
be characterized as a slowest speed of what Shigesada, Kawasaki, and Teramoto [SKT86]
call a traveling periodic wave, and Berestycki and Hamel [BH02| call a pulsating wave,
which is defined as follows:

Definition 2.1 A solution u, of the recursion (2.1) is called a periodic traveling wave
of speed ¢ in the direction of the unit vector € if it has the form u,(x) = W (€ -x —ne,x),
where the function W (s,x) has the properties

a. For each s the function W (€ - x + s,X) is continuous in X € H.
b. For each s, W (s,x) is L-periodic in X;

c. For each x € H, W(s,x) is nonincreasing in s;

d. W(—o00,x) = m(x);

e. W(oo,x)=0.

Theorem 2.6 Suppose that mg = 0. Then there is a periodic traveling wave of speed ¢ in
the direction & if and only if ¢ > ¢*(§).

We remark that if @) is the time-one map of a continuous-time process such as (1.3),
then u, (x) = u(n,x). In this case, it it is easily seen that all our theorems have continuous-
time analogs. For example, we may replace (2.7) and (2.8) by

limsup | sup [u(t,x) — mo(x)]| <0 when ¢ > ¢*(§),
t—o0 €-xzct
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and

lim [ sup [m(x) — u(t,x)]] = 0 when ¢ < ¢*(§),
o0 €~x§ct

(2.13) by
lim sup [sup {u(t,x) — WO(X)}] <0,

t—o0 xZtS!

and (2.14) by
lim [ sup {m (x) — u(t,x)}] =0.

t—oo xEtS!

Moreover, we can see from the methods used in [LWLO02] that there is a periodic
traveling wave of the form W (€ - x — ct, x) for the continuous-time problem if and only if

c>c*(€).

We are unable to show the existence of traveling waves without assuming that o, = 0.
In fact, simple phase plane analysis shows that the translation-invariant problem
up=Au+u(u—3) (u—2)(1—u), (2.24)

whose time-one map satisfies the Hypotheses 2.1, does not have any traveling wave which
connects v = 1 with u = 0.

If 7y # 0, we are also unable to show that the part below 7y of the solution does
not travel faster than the speed given by ¢*. It may well be that there is a faster speed
ci (&) > ¢*(€) at which this smaller part travels. In fact, it is not difficult to show that for
the equation (2.24) ¢*(€) is equal to the speed of a traveling wave which connects u = 1 to
u = §. This speed is less than the speed (2/3)%? of the slowest wave which connects u = 1
tou = % On the other hand, the fact that the equation is of Fisher type for 0 < u < %
shows that for any initial data other than 0 the part of the solution below % increases
to 1 at the faster speed ¢} (&) = v/3(2/3)%%. In this case the solution approaches not a
traveling wave, but what Fife and McLeod [FM77] call a stacked combination of fronts.

3 Construction of the spreading speeds

The principal tool of this work is the following Comparison Principle, which is easily
proved by induction.

Lemma 3.1 (Comparison Principle) Let R be an order-preserving operator. If the
sequences of functions v, and w, satisfy the recursive inequalities v,y1 < R[v,] and
Wpy1 > Rlwy], and if vg < wy, then v, < w, for all n.

14



One of the principal ideas in both [Wei82] and [Lui89] is to reduce the spreading speed
problem from dimension d to dimension 1 by looking at propagation in one direction at a
time. The analogous process here is to choose a fixed d-dimensional unit direction vector
& and to look at functions of the form v(£ - x,x). We first need to define a suitable space
of functions.

Definition 3.1 For any unit vector & the space ME is the set of functions v(s,x) such
that

a. v(s,x) is L-periodic in x for each fixed s;

b. 0 <wv(s,x) < m(x) for all s and x;

c. the function v(€ - x + s,X) is continuous in X for each s.

Note that periodic functions such as 7wy and 7; can be considered as members of M ¢

which do not depend upon s. We remark that the condition (¢) does not imply that
v(s,x) is continuous in either s or x. For instance, if d = 1, £ = (1), and [z] denotes the
largest integer which does not exceed z, the function

1 when s <z — [z] — 1
v(s,z) =< 1—x+[x] whenz—[2z]—-1<s<z—[7]
0 when s > z — [7]

is discontinuous in s and in z, but v(z + s,z) is continuous in z, so that v is in M;.

We observe that the transformation
Helo)(x) += vl .

takes the functions of M ¢ into functions in M. We define the operator
Qelv)(s,y) = Q€ - {x — y} + 5, x)](y). (3.1)

We note that if y is replaced by y —a where a is any element of £, the L-periodicity of
@ and that of v show that the right-hand side of (3.1) remains unchanged. Therefore the
function @ ¢ [v] has the property (a) in the definition of M ¢ Since the other two properties

follow from the properties of (), we find that QE takes M ¢ into itself. Moreover, the

operator Q€ is translation invariant in the variable s and order preserving.

2Here and in what follows we use the convention that if ¢ is a functions of x and some other variables
possibly including y, then Q[¢](y) means the value at y of the result of letting @ act on the function of
x which is obtained from ¢ by fixing the values of all its variables other than x. The resulting function
is independent of the dummy variable x.
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Setting s = £ -y in (3.1) gives the intertwining property
HelQelv)) = QUH ] (32)

We shall obtain comparison functions for solutions of the recursion (2.1) by observing
that if v, (s, x) satisfies the recursion

Un+1 = QE [Un]7

then, by the intertwining property (3.2), H ¢ [v,] satisfies the recursion (2.1).

We now choose a continuous initial function ¢(s,x) with the properties

a. &

b. ¢(s,x) is nonincreasing in s for each fixed x;
c. ¢(s,x) =0 for s > 0;

d. m(x) < P(—00,x) < m(xX).

$,x) is uniformly continuous in s and x, and L-periodic in x;
(3.3)
X

As in [Wei82] and [Lui89], we define for any real ¢ the sequence a,(c,§;s,x) by the
recursion

ans1(c, & 8,x) = max{¢(s,x), Qé [an](s + ¢, %)}
ao(c, & s,x) = ¢(s,x).

(The maximum is the larger of the two numbers for each s and x.) Replacing s by s+&-y
in the definition of H ¢ shows that the recursion equation in (3.4) can be written in the

(3.4)

form
an1(6, &6y +5,y) = max{p(§ -y +5,y), Qlan(c, & € - x + s+ ¢, x)[(y). (3.5)

Clearly, a; > ag. Because () is order-preserving, an induction argument shows that
ani1(c,&;8,%) > ap(c,&;s,x). Because QE is also translation invariant in the variable
s, it takes functions which are nonincreasing in s into functions which are nonincreasing
in s. Therefore a, is nonincreasing in s for all n. The translation s — s + ¢ applied
to a nonincreasing function is nonincreasing in ¢, and it follows that a,(c, &; s,x) is also
nonincreasing in ¢ for all n. Because a,(c, &; s,x) < m(x), the nondecreasing sequence a,,
has a limit

lim a,(c,&;s,%x) = a(c,&;s,%x),

n—oo
which is again nonincreasing in s and c. It follows, in particular, that the limits
an(c,&;+00,x) and a(c, €, £0o,x) all exist.

If {s} is a sequence which goes to —oo, then by Hypothesis 2.1.vi there is a subse-
quence {s}} such that Qla,(c,&; & - x + s}, x)](y) converges uniformly on bounded sets.
Because a is monotone in s, the same is true when s is replaced by s and s approaches
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—o00. Thus we see from Hypothesis 2.1.v that we may let s in (3.5) approach —oo to find

that
an—l—l(cv 5) —0Q, Y) - max{gb(—oo, Y)v Q[an<cv 67 —0Q, X))](y)}
Z Q[an(cvé; _007X>](y)
Since ap(c, & —00,x) = ¢(—00,x) > m(x), the Comparison Principle and Hypothe-
sis 2.1.iv show that a,(c, &; —00,x) increases to m(x). Because a, < a < m, it follows
that

a(c, &; —o00,x) = m(X).

By Hypotheses 2.1.v and 2.1.vi we may let n go to infinity in (3.5) to obtain the equation

a(c, 5; 5 "y + s, Y) = max{¢(€ "y +s, Y)7 Q[(I(C, 5; 5 "X+ s+, X)](Y>} (36>

We now use Hypothesis 2.1.vi and the monotonicity in s to see that we can let s increase
to infinity on both sides of this equation to find that

a(c, & 00,y) = Qla(c, & 00,%))](y)-

That is, the continuous periodic function a(c, &; 00, x) is an equilibrium of Q.

The last part of Hypothesis 2.1.iv now shows that there are two possibilities:

Case (i): a(c, & 00,x) = m(x); or

Case (ii): a(c, &;00,%x) < mo(x).

Because a(c, &; 00, x) is the limit of functions which are nonincreasing in ¢, it has the same
property. This means that if Case (i) holds for some ¢, it also holds for all smaller ¢, and
that if Case (ii) is valid for one ¢, it is also valid for all larger ¢. We define ¢*(£§) to be the
unique number such ¢ < ¢*(§) implies Case (i), and ¢ > ¢*(£) implies Case (ii). If Case
(i) is valid for all ¢, we define ¢*(€) = oo. Proposition 3.1 will show that case (i) holds
when c is sufficiently negative. The following Lemma states that ¢ = ¢*(§) implies Case
(ii), and also gives a way of characterizing the number ¢*(&).

Lemma 3.2 The number ¢*(€) has the property that

. =m(x) ifc<c(§)
a(C,S,OO,X) {S?T()(X) chz C*<€) (37)
Moreover, ¢ < c*(€) if and only if there is an integer N such that
an(c,&1,%x) > ¢(—00,x). (3.8)
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Proof. We prove the second part first. Suppose that a(c, &;00) = 7. Because a is
nonincreasing in s, a(c, §; s,x) = m(x) for all s. Let the bounded set P be contained in the
closed ball B, of radius p centered at the origin. Since the function a,(c,&;&-x+1+p,x)
approaches 7 (x) uniformly on the bounded set P, there is an N such that

an(c,&€-x+ 1+ p,x) > ¢(—00,x) on P, (3.9)

where P is the closure of P. Because € -x > —p on P and a is nonincreasing in s, we
conclude that (3.8) is satisfied.

Conversely, suppose that (3.8) is valid. Then ay(c,&;s+1,x) > ¢(s,x) = ag(c, ; s, %)
for all s and x. The Comparison Principle shows that ayy,(c,&; s+ 1,%x) > a,(c, &; s,%x)
for all n. Let n approach infinity to see that a(c,&;s + 1,x) > a(c, &;s,x). Since a is
nonincreasing in s, this shows that a is independent of s, so that a(c, §; 00, x) = m(X).

We have shown that Case (i) implies (3.9) which implies (3.8) which implies Case (i).
Thus if ¢ > ¢*(§) so that Case (ii) holds, then (3.9) cannot be satisfied for any N. In
particular, for each pair of positive integers (N, v) there is a point xy, in P such that

an(c (&) + v &€ xny + 1+ p,xn,) < G(—00, Xy,). (3.10)

Because P is closed and bounded, there is, for any fixed N, a sequence v; such that xy,,,
converges to a point Xy in P. Because both sides of (3.9) are continuous functions of ¢
and x, we conclude that

aN(C*(£)7€;€ Xy + 1+ p, XN) < Qb(—OO,XN).

Thus, the inequality (3.9) cannot hold for any N, and we conclude that Case (ii) holds
at ¢ = ¢*(€). This is the statement (3.7).

This statement, in turn, shows that ¢ < ¢*(§) if and only if Case (i) holds, and we
have already shown that this is true if and only if there is an integer N for which the
inequality (3.8) is satisfied. Thus we have proved the second statement of the lemma, so
that the Lemma has been established.

Because of Theorem 2.1 we call ¢*(€) the spreading speed in the direction & of
the recursion (2.1). The following lemma shows that ¢*(£) does not depend on the choice
of the initial function ¢.

Lemma 3.3 Let a,(c,&; s,x) be the sequence obtained from the recursion (3.4) when ¢(s)
is replaced by another nonincreasing function é with the properties (3.3). Then the limit
a of a, as n—oo satisfies the equation a(c, €;00) = a(c, €;00). In particular, the property
(3.7) holds when a is replaced by a.

Proof. Since a,/(c, &; —00,x) satisfies the inequality a,41 > Qf [a,], Hypotheses 2.1.iv
and 2.1.vi show that a,(c,&; —oc0,x) converges to m, uniformly on P. Hence there
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exists an ng such that a,,(c, & —o0,x) > ¢(—0o0). Therefore there is an L such that
aop(c,&;8,x) = ¢(s) < apy(c, € s — L,x)]. By the Comparison Principle a,(c, &;s,x) <
ngre(c, & s — L,x) for all nonnegative integers . We now let ¢ and then s approach
infinity to see that a(c, &; 00,x) < a(c, &; 00,x). By reversing the roles of a,, and a,, in the
above argument, we obtain the opposite inequality, and this establishes the statement of
the Lemma.

We note that if we replace s by s — (n + 1)c in (3.5), we obtain the recursion

ani1(c,§:€ -y +s—(n+1)cy)
=max{¢(§ - y+s—(n+1)cy),Qla.(§ x+s—nc,x)|(y)}

> Qlan(§ - x + s —ne,x)|(y).
(3.11)
Thus the sequence a, (&€ - X + s — ne, X) is a supersolution of the recursion (2.1).

We can use this fact to obtain a lower bound for ¢*(§). Let b,(s,x) be the solution
of the recursion b,11(s,y) = Q€ [bn](s,y) with by = ¢. We see from Hypothesis 2.1.iv

that b, (—o00,x)) approaches m(x). Therefore for every sufficiently large n, b,(—o0,x) >
¢(—00,x), and hence there is a translation L such that b,(s,x) > ¢(s — L, x).

Proposition 3.1 Let b,(s,x) satisfy the recursion b,y = Q£ [b,] with by = ¢, where ¢
has the properties (3.3). If
bn(S7X) > ¢(S - L7X)7

then
c*(&) > L/n. (3.12)

Proof. Let ¢ be any small positive number. The Comparison Principle and (3.11) show
that a,(L/n—0,&;s —n(L/n—0§),x) > by(s,x) > ¢(s — L,x) = ap(L/n —0,&; s — L, x).

As in the proof of lemma 3.2, this inequality implies that a(L/n — 9§, &;s,x) = m(X), so
that L/n — ¢ < ¢*(€). Since 0 is arbitrary, this gives the lower bound (3.12).

In addition to showing that ¢*(&) is always bounded below, this inequality gives a
numerical method for finding a lower bound for it from a simulation.

4 The speed limit: proof of Theorem 2.2

We begin with a simple lemma, which is the first statement of Theorem 2.1.
Lemma 4.1 Suppose that uy(x) has the properties

a. ug s continuous and nonnegative;

b. sup,[m (x) — up(x)] > 0;
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c. There is a constant L such that ug(x) =0 when & -x > L.

Then the solution u, of the recursion (2.1) has the property that for any ¢ > c*(&)

<0.

lim sup [ sup [uy, — mo)

n—oo €~x2nc

Proof. Because of the properties (b) and (c) there is a nonincreasing function ¢(s, x)
with the properties (3.3) such that ¢(&-x—L—1,x) > uo(x). Let a,(c, &; s,x) be defined
by the recursion (3.4). The Comparison Principle and (3.11) show that

Un(X) < an(c*(€)7£;€ x—L—-1- nC*(£)7X)'
Because a,(s,x) is nonincreasing in s,
un(x) < ap(c*(€),&nlc—c*(€§)] — L — 1,x) when € - x > nc.

We now recall that ¢ > ¢*(&), let n approach infinity, and use the property (3.7) to obtain
the statement of the Lemma.

We shall now use this Lemma to prove Theorem 2.2. To prove the first statement,
we note that the definition (2.10) implies that if ¢ > C(n), then there is a unit vector &,
such that £,-n > 0 and ¢*(§;)/&, - m < c¢. We write this as

co:=cm - & > (&),

and observe that for § > ¢ the point nfn satisfies the inequality &, - (n6n) > ncy. Thus
Lemma 4.1 with £ = &, and ¢ = ¢, gives the inequality (2.11). C(n) is undefined if and
only if there is a &, such that ¢*(§,) < 0 and &,-n = 0. We then obtain (2.12) by noting
that &, - (Bn) =0 > ¢*(§,) and applying Lemma 4.1) with & = &, and ¢ = 0.

Suppose now that S is bounded and nonempty. If there were a vector y # 0 such that
&y <0 for all € for which ¢*(€) is finite, then for every point x of S the half-line x + oy
with o > 0 would also be in §. This would contradict the fact that S is nonempty and
bounded. Consequently, the intersection of the closed bounded sets {x : |x| = 1,£-x < 0}
over all £ with ¢*(€) finite is empty. By Helly’s Theorem (the finite intersection property;
see, e. g., page 3 of [BF48]) there is a finite set &,,--- , &, of unit vectors such that
c*(€;) < oo and max;<j<x &; - x > 0 when |x| = 1. Since max;<j<x &; - X is continuous,
it has a positive minimum « on the unit sphere. Thus for all x

. >
max [§; - x] > afx].

Therefore for all x on the closed set

A={x:§ -x<c"(§)+1forj=1,---K} (4.1)
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x| < maxi<j<x(c*(€;) + 1]/a, so that A is bounded. By definition, the complement c[S']
is closed, and its intersection with S is empty. Hence the intersection of the closed subsets
ANc[STN{x:& - x<c* (&) +0} of Aoverall 0 < < 1 and all unit vectors £ is empty.
Helly’s Theorem shows that there are a § € (0,1) and a finite collection of unit vectors
€xi1,Ex 42, - &1, such that the intersection of the sets c[S']N{x : §;-x < ¢*(§;)+6, j =
1,---, L} is already empty. (Note that this intersection is automatically a subset of A.)
If x € nS’, then n~'x € ¢[S'], and hence one of these inequalities must be violated by
n~!'x. That is, x € nS’ implies that

;x> nlc"(&;) + 0] for some j < L. (4.2)

Lemma 4.1 with ¢ = ¢*(§;) +  shows that for any positive € there is an integer n;,
such that (4.2) implies that u,, — my < € when n > n;.. If we define n. := max;<j<x nj.,
we see that for n > n., u, — 7y < € on the complement of nS’. Since € is arbitrary, this
is the second statement (2.13) of Theorem 2.2, and the Theorem is proved.

5 Upward convergence: Proof of Theorem 2.3

In order to introduce some of the ideas in the proof of Theorem 2.3, we start with a lemma
which is the second statement of Theorem 2.1.

Lemma 5.1 If 0 < wug(x) < m(x) and ug(x) is continuous, and if there is a positive
constant K such that

5.2{[([%0(3‘) — mo(x)] > 0,

then for any ¢ < c*(&) the solution w,, of the recursion (2.1) has the property

lim { sup [m(x) — un(x)]} = 0. (5.1)

n—00
€~x§nc

Proof. By the above assumption, there is a continuous L£-periodic function ag(x) such
that
up(x) > ap(x) > mo(x) when € - x < —K.

We choose a ¢(s,x) with the properties (3.3) and the additional properties

#(s,%x) = ap(x) when s < —K, and
¢(£ "X, X) < u0<X>'

We define the sequence a,(c, &; s,x) by the recursion (3.4) with this ¢. Because ¢ < ¢*(&),
Lemma 3.2 shows that there is an integer ny such that

Any (€, &5 1,%) > ap(x). (5.3)

(5.2)
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Moreover, since «,, increases to m; uniformly, there is for any positive number d an integer
ns such that
T (X) — Qg (x) < 0. (5.4)

We suppose for the moment that () has the additional property
u < mp implies that Qlu| < . (5.5)
Since oy < 7, this property implies that
Qe (X) < (). (5.6)
We define the sequence of L-periodic functions ,(x) by the recursion

Bn1(y) = QIB.()](y)

with [p(x) = ap(x). Hypotheses 2.1.iv, 2.1.v, and 2.1.vi show that (3,(x) converges to
m1(x) uniformly. Then there is an integer n; > ng such that

P (X) > 0ng (X). (5.7)
We shall assume without loss of generality that

ns > ny.

In order to prove the Lemma, we need to obtain a lower bound for u,,. We first choose
a real-valued continuous nonincreasing cutoff function ((s) with the properties

1 fors<i
= -2 5.8
() {0 for s > 1. (58)

For each positive integer k, we define the approximating operator

Qrlul(y) = QI¢(Ix = yI/K)u(x)](y)- (5.9)

(Recall the convention in Footnote 2.) This operator is again order preserving and periodic
with respect to £. It has the advantage that the value of Qy[u] at y only depends on the
values of u(x) on the ball [x —y| < k. We also define the new operator @, ¢ by replacing

@ by Q. in the definition (3.1) of Q€
Quelvl(s.y) = QU(Ix = y|/k)v(€ - (x —y) +5,%)](y).

We define the sequence o) by the recursion

o) (y) = max{ao(y), Qu[a® ()](y)
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with oz(()k) = ap. We also define the sequence agﬂ)(c,ﬁ; s,x) by the recursion (3.4) with

the operator Qﬁ replaced by ka, and a(()k)(c,ﬁ;S,x) = ¢(s,x). Because ka[w](s,x)
depends only on the values of w(o,x) with |0 — s| < k, we find from (5.2) that

P (x) for s < —K —n(k+c)

5.10
0 for s > n(k — ). (5.10)

al?(c, & s,x) = {

Finally, we define the sequence bgc)(s, x) as the solution of the recursion

b (6 y +5,y) = Qb (€ - x+ 5,%)](y)

with b(()k) = ¢. (Note the absence of a translation by —c on the right.) By Hypothesis 2.1.v
Qrlu] increases to Q[u] for any u in M. By using this fact repeatedly and using the
inequalities (5.3), (5.4), and (5.7), we choose a kg such that

ag) (¢, & 1,%) > ag(x), (5.11)
m — alf)(—o0o,x) < & for n > ny, (5.12)

and
bt (=00, X) > a, (%) > k) (x). (5.13)

The inequality (5.13) and the fact that a,(c, &; s, x) vanishes for sufficiently large s by
(5.10) show that there is a constant Ly such that

bgﬁo)(ﬁ ‘X 4 8,%) > ag‘g’(c,ﬁ;f X+ 8 —ngc+ Ly, x).

Because (5.11) implies that aﬁlk(’)(c,é; s,x) > ¢(s,x) when n > ng, the maximization can
be dropped from the recursion for a'*) . The Comparison Principle and (3.11) with @
replaced by i, then show that

by(€ - x+ s,%) > q) (c,& € -x+s—nc+ Ly,x) when n > n;.

n—ni+no

In particular,
bn(nc7 X) 2 a’SLk—Ov)ml—l—no (Ca €a Lla X) > agzk—OZn—{—no (C7 Ev £ "X+ P + L17 X)'

We see from Lemma 3.2, (5.11), and Hypothesis 2.1.vi that the last function on the right

approaches the limit of the sequence a%’m)(x), uniformly on P. By (5.12) this limit is
larger than 7 (x) — 6. Thus we conclude from (5.14) that for all sufficiently large n

m(x) — by(ne,x) < 0.

We recall that ¢ was chosen so that ug(x) > ¢(€ - x,x) = by(€ - x,x). Since up41 =
Q[un] > Qo un], the Comparison Principle shows that

Up(x) > b, (€ - %, %)
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for all n. Because b,(s,x) is nonincreasing in s, we see that

Esup T (X) — up(x)] < m(x) — by(ne,x) <6 (5.14)

for all sufficiently large n. Since § can be taken arbitrarily small, this proves the statement
(5.1) of the Lemma under the additional assumption (5.5).

If @ does not have the property (5.5), we replace it by the operator
Q[u](x) == min{Q[u](x), (1 = 7)Q[u](x) +~yu(x)}, (5.15)

where 7 is a small positive constant to be determined. This operator is order preserving
and periodic. It is easily verified that Q has the property (5.5), and that it has exactly
the same equilibria as Q). Moreover, Q[u] approaches Q[u] from below as 7 goes to zero.
In particular, we can and shall choose 7 so small that if the sequence a, is defined by
the recursion (3.4) with Q replaced by Q and Gy = ¢, then an,(c,&;1,x) > ag(x). The
above proof then shows that the solution #, of the recursion (2.1) with @) replaced by
Q and @y = uo has the property (5.1). The Comparison Principle and the inequality
U1 = Qluy] > @[un}, imply that wu, > 4,. Since u, < m, the property (5.1) for a,
implies the same property for u,, and this establishes the Lemma.

We remark that Lemmas 4.1 and 5.1 prove Theorem 2.1.

Proof of Theorem 2.3. The above proof needs considerable adaptation to produce
a spreading result in all directions £&. We begin by examining the geometric properties
of the sets S and §”. Let x¢ be a point of §”. If we introduce the new coordinates
x' := x — X, we find that the habitat H is replaced by Ty,[H] and the set P is replaced
by Tx,[P]. Moreover, the operator @) is replaced by Ty, QT «,. It is easily seen that the
Hypotheses 2.1 are satisfied by this new operator, and that ¢*(&) is replaced by ¢*(&)+&-xo.
That is, the coordinates x’ move with the velocity —x. Thus we shall assume without
loss of generality that the origin 0 is in §”, and hence that it is an interior point of S.

Then ¢*(&) > 0 for all €.

We observe that the Theorem is strengthened if S” is replaced by a larger set. A result
in §27 of [BF48] shows that S” is contained in a closed bounded subset of the interior
of &, of which the origin is an interior point, and which has a smooth boundary with
a uniformly positive curvature tensor. We shall replace §” by this larger set, which we
again call §”. If x is any point other than the origin, let [1/D(x)]x be the unique point
of the ray from the origin through x which lies on the boundary of §”. Then the set S”
is characterized by the fact that D(x) < 1 there. In particular, the unit outward normal
vector T(x) to the boundary at [1/D(x)|x is given by

T(x) = |VD(x)|'VD(x). (5.16)

Because the origin is interior to 8", this set contains a ball of some positive radius r
centered at the origin. Because S” is bounded, it is contained in a ball of some radius R
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centered at the origin. The support function of S” is defined as

S(€) = max & - x. (5.17)
XGS”
It satisfies the inequalities
r <S¢ <R (5.18)

Because the closed set with smooth boundary S” lies in the interior of S, there is a positive
e such that
llg‘ax[(l +€)5(&)/c*(&)] < 1. (5.19)
=1
It is easily seen that the maximum in (5.17) is attained when x is a boundary point and
T(x) = €. Since D is homogeneous of degree 1, we have the equation x-VD(x) = D(x) = 1
at a boundary point. Thus we see from (5.16) that S(7(x)) = |[VD(x)|™!, so that

T(x) = S(7(x))VD(x). (5.20)

As in the proof of Lemma 5.1, we choose a continuous L-periodic function ag(x)
with my < oy < m, and a continuous function ¢(s,x) with the properties (3.3) and the
additional property

o(s,x) = ap(x) for s < —1. (5.21)

For each unit vector € define the sequence a,((1 + €)S(£),&; s,x) by the recursion (3.4)
with ¢ = (14 ¢€)S(&) and ag = ¢. As before, this sequence is nondecreasing in n. Because

c < c*(€), a, converges to m;. In particular, we see that for each & there is an integer ng
such that

an (14 €)S(€),&;1,x) > ap(x). (5.22)

Because the left-hand side is continuous for & on the unit sphere, the ny required for this
inequality is bounded, and we choose a fixed ng so that the inequality holds for all &.

We define the sequence of L-periodic functions a,(x) by the recursion a,;i(x) =
max{a(x), Qo] (x)}, so that a,((1+¢€)S5(§), &; —00,x) = a,(x). We choose an arbitrary
positive constant ¢, and again see that there is an integer ns for which the inequality (5.4)
is satisfied for all unit vectors &.

As before, we suppose for the moment that @ has the property (5.5). Then oy, (x) <
m1(x), and the fact that each a,((1 + €)S(&),&; s,x) increases to m; implies that there is
an index m, again independent of &, such that

am((14€)5(£),&;1,x) > an, (x). (5.23)

As above, we choose a real-valued continuous nonincreasing cutoff function ((s) with

the properties (5.8), and define the operators @y by (5.9). We define the sequence o)

by the recursion
o (y) = max{ao(y), QI (Ix — yI/k)al (x)](y)}
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with a(()k) = ap. (Recall th convention of Footnote 2.) We also define the sequence
a%k)(c,ﬁ;s,x) by the recursion (3.4) with the operator Qf replaced by Qkﬁ’ and
aék)(c, & s,x) = ¢(s,x). Because Qk g[v](s, x) depends only on the values of v(o,x) with
|o — s| < k, we find the properties (5.10) with K = 1.

By Hypothesis 2.1.iv and Dini’s theorem aq(f)((l + €)S(€),&;1,x) increases to
an((1+€)S(€),&;1,%x) as k goes to infinity, uniformly in x and & We see from (5.22),
(5.23), and (5.4) that we can choose a ky independent of € so that

ap) (14 €)S(€), & 1,%) > ap(x),

a? (1 +¢)S(€), &1,x) > ai) (),

and the inequality (5.12) is satisfied. The first of these states that for n > ny, alf) > ¢,
so that

a2 (14 )S(6). & 5,%) = @, ¢la™)(s + (1 +S(€).%)) for n = no. (5.24)

Lemma 3.2 shows that a,(lkO) converges to lim,, 047(sz). The second inequality shows that

this limit is larger than agff). Hence, there is an n; > ng, independent of &, so that

al ((1+€)S(£), & (R/r)noko,x)) > alf) (x). (5.25)

We now combine the functions a*)((1 + €)S(€); s,x) into a function of x by setting
& = 7(x) and letting s depend on x. More specifically, we form the function

ee(x) = a? (1 + )S(T(x)), 7(x);

T(x) - x — [A+ L1+ Le)(n1 —no)|S(T(x)), %), (5.26)

where A is a constant. We shall make use of the following Lemma, whose proof will be
given in the Appendix.

Lemma 5.2 Let i be a bound for the square root of the sum of the squares of the third
partial derivatives of D(x) for x on the unit sphere. Then if

A> ! {Qko(nl = o) = (R/r)kono + - ﬁkgfgl}z‘fl €>n0} L (5.27)

the sequence e, satisfies the inequality

€r+1 < Q[eg]. (528)

In order to apply this Lemma, we first choose any small positive constant . By
Hypothesis 2.1.iv, the solution u,, of the recursion u, 1 = Q[u,| with uy = my+0 converges
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to m. In particular, there is an integer M, such that u;, > a(ko If ((s) is again a scalar-

valued cut-off function with the properties (5.8), the family of functions ((|x|/v)[mo + o]
converges to m+ o uniformly on every bounded set as v approaches infinity. (5.10) shows
that eg Vanlshes outside a bounded set. By applying Hypothesis 2.1.v repeatedly, we see
that if w" is the solution of (2.1) with w(7) (x) = C(|x|/7v)[mo + o], there is a constant R,
such that

w](\?:) > %) on the bounded set where ep > 0.

(R (R

Since ey < aﬁ{‘f’), this implies that w M;’) > eg. Because w 7) < my + o and vanishes for

|x| > R,, the Comparison Principle shows that if u, is a solution of the recursion (2.1)
and ug > m + o for |x| < R,, then uy;, > ey. Because of (5.28), another application of
the Comparison Principle shows that

UMy +6(ny —no) = €2
for all 2.
We see from (5.10) with K =1 that
alf)(s,x) = alf)(x) for s < —1 — ny[ko + (1 + €)S(7(x)).
The definition (5.26) of e, then shows that
ee(x) = o) when 7(x)-x— [A+(1+ e) (m1 — )] S(7(x)) < —1—malho+ (1+0)S(r(x))].

The identity (5.20) and the homogeneity of D show that 7(x)-x = D(x)S(7(x)). Because
S(&) > r, we obtain the weaker statement

eo(x) = ™) when D(x) < A+ (1 + 1e)(ny —ng) — r (1 + niko) —ni(1+¢). (5.29)

Division shows that for any n > M, + ns — ny there is a unique integer ¢ such that

0<n—(My+ns—mn1)—Lln —ng) <ng —ng (5.30)
n—Mgs—£(n1— no)[

is a point with the property that e, = oh(n throughout the ball of radius ko(ns — ng)

centered at y, then u,(y) > a,, > mi(y) — J. Suppose that y lies in the set nS”. The
set of points at distance at most ko(ns — ng) from a point of nS” is a convex set with the
support function nS(&) + ko(ns — ny). Because S(€) > r, this set is contained in the set

The Comparison Principle shows that @, e is a lower bound for w,. If y

with the support function [n + r~'ko(ns — ng)]S(€). Therefore if e, = o) on this set,
then u,, > m — 0 on nS”. The inequality (5.30) shows that this set is contained in the set
[0(ny — ng) + My, + ns — ng + 17 ko(ns — ng)|S”.

We have shown that if ey = anlo) for every point with

D(x) < l(ny —ng) + M, +ns —ng + 1 ko(ns — ng),
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then u, > m — 0 on nS”. Because the coefficient of ¢ in this inequality is smaller than
that in the statement (5.29), we see that the conclusion holds for all sufficiently large /.
Since the definition (5.30) of ¢ shows that large n implies large ¢, we have shown that
infyensr[m1(x) — un(x)] < 0 for all sufficiently large n. Since § is arbitrary, this proves the
first statement (2.14) of Theorem 2.3 under the additional hypothesis (5.5).

If this hypothesis is not valid, we proceed exactly as in the last paragraph of the proof
of Lemma 5.1 by defining the auxiliary operator Q by (5.15) with a sufficiently small
v and first proving (2.14) for the sequence 4, obtained from the recursion (2.1) with @
replaced by Q and 4y = ug. Since @, < u, < 71, (2.14) follows, so that the first statement
of the Theorem is proved in all cases.

We observe that if —C(—n) < ¢ < C(n), then cn is an interior point of S. If we
choose 8" so that it contains this point, then nen lies in nS”; so that (2.14) implies the
last statement of the Theorem. This finishes the proof of Theorem 2.3.

6 Bounds for the spreading speed from linear prob-
lems

In this section we shall show how to obtain bounds for the spreading speed ¢*(§) in terms
of the properties of some linear operators, and, in some cases, to obtain the exact value
of the spreading speed. We shall also give some examples to show what is involved in
finding these bounds.

The proofs of Theorems 2.4 and 2.5 will be based on two lemmas.

Lemma 6.1 Suppose that the operator () satisfies the hypotheses 2.1, and that the oper-
ator Q satisfies the same hypotheses with my and m replaced by the L-periodic functions
o and 7. Assume that

0 <7 <m < <,

and that

~

Qlu] < Q[u| for all u with 0 < u < 7.

Then for each unit vector § the spreading speed ¢*(§) of the recursion (2.1) with Q
replaced by Q) satisfies the inequality

(&) < ().

Proof. Choose a function ¢(s,x) which is uniformly continuous in both variables,
L-periodic in x, and nonincreasing in s, and for which my(x) < ¢(—o0,x) < 71(x).
Construct the sequence a,, defined by the recursion (3.4) and the sequence a,, defined by
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replacing @ by @ in this recursion, with ag = Gy = ¢. Then an(c, & s,x) < my(x). If
an(c, & 5,%x) < ay(c, &;s,%x), then
1 (s,y) = max{6(s,y) {Q} glan)(s + ey} < max{6(s,y), Qlan)(s + )}
S max{¢(37 Y)a Qf [a'n](s + ) Y)} = an-‘rl(S? Y)

Since ag = ag, induction shows that a, < a,, for all n, and hence that the limit functions
satisfy a(c, &;s,%x) < a(c, €;s,x). Since by definition a(c*(£),&; 00) < m, it follows that
a(c*(€),&,00) < mp < 7. Thus the property (3.7) of ¢* implies the statement of the
Lemma.

Lemma 6.2 Let L be a linear operator on the continuous functions on H with the fol-
lowing properties:

1. L is periodic with respect to L, and L[e*™!] is defined for all real pu.

2. L s strongly order preserving in the sense that if u is nonnegative and not identically
zero, then Lu] is strictly positive;

3. There is a strictly positive L-periodic function r(x) with the property that L[r] > r,
and the truncated operator

Q" [u)(x) := min{ L[u](x), 7(x)}
satisfies the hypotheses 2.1.

Let (&) be the principal eigenvalue of the operator Luf defined in (2.15) and restricted
to L-periodic functions.

Then the spreading speed &(&) of QW) in the direction € is given by the formula
_ . 1
e(€) = inf { -1 A(u) | (6.1

Moreover, the ray speed C(n) of Q™" in the direction of the unit vector m is given by the

formula
- e ) &
n-C>o

C(n)

Proof. Because for each fixed y the number L[u](y) is a nonnegative bounded linear
functional on the bounded continuous functions, L[u] can be written in the form

LMWD=LM@waﬁ%
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where, for each y € H, m(y;x,dx) is a bounded nonnegative measure in x. (See, e.g.,
Theorem 2 of Section IV.6.2 of [DS58].) Because L takes continuous functions into con-
tinuous functions, m varies continuously in y in the sense of total variations of measures.
The L-periodicity of L is equivalent to the condition

m(y — z;x,dx) = m(y;x + z,dx) for all z € L.

The operator Lu€ defined by (2.15) is then given by

— et (v x. dx
Lglinly) = [ o) (3%, )

for any L-periodic function . This linear operator is just the extension from the finite-
dimensional vector space to the infinite-dimensional space of L-periodic functions of the
matrix operator B,, which was introduced by Lui [Lui89] . We shall prove the Lemma by
extending the proof of Lemma 6.3 in [Lui89].

In order to prove the convexity of the function In A(z&) not only in y, but in the vector
variable p&, we adapt the proof of Lemma 6.4 in [Lui89]. The Perron-Frobenius theorem
is now replaced by the Krein-Rutman theorem [KR50], which states that if p(x) is any
positive L-periodic function, then

S DN

xeP  p(x) xeP  p(x) (6:3)

with equality on both sides when p is the eigenfunction 1 (u€;x) corresponding to \(u€).
To obtain the convexity, choose any vectors p;&; and p2€,, and set pu& = %(Ml& + p2€,)

and p = /¥ (1€, %)Y (112€;x). Then by (6.3) and Schwarz’s inequality,

; N1€1'[Y*X] : M2€2-[yfx] 1/2 ’ ,d
A€, + pats)) < ma S do (€ x)e w(mi%ﬁfﬂzi o }Em(y; x, dx)
< ma {ngl[¢(#1£1)](Y)Lu2€2[¢(U2€2)](Y)}1/2
max
- yer {0 (1€ )0 (p2€a; y) } 1/
= {A(1&) A (12€5) }2.

Taking the logarithms of both sides shows that In A\(u&) is convex in pé..

Once we have this convexity, we can follow the proof of Lemma 6.3 in [Lui89]. For a
fixed unit vector & define the functions

D(p) = (1/n) In A(ug)

and
0

W(p) = a—uln A(pg).
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The convexity of In A shows that ¥ is nondecreasing. The fact that u®’ = ¥ — ® shows
that the graph of W lies below that of ® when p is below the value p* at which the infimum
of ® is attained. If p* is finite, the graph of W crosses that of ® at p*, and then stays
above it. Lui’s arguments show that

W) < o(€) < D) for all j < " (6.4
If p* is finite, both ® and ¥ approach the infimum ®(u*) of ® as p increases to p*. If

W = oo, then L’Hopital’s rule shows that ® and ¥ have the same limit at infinity, and
this limit is the infimum of ®. In either case, letting p increase to p* in (6.4) yields the

statement (6.1) of the Lemma.

The formula (6.2) is obtained by combining (6.1) with the formula (2.10) for the ray
speed, noting that both formulas involve infima, and setting ¢ = u&.

Remark It is easily seen that the first two conditions of Lemma 6.2 and the existence
of r imply all but the last of the hypotheses 2.1. Thus the last part of the third condition
is just the assumption that Hypothesis 2.1.vi is also valid.

Proof of Theorem 2.4 If y is any positive constant, then because L is linear, L[yr]| >
~r. Thus we may assume without loss of generality that » < n. Then the operators ) and
Q"] defined by Q" [u](x) := min{r(x), L[u](x)} satisfy the conditions of Lemma 6.1.
Therefore, ¢*(€§) < ¢(€). By combining this with Lemma 6.2 we obtain the inequality
(2.17) of Theorem 2.4. The inequality (2.18) follows from this and the formula (2.10).

Proof of Theorem 2.5 By the same argument as in the proof of the preceding lemma,
we may assume without loss of generality that » > 7. Then Lemmas 6.1 and 6.2 yield
the inequality (2.20), and (2.21) follows from this and (2.10).

The use of either Theorem 2.4 or Theorem 2.5 depends on finding the principal eigen-
values A(u€) of a linear operator. For problems with a discrete habitat H this is a matrix
eigenvalue problem.

Example 6.1 Recall the stepping stone model (2.3) with the growth function (2.4) of
Ezxample 2.1. We take the periods Ny > 1 and Ny = 1, so that the parameters are periodic
of period Ny in i and independent of j. The linearization M of Q) is given by replacing
g(i,u) by its linearization e"u, where r(3), like d(i), is periodic of period Ny in i.

Let 1)(1) be Ni-periodic and independent of j. Then Me [W](y) = ec‘yM[e_C'xw(x)](y)
1s again Ny periodic and independent of j. Thus the eigenvalue problem MC[Q/J] = \
consists of N1 equations in the Ny independent values ¥(1), ¥(2),--- ¥ (Ny). By taking
account of the fact that the quantities at 0 which occur in the first equation can be replaced
by the values at Ny and that the values at Ny + 1 which appear in the last equation can
be replaced by the values at 1, we find that the operator M+ is a matriz operator with a
simple pattern, which is best conveyed by writing the matrix for Ny = 4:

[1+ {2 cosh ¢z — 4}d(1)]e" ") d(2)e"@ =<1 0 d(4)er @+t
d(1)emrM+a [1 + {2cosh¢a — 4}d(2)]e™(2) d(3)em(® =<1 o o
0 d(2)er(2)+41 [1+ {2cosh ¢y — 4}d(3)]er(3) d(4)er<4)7‘:1 (6.5)
d(1)em (M =61 0 d(3)em(®+C1 [1 4 {2cosh ¢y — 4}d(4)]e”®)
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The principal eigenvalue of this matriz with nonnegative entries, that is, the eigen-
value with a positive eigenvector, is N(C), which can be used in the formulas (2.22) and
(2.23). We recall that the model (2.3) has a positive Ni-periodic equilibrium m; such the
Hypotheses 2.1 are satisfied with this m and mg = 0 if and only if the equilibrium 0 is
unstable. The condition for this is simply that A(0) > 1.

Rough bounds for an eigenvalue can be found by using the finite dimensional case of

the bound (6.3), which is called the Perron-Frobenius bounds. For example, if one sets
(i) = e /d(i), one finds that

min[14 2(cosh ¢, 4 cosh ¢; — 2)d(i)]e"® < A(¢) < max[14 2(cosh ¢ 4 cosh ¢; — 2)d(i)]e" .

These bounds show that if r(i) > 0 for all i, then A(0) > 1 so that 0 is linearly unstable
and the Hypotheses 2.1 are valid with mg = 0, and that when r(i) < 0 for all i, \(0) < 1
so that there is no positive equilibrium. More accurate bounds can be obtained by using a
numerically approximated eigenvector in the Perron-Frobenius bounds.

It remains to determine whether the conditions of Corollary 2.1 are satisfied. It is
easily verified that for every positive & the function g(i,u) is bounded below by (1—8)e" Dy
when u is positive and sufficiently small, and that g(i,u) < e"Du for all positive u if and
only if

t(i) < e'®.
Thus, M satisfies the conditions of Corollary 2.1 if and only if this additional inequality
is valid for all i. Since t(i) < 1, this is automatically true when r(i) > 0, but may be
false if r(i) < 0. If it is false, then the right-hand sides of (2.22) and (2.23) still serve
as lower bounds for ¢*(€) and C(n). However, one only obtains upper bounds by applying
Theorem 2.5 with an L which is obtained from the right-hand side of (2.3) by replacing g
by the linear function max{e" ¥ t(i)}u. The failure of the inequality Q[u] < M[u] does not
imply that the equations (2.22) and (2.23) are not true. In fact, Theorem 3.1 of [WLLnt]
indicates that there may be a weaker condition which suffices to establish these equations.

Example 6.2 We consider the growth-migration model of [KKTS03]
up ={D(@)uz} e+ {D(@)uy}y + ule(r) —u) (6.6)

where D is strictly positive, and D and € are periodic of period 1 in x and independent
of y. This problem was discussed in Example 2.2. The operator () is the time-1 map of
this differential equation. Because for every positive 0, u(e(x) —u) > (1 — &)e(x)u for all
sufficiently small positive u and u(e(z) — u) < e(x)u for all positive u, the comparison
theorem for parabolic equations shows that the time-one map M of the linearized equation
in which u(e(x) —u) is replaced by e(x)u satisfies the conditions of Corollary 2.1. To find
the principal eigenvalue of M~ one looks at a separated solution of the form e7t=917=62Yy)(z)
of the linearized equation, where v depends only on x and is periodic of period 1. This
leads to the eigenvalue problem

D" + (D' =20 D) + [(¢f + G)D = D' + ey = ¢
(1) = (0), ¥'(1) = 4'(0).
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The principal eigenvalue ¥(§) of this equation is that eigenvalue whose eigenfunction 1;
does not change sign. Because of the factor €' in the solution of the linearized equation,

the principal eigenvalue \(C) of the time-one map MC is equal to C) . Thus In X¢) is
to be replaced by 7(¢) in the formulas (2.22) and (2.23).

While (6.7) is an eigenvalue problem for an ordinary differential equation, it is usually
not possible to solve it exactly, and the eigenvalue must be approximated numerically.
Kinezaki, Kawasaki, Takasu, and Shigesada [KKTS03] treated the special case in which
the functions D and € are piecewise constant, and showed how to find the ray speed C'(n)
in this case.

Arguments like those in [PW66] show that if Ne¢ [¢] denotes the left-hand side of (6.7)
and p is any smooth positive L-periodic function, then

N N
mig Cp[p]SV(C)“Qgg gp[p]‘

By choosing p = 1, one finds that
min[(¢f + G)D — (D" + ¢ < 7(¢) < max[(¢f + G)D — (D" +¢].

In particular, we find that min e(x) < 5(0) < maxe(x). This shows that when the growth
rate € is positive everywhere, the equilibrium 0 is unstable, so that there is a positive
equilibrium such that the hypotheses 2.1 are valid with 1y = 0, and that if e < 0 everywhere,
then 0 is stable and there is no positive equilibrium. Better bounds can be obtained from
the above inequalities by using a smooth numerical approximation to the eigenfunction for

pP-

The minimization processes in the formulas (6.1) and (6.2) of Lemma 6.2 may be
facilitated by the fact that the function (- ¢)~!'InA(¢) is convex in the variable o :=
(n-¢)7 ¢+ (1 —n-¢)n]. In particular, the right-hand side of (6.1) is convex in 1/pu.

7 The existence of traveling waves: Proof of Theo-
rem 2.6

To establish the existence of a periodic traveling wave when my = 0 and ¢ > ¢*(£), we
recall the construction of the function a(c, &; s,x) as the limit of the solution a,(c, §; s,x)
of the recursion (3.4). Because of the presence of the maximization on the right, the
formula (3.6) shows that a is not quite a traveling wave. To eliminate this maximization,
we recall that, by Lemma 3.3, the spreading speed ¢*(£) is independent of the choice of
the initial function ¢ = ag, as long as it has the properties (3.3). If ¢ has these properties
and m is any positive integer, m~'¢ also has these properties.
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We define the sequence a,(c, &, m;s,x) as the solution of the problem (3.4) with ¢
replaced by m~1¢. This sequence is again nondecreasing in n, and converges to a function
a(c,&,m; s) as n approaches infinity. Then (3.6) becomes

a(c,&m; &y +s,y) = max{m'¢(€ -y +s,y),
Qlac, &, m; € - x + s+ ¢, x)|(y)}.
The obvious way to get a traveling wave is to let m approach infinity on both sides.

However, it may happen that a(c, &, m;s,x) approaches zero as m—oo. We shall avoid
this problem by letting s depend upon m before taking the limit.

(7.1)

Assume that ¢ > ¢*(§), so that a(c, & m; —o0,x) = m(x), and a(c, &, m; 00,x)) = 0.
We wish to show that there are pairs of points (s, s/,) whose distance s/, — s, is bounded
and such that, for a fixed value xq of x, a(c, &, m; S, Xg) < %m (x0) and a(c, &,m; !, %)
> 171 (%o). This fact with s, = s,, clearly follows from the intermediate value theorem if
a(c, &; s,x)) is continuous in s. However, the uniform convergence of a,(c, &; € - x + s,x))
to a(c, &€ - x + s,x)) on bounded subsets of H does not imply continuity in s.

We shall overcome the possible lack of continuity by a trick found in [Wei82] and
[Lui89]. Choose a z, in £ such that

5 cZo > 0
and an xg in H. For any positive integer m define the sequence
K (0) == 3la(c,&,m; & - [xo + L20),%0) + alc, &, m; € - [xo + (4 1)zq],%o)],

where ¢ ranges over all the integers. Then K, is nonincreasing in ¢, K,,(—oc0) = m(xq),
and K, (c0) = 0. Moreover,

K,,(0)— K, —1)
= 2a(c, &, m; € - [xo + (L + 1)z0), X0) — alc, &, m; € - [xo + (£ — 1)z0],%0)] < 271(x0).

Thus, K,,(¢) cannot decrease by more than half of its range at consecutive integers. It
follows that there must be an integer /,,, such that im (x0) < Kin(bn) < ‘?;im (x0). Because
a is nonincreasing, these inequalities imply that

a(c,&,m; € - [xo + lnZo), X0) > }1771()(0) and a(c, &, m; € - [xo + (b + 1)20],%0) < %ﬂl(XO).
(7.2)

By Hypothesis 2.1.vi there is, for any fixed s and positive integer N, a sequence mEN)
which  increases to oo with 4, and such that the sequence
Qla(c, &, mz(»N); §-x+s+l & zg—nc),x)|(y) converges uniformly for y in any bounded

subset of H, and for all n with |n| < N. By induction we make m§N+1) a subsequence
of mgN). Then by (7.1) and Hypothesis 2.1.v the diagonal sequence a(c,é,mgz);f Cy +

s+ L & 20— (n+1)c,x))|(y) converges to a function of s — (n + 1)c and y which we
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write in the form W (€ -y + s — (n + 1)¢,y), uniformly in y on bounded subsets of H
for every n. Thus the function W (s,y) is defined for all s € R and is nonincreasing in
s. Hypothesis 2.1.v shows that we may take limits on both sides of (7.1) to see that the
sequence u, = W(& - x —nc+ s,x) satisfies the recursion (2.1).

The fact that a(c, §; s,x) is L-periodic in x is equivalent to saying that for any fixed i
the function (s, x) 1= a(c, §; & (x+s+¢€_ 1 & 20, %) has the property ¢;(s+&-z,x—z) =
¥;(s,x) for all z € L. By fixing z and s and letting ¢ approach infinity, we see that the
limit function ¥ (s,x) := W(&-x+s,x) has the same property, which implies that W (s, x)
is L-periodic in x. Thus W has the first three properties in the Definition 2.1 of a traveling
wave.

It follows as before that the limits W (+o0,x) must be periodic equilibria. Hypothe-
sis 2.1.iv shows that the only equilibria between 0 and 7 are these equilibria. Since (7.2)
shows that W (0,x0) > 171 (x0) and W (€ -2, %0) < 3m(x0), and since W is nonincreasing
in s, we conclude that W (—o0,x) = m(x) and W (oo, x) = 0. Thus W has all the proper-
ties of Definition 2.1, and is therefore a periodic traveling wave. We have established the
existence of the periodic traveling wave of speed ¢ in the direction & whenever ¢ > ¢*(§).

To prove that there is no such wave when ¢ < ¢*(£€), we suppose that for some ¢ there
is a wave W (& - x — nc,x) with the desired properties. Because W (—o00,x) = m(x), we
can choose a nondecreasing function ¢ with the properties (3.3) such that ¢ < W. The
Comparison Principle shows that the solution a,, of (3.4) satisfies a,(c, &, s,x) < W (s, x).
Therefore a(c, &; s,x) < W(s,x). Because W (oo, x) = 0, this shows that a(c, &; 00,x) = 0.
Therefore ¢ > ¢*(€) by (3.7). Thus Theorem 2.6 is established.

Remark. By using the methods in [LWL02] we can show that if the time-one map of a
continuous-time problem which is invariant under time translation satisfies the Hypothe-
ses 2.1, then there is a periodic traveling wave of the form W (&-x—ct, x) with W (o) = m;
and W (oo) = 0if and only if ¢ > ¢*(&). When @, is the time-7 map of a parabolic partial
differential equation, the function W satisfies an elliptic or possibly degenerate parabolic
equation. For the equation (2.6) in Example 2.2 with D and r independent of y, the
equation for the wave W (&1x + &y — ct, x) is

—Ws = D(@)[Wss + 26 W a0 + Wao] — €1(2)[6GWs + W] — e2(2)&Ws + ()W (1 - W).

When & # 0 so that |£;] < 1, this equation is elliptic. When & = 0, the equation is
parabolic if ¢ # 0, but degenerate elliptic if ¢ = 0.

8 Partially bounded habitats.

Berestycki and Nirenberg [BH02] have shown how to obtain traveling waves for a partial
differential equation on a region such as the strip —oo < x < 00, —1 < y < 1 when
the coefficients and the boundary conditions are periodic in x. These results have been
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extended in a recent paper of Berestycki and Hamel [BH02] to boundary value problems
on a very general class of domains which are bounded in some directions and periodic in
others.

Example 8.1 Consider the stepping stone model of Example 2.1 not in the whole Fu-
clidean plane, but only on those unit squares (experimental fields) whose centers are of
the form (i — 1/2,5 — 1/2) with j = 1 or 2 and i arbitrary, or with j = 3 and i even.
All other squares will be assumed to have such hostile environments that the population
up, 1s always zero there. We shall assume that the parameters (i, j), s(i,j), t(i, ) in the
growth law (2.4), and the mobility d(i, j) depend only on the function (—1)"* so that they
form a checkerboard pattern. Then L is the one-dimensional lattice of horizontal integer
translations {(7,0)}.

We can extend all our results to such domains by removing the requirement that £
be d-dimensional from Hypothesis 2.1.iii. If the dimension of £ is less than d, there are
direction vectors & which are orthogonal to all members of £. These are just the directions
in which the habitat is bounded. It is clear that neither spreading nor a traveling wave in
such a direction makes sense. If, on the other hand, there is a member z of £ such that
& -z # 0, then all our proofs go through.

In this way we recover all our results with the understanding that only those & which
are not orthogonal to all members of £ are to be used. In particular, the infima in such
formulas as (2.10) are to be taken only over such & or {. For instance, in the above
example, we omit the cases where & =0 or (; = 0.

A Appendix: Proof of Lemma 5.2

We shall first prove the inequality (5.28) when ¢ = 0. We see from the definition (5.26)
of e, and (5.24) that

er(y) = af? ((1+€)S(7(y)), 7(y);
T(y) "y —[A+(

= Q™ (1 +€)S(T(y)), T(y); T(y) - x
—[A+ (1 + —6)(n1 —ng)]
=Qn~ ”0[ V(1+e)S(T(y), T(y)iTly) - x — AS((y))

—_
+
N[ =
™
~—
—~~

Because Q' "*[u](y) depends only on the values of u(x) with [x —y| < ko(n1 — )
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and because Q)y, is order-preserving, we see from the definition (5.26) of ey that if

(1 +€)S(7(x)), 7(x); 7(x) - x — AS(7(x)), x)

> af?(L+€)S(T(y), ()i 7(y) - x = AS(T(y)) + ge(m —no)S(r(y)),x) (A1)
when |x —y| < ko(n1 — ng),

then Q2 "[eo](y) = ei(y). Thus if we can prove the inequality (A.1), we have proved
the case ¢ = 0 of Lemma 5.2.

The inequality (5.25) shows that if
T(x) - x — AS(7(x)) < (R/r)noko, (A.2)

then the left-hand side of (A.1) is no smaller than a;’?), which is an upper bound for the
right-hand side. Thus the inequality (A.1) is valid when (A.2) holds.

On the other hand, (5.10) shows that if
T(y) - x = AS(7(y)) + 3e(n1 — 1) S(7(y)) = nolko — (1 + €)S(r(y))]; (A.3)

then the right-hand side of (A.1) is zero, so that the inequality is again valid. Thus
if we can show that at least one of the inequalities (A.2) and (A.3) holds whenever
Ix —y| < ko(n1 — ng), we will have proved (A.1). To do this, we suppose that the
inequality (A.2) is violated, so that

T(x) - x — AS(7(x) > (R/7r)noko. (A.4)

We recall the identity (5.20), which says that 7(x) = S(7(x))VD(x). Thus we may write
the inequality (A.4) in the form

[VD(x)-x — A]S(7(x)) > (R/r)noko. (A.5)
Because r < S(&) < R for all &, this inequality implies that

[VD(x) - x — A]S(7T(y)) > noko. (A.6)

The identity (5.20) also shows that the inequality (A.3) can be written in the form
[VD(y) - x — A+ e(ni — no) +no(1 +¢€))]S(T(y)) > noko. (A7)

The inequality (A.6) implies this if the coefficient of S(x) on the left of (A.6) is no larger
than the corresponding coefficient in (A.7); that is, if

VD(x)-x—VD(y)-x < 1e(n; — ng) + no(1 +¢) (A.8)

Thus the inequality (A.1) will follow if we can show that the inequality (A.4) and the
inequality
x —y| < ko(n1 — no) (A.9)

37



imply (A.8). To obtain a bound for the left-hand side of (A.8), we define the function
h(0) == VD(y +0(x —y)) - x,

so that h(1) = VD(x) - x and h(0) = VD(y) - x. Because VD is homogeneous of degree
zero, we see that h/(1) = 0. Thus Taylor’s theorem with remainder shows that for some
6 € (0,1)

d
VD(x)-x—=VD(y)-x=31"(0) =3 D Daose, Zals — ys)(zy — ys).
a,By=1
By Schwarz’s inequality
4 1/2
VD(x) - x —VD(y) x < x|y — x[? { > D?MWV} : (A.10)
a,By=1

Because |7(x)| = 1, the inequality (A.4) implies that
x| > rA+ (R/r)noko. (A.11)
The third derivatives of D are homogeneous of degree -2, and
y+0(x—y)| = [x| = |y = x| = [x] = ko(n1 —ng) for 0 <6 < 1.

By (A.11) and (5.27) the right-hand side is positive. Thus (A.10) implies the inequality

VD(x) - x — VD(y) - x < Kol = no)x

= 30l — ko(m — no)) B (4-12)

where 1 is a bound for the square root on the right of (A.10) when its argument is any unit
vector. The right-hand side of (A.12) is nonincreasing in |x|, so that it can be bounded
by replacing |x| by the right-hand side of (A.11). Thus

pk2(ny —no)?[rA + (R/r)noko)
VD) -x = VD) X < o Ry noko — ko(mn — 1)

It is easily verified that the inequality (5.27) implies that this right-hand side is no larger
than the right-hand side of (A.8).

Thus we have proved the inequality (A.8), which shows that (A.1) is true whether
or not (A.2) is satisfied. This, in turn, implies that e; < Q! "[eg] < Q™ ™[eq]. To
obtain the statement of the the Lemma, we observe that replacing the constant A by
A+ €(1 + 3e) replaces ey by e, and e by epy1. Since the constant A + £(1 + 3e) still
satisfies the inequality (5.27), the same proof shows that e,; < Q[e/] for any nonnegative

¢, which proves Lemma 5.2.
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