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ABSTRACT. We consider the geometry of carrying simplices of discrete-time
competitive Kolmogorov systems. An existence theorem for the carrying sim-
plex based upon the Hadamard graph transform is developed, and conditions
for when the transform yields a sequence of convex or concave graphs are de-
termined. As an application it is shown that the planar Leslie-Gower model
has a carrying simplex that is convex or concave.

Keywords: Carrying simplex, convexity and concavity, globally attracting in-
variant manifold.

1. INTRODUCTION

Many planar discrete-time competitive ecological models with a repelling origin
have a carrying simplex; that is, a one-dimensional invariant manifold linking two
axial fixed points that attracts all points except the origin [6, 14, 15, 19, 23, 24, 14].
Examples of the carrying simplex are shown in Figure 1 for the Leslie-Gower model
discussed below.

Here we study the geometry of the carrying simplex of the well-known planar,
discrete-time Leslie-Gower model from ecology. This model is competitive and its
convergent dynamics are well-understood through application of known results for
planar competitive systems [21, 5] (see results summary below).

Rather than global stability of fixed points per se, we are principally concerned
with the geometry of the carrying simplex. It is known that the Leslie-Gower model
has a carrying simplex for a large range of relevant parameter values [12, 18]. The
aim of this paper is to obtain existence of the carrying simplex through a dynamic
approach and to determine the shape of the carrying simplex. In particular, we
seek conditions for the carrying simplex to be convex or concave.

Our method is similar to that developed for the continuous-time planar compet-
itive Lotka-Volterra equations [1]. We use the Hadamard graph transform method:
Start with the straight line joining the invariant axial fixed points and evolve this
line forward under the discrete-time flow [9, 20]. By global attraction, this line
evolves under the flow to the unique carrying simplex. The well-studied monotonic-
ity properties of planar competitive systems that are usually applied pointwise (e.g.
[6, 20]) to establish ordering between points, in the graph transform context lead
to preservation of the sign of the gradient of the evolving curve. This fact, plus
injectivity of the map on suitable domains, is exploited to obtain existence of a
unique invariant curve joining the axial fixed points which is identified as the car-
rying simplex. Our conditions for the carrying simplex to exist are slightly different
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FIGURE 1. Examples of the carrying simplex (the red line joining
the axial fixed points) for the Leslie-Gower Model (see equation
(9)). (a) shows a convex carrying simplex ¥ with a globally stable
interior fixed point (o = 2,8 =2, a = 1/2,b = 1/3). (b) shows a
concave carrying simplex ¥ with an interior fixed point that repels
in¥ (@« =2,8=2,a=2b=5/3). Note that the accepted
terminology for carrying simplicies states that ¥ is convex if the
line segment joining two points on ¥ lie on or below ¥. When a
convex X is the graph of a function, that function is then concave.

from those recently used by other authors (e.g. [12, 18]) and are motivated in part
by requiring phase space volume to be decreasing with time.

To investigate the carrying simplex geometry, the first step is to show that the
curvature at every point of the evolving curve is either positive or negative after
one iteration. The second step is to show that the sign of curvature cannot change.
When these two steps can be achieved, standard results from convex analysis then
show that the carrying simplex, which is the limit of the evolving curves, is either
convex or concave. For the Leslie-Gower model we are able to show that the carrying
simplex is only ever convex or concave with a single inequality on the parameters
to distinguish between the two possibilities. This is completely analogous to the
planar Lotka-Volterra model in continuous time [22, 1].

In the continuous-time planar competitive Lotka-Volterra model, it turns out
that stability of interior equilibria can be related to the geometry of the carrying
simplex. When the carrying simplex is convex a unique interior fixed point is
globally stable (attracts all interior orbits), whereas it is unstable when the carrying
simplex is concave. As shown in [25] this convexity-global stability relation extends
to n—dimensional competitive Lotka-Volterra systems. In a forthcoming paper [2],
we clarify the convexity-global stability relationship for discrete-time competitive
Kolmogorov systems. As might be expected, for the Leslie-Gower model considered
here, a unique fixed point is globally stable when the carrying simplex is convex
(see Figure 1 (a)) and unstable when it is concave (Figure 1 (b)).
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2. CARRYING SIMPLICES FOR DISCRETE-TIME PLANAR COMPETITIVE SYSTEMS

The planar discrete-time systems that we study are of the form

T = F(xy, = x¢ f (x4,
(1) t+1 ( t yt) tf( t yt) feN = {071’2’.”}.
Yt+1 = G(l'tayt) = ytg(xtvyt)

We will set T'(z,y) = (F(z,y),G(z,y)) and assume that F,G are at least twice
differentiable on an open set in R? containing R% (here Ry = [0,00)). In all the
models we consider, phase space is Ri_ and f > 0,9 >0on Rf_. We use D to denote
the derivative, and DT means the Jacobian matrix for 7.

We will say that a map T : A — R? (A C Ri) is competitive when x < y when-
ever T(z) < T(y) and z,y € A, and strongly competitive when x < y whenever
T(z) < T(y) and z,y € A. Ruiz-Herrera [18] calls a map retrotone when it has the
similar property: z; < y; whenever T'(z) < T'(y) and x; # 0, z,y € A.

Introduce the assumptions

(C1) fz,fy,gx,gy < 0 on Ri;
(C2) Equation (1) has a unique and globally attracting fixed point when re-

stricted to each positive axis; denote them by e; = (A,0) and e3 = (0, B)
where A, B > 0;

(C3) p(M(z,y)) <1 V(z,y) € Q =0, A] x[0, B] where p denotes spectral radius
and

2) M(z.y) = _( s fe@y) 5 fy(@y) )

g(;{y) 9a (2, y) g(fiy) gy(@,y)
(C4) There is a A > 1 such that [0, AA] x [0, AB] is an attractor for R .

Remark 1. The conditions above are stated for ]Rf_, but are a special case of the
n—dimensional problem as treated in [12, 18] (under less restrictive conditions on
differentiability of F,G). Other related conditions for the n—dimensional problem
appear in [19, 15, 7] and the recent paper [16].

Remark 2. Since p(M(z,y)) < 1, I — M(z,y) is invertible and (DT)~* = (I —
M) Ydiag(1/f,1/9) = (> pe M*)diag(1/f,1/g) > 0 by virtue of C1. Hence C1
and C3 imply that (DT)~ > 0 on Q [12, 18]. In proposition 4.1 of [18], the author
uses this property of the inverse on Rf and proposition 2.1 of [14] to conclude that T
1s retrotone and one-to-one on Rf. An alternative approach worth mentioning is to
note that since § is rectangular, results for maps whose derivative are P—matrices
may be used. In particular, theorem 5 in [8] applies to yield T(x) <T(y) =z <y
whenever x,y € ().

C2 shows that each axial fixed point is globally attracting on its respective
positive coordinate axis and implies that f(0,0) > 1,¢(0,0) > 1. Accordingly
DT(0,0) = diag(f(0,0),9(0,0)) has eigenvalues exceeding unity and hence the
origin O = (0,0) is a repeller in R2.. It follows from Remark 2 and Theorem 4.1 of
[24], that T is injective on §2. Condition C3, which appears in [12, 18], also plays an
important role in ensuring that the carrying simplex is unique. The last condition
(C4) ensures that all points in R? eventually enter [0, AA] x [0, A\B] and remain
there.
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Under conditions C1 - C4 there exists a unique carrying simplex; that is, a
Lipschitz invariant manifold passing through all non-trivial fixed points (i.e. those
other than O) of (1) and that attracts R% \ O [12, 18, 7].

Many of the techniques utilised to study competitive discrete-time maps owe
their origins to P. de Mottoni and Shiaffino’s study of the attractors and repellers of
the competitive Poincaré map of the periodic competitive Lotka-Volterra equations
[6]. In particular Theorem 5 of [6] describes the carrying simplex ¥ (although not
named as such there) as the relative boundary of the basin of repulsion of O for the
Poincaré map, and shows that ¥ is the graph of a decreasing function connecting
the axial equilibria. In [17] Theorem 5, the carrying simplex appears as the unstable
manifold of a saddle fixed point p, and is a decreasing curve that joins fixed points,
but the case where p is an interior stable fixed point is not covered. For a similar
description of ¥ in terms of stable and unstable manifolds, see also Theorem 6.9 of
[10].

3. ALTERNATIVE CONDITIONS FOR EXISTENCE OF THE PLANAR CARRYING
SIMPLEX

In some applications the map T is not injective on the rectangle €2 and some
refinements are necessary. We introduce an approach that also leads naturally
to the investigation of the curvature of . We use the graph transform method
introduced by Hadamard [9], originally for differential equations, and widely used
in the study of stable, unstable and centre manifolds of the fixed points of maps
(see, for example, [11]).

We recall that A C U(open) is absorbing (for T in U) if for each bounded B C U
there exists a 7(B) such that T%(B) C A for all t > 7(B).

Theorem 1. Assume

(CY’) There exists a rectangle R = [0,a] x [0,b] with a > A,b > B (with A, B as
in C2) where Fy > 0,Gy > 0,F, <0,G, <0 and fv F,ds <0 for any line
segment v C R of positive length.

(C2) FEquation (1) has a unique and globally attracting fized point when restricted
to each positive axis: e; = (A,0),eq = (0, B) where A, B > 0;

(C3’) There exists a compact and connected absorbing set A C R for T such that
det DT > 0 in A, and (ﬁdetDT) <1lonA\O.

Then there exists a carrying simplex ¥ for (1); that is a 1-dimensional invariant
and Lipschitz manifold that attracts Rﬁ_ \ O.

Conditions C1’ and C3’ imply that the restriction T : A — TA is injective. To
see this note that 7" is a proper map (using the closed mapping theorem and that A
is compact) and locally invertible, since det DT > 0 in A. Thus by Lemma 2.3.4 in
[3] (since we have assumed that A is connected) the number of elements in 7! (y)
is a constant r for each y € TA. To show that » = 1 we just recall that we assume
throughout that f,g > 0 on R% so that 7-!(0) = {0}.

The following lemma shows that when M (z,y) > 0 (as under C1), C3’ can be
linked to C3.

Lemma 1. When M(z,y) > 0, for some (x,y) € R3 the condition p(M(z,y)) < 1

is equivalent to 0 < %m <1
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Proof. Note that ﬁ det DT = det(f — M) = (1 — A1)(1 — A2) where Ay, Ay are the
eigenvalues of M. Since M > 0, both eigenvalues A1, A2 € R with max{A1, A2} > 0.
If p(M) < 1 then |A\] < 1,|A2] < 1 and 0 < (1 — Aq)(1 — Az2) < 1 so that 0 <
75 det DT < 1. 0

We will split the proof of Theorem 1 into 2 parts. The first part will show the
existence of an invariant curve that connects the 2 axial fixed points. The second
part proves that this curve attracts all points in ]Ri \ O. We use graph(¢) to denote
the graph of a function ¢ and for each set S, ¢|s denotes the restriction of ¢ to S.

We will use the Schauder fixed point theorem that says that a continuous oper-
ator ® from a convex compact subset K of a Banach space B into K has a fixed
point, i.e. an z* € K such that ®(z*) = 2* (e.g. [4]). Since we are concerned with
invariant manifolds of a discrete-time flow, our approach is to find the carrying
simplex ¥ as the fixed point of a sequence of manifolds {M;}{2 in a suitable con-
vex space K of manifolds. We choose K to be the set bounded Lipschitz manifolds
of Lipschitz constant at most one 1, since the invariant limits are always objects
with no holes on which a reduced system of one dimension less can be studied. At
some steps in the construction, however it is easier to work with functions ¢; whose
graphs graph(¢;) = M, since the Lipschitz property of each graph M; comes (in
our setting) from the fact that each function ¢; is a decreasing function (in the
coordinates of (1)).

In the following we use a simple coordinate change (a rotation by 7/4) to relate
decreasing functions to bounded rank-1 Lipschitz manifolds.

Proof. (of Theorem 1)

3.0.1. Euxistence of an invariant manifold. Existence uses the assumptions C1’ and
C2 only plus the Schauder fixed point theorem. Here we find it more convenient to
work with a new rotated coordinate system.

The flow of (1) in new coordinates (u,v) = (%,%) is given by upy1 =
1 utv v—u utv v—u _ _ 1 utv v—u utv v—u _
L (P ) = G2, 22 ) = Flu,v) and vy = 5 (P2, 258) + G, 252)) =

G(u,v). Let Ly (A, B) denote the set of Lipschitz functions ¢* : Iy := [—%, %]
R, with Lipschitz constant at most 1 that satisfy (25*(%) = % and gb*(%) =5
The map T induces a map 7* : L1(A, B) — L1(A4, B). To see this, consider distinct
u,v € Iy and let us suppose that ¢* € L1(A, B). If ¢* — T*¢* under the flow T,
then 7*¢* has Lipschitz constant at most 1 on I if

G(u, ¢ (u)) = G(v,¢" (v))| < |F(u, ¢"(u)) = F(v,¢"(0))|,  Vu,v € Io.

But for I the line segment joining the points with parameter values u, v,

/FGu ds(u —v) + /F Gy ds(¢™(u) — ¢*(v))

= (u—v) (/FGud5+/FG“d8 (W>)
and similarly

Flu, 6" () — F(o, 6" (v) = (u— ) ( [ Fuds+ [ o (“1”‘“))) .

u—v

1

B

G(u, ¢*(u)) = G(v, ¢ (v))
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Now Fy = §(Fy — Go — Fy + Gy), Fy = $(Fo = Go + F, — Gy), Gy = 3 (Fy + Gy —
F,—Gy), G, = %(Fx—i—Gx—i—Fy—l—Gy). Leta= fr F,.ds, b= fr F,ds,c= fr G ds,
d= fr Gy ds. Then we obtain

IG(u, ¢*(u) — G(v, ¢*(v))| ‘fr Guds + [ G, ds (%)‘
F(u, 0" (w) — F(0, 6" (0))] ‘fr Fuds+ [ F,ds (%)‘
(3) _ |3+C—b—d+(a+b+c+d)0\:C(e)

la—c—b+d+(a—c+b—d)f

where § = £ (W=¢"(V)

We will now use that a > 0,d > 0 and b < 0 (see condition C1’), and ¢ < 0
together with |6] < 1 to show that (i) the denominator of ¢ cannot vanish, and
(if) ¢(9) < 1 for @ € [-1,1]. For (i), the denominator vanishes if and only if

a=c g
§ =2=c=btd Byt 3—c>0and d—b > 0 so that a’c’“d‘: bt

d+c—a—b" d+c—a—b %,1 > L

This shows (i). For (ii), first note that the expression {(6) in (3) is monotonic in
6. When 6 = —1 we have ((—1) = %‘ < 1 (since b < 0), and when 6 = +1

we have ((+1) = )% < 1. Since ¢ is continuous and monotonic on [—1,1] and

¢(—1) <1, ¢(+1) <1 we have ((0) <1 for all § € [-1,1]. The conclusion is that
T*¢* € L1(A, B) if ¢* € L1(A, B).

T* : Li(A,B) — Li(A, B) is continuous and satisfies (7*¢*)(F(u,¢*(u))) =
G(u, ¢*(u)), u € Iy for each ¢* € Li(A,B). By C2, f(0,0) > 1,¢(0,0) > 1
which implies there exists an v > 0 such that f(z,y) > 1 and g(z,y) > 1 for
(z,y) € R\ E,, where E, := {(z,y) € RZ : 2 +y > v}. E, is forward invariant
under T. Now define the set Ly, (A4, B) = {max{¢*,v} : ¢* € L1(A4, B)}. Then
L, (A, B) is mapped into itself under 7%, and is a compact convex subset of the
Banach space of continuous functions on Iy. Hence by the Schauder fixed point
theorem 7* has a fixed point in L, ,, (A, B) which we denote by $*. By construction,
%> = graph(¢*) is an invariant manifold of Lipschitz rank 1 with (4,0),(0,B) €
and O € X.

We can say more about X, namely that it may be also represented as the graph
(in z,y coordinates) of a locally Lipschitz and decreasing function quS

For suppose that é* does not become a locally Lipschitz and decreasing function
¢ under the change of coordinates from (u,v) to (x,y). Then there are distinct
points u,v € Iy such that é*(u) — ¢*(v) = v — u. Since graph(¢*) is invariant
T*¢* = ¢* and w < 1 by setting § = —1 in (3) and using that
d > 0, and b < 0. This contradicts that qg*(u) — ¢ (v) = v —u. Hence 6 is a locally
Lipschitz and decreasing function.

3.0.2. Global attraction. To obtain global attraction of R3 \ O to ¥ we will use
injectivity and contraction of phase space by using a suitable measure. Since the
absorbing set A C R, it is sufficient to show that ¥ attracts R\ O. Here we find it
more convenient to work with z,y coordinates, and nonincreasing functions.

Let Lg0c([0,a]) denote the set of locally Lipschitz functions ¢ : [0,a] — [0, ]
that are strictly decreasing on their support. Take ¢g € L 10c([0, a]) with nonempty
support [0,x0) C [0,a]. It is straight-forward to show (formally) that under the
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mapping T the function ¢g evolves to a new function ¢; given implicitly by

(4) ¢1(F(1‘,(;50(.T)) = G(x’¢0(x))v U [0,(1].

To properly define ¢, we need that F(-, ¢o(+)) is invertible on [0, x1] where x1 =
T1(x0,0). We have for 0 < 2’ <z < x; that

F(z,¢o(x)) = F(2',¢0(2")) = F(z,¢o(z)) = F(2', ¢o(x)) + F(2', do(x)) — F(a', do(2)).
Now F(x,¢o(x)) > F(2',¢0(x)) since F, > 0, and the combination that ¢q is

decreasing and F,, < 0 implies that F(z/, ¢o(x)) > F(2', po(x’)). Hence F(-, do(-))
is strictly increasing and hence invertible on [0, x1]. Moreover,

P1(F(z, ¢0(2)) — ¢1(F (', ¢o(a)) = Gz, do(2)) — G(z',¢o(2"))

= {G(x,¢0(x)) — G(', do())}
+HG(@', go(x)) — G(a’, do(2"))} <0
by virtue of (C1’), so that since F(-,¢o(+)) is invertible, ¢; is decreasing for = €
[0,x1]. Hence ¢; is a decreasing function on [0, x1] and we extend ¢; to [0,a] by
defining ¢ (z) = 0 for = € [x1,a]. Hence functions in L ,.([0, a]) are mapped into
functions in L4 0¢([0, a]) by the map T.

Choose any (zg,y0) € R := [0,a] x [0,b] and let ¢g be any smooth decreasing
function with graph(¢o) C R, yo = éo(zo) and ¢o(x) = 0 for some x € (0,a].
Construct the sequence of decreasing functions {¢; }+eny with each ¢¢ € Lg 10c([0, a])
using the above construction so that

(5) ¢t+1(F(xa¢t(x)) = G($,¢t($)), T e [O,G].
For ¢ large enough, say ¢ > 7, graph(¢:) C AN E,.

Set Q¢ = {(z,y) € R : min{gy(z), ¢(x)} <y < max{¢;(z),¢(x)}}. Fort >,
Q: C ANE, and T is injective on A, T is invertible on ;. For each € > 0 introduce
the area form dA = (x + €)~(y + €) " 'dx dy. Then for ¢t > 7 + 1, and o satisfying
SUPAnE, ﬁ det DT < 0 < 1,

1
/ 4= /TQ Ti(e.y) + ) (Dolay) + 0
1

1
/Qf,_l (@ +¢/f(2,9)(y +€/9(2,y)) {f(x, v)g(z,y)
1

o

/QH (z+e€/flz,y)(y+e€/g(z,y))

o(z+e)(y+e) /
= dA <o dA,
/QH (+€/f(z,9)(y +€/9(x,y)) -

using that Q; € AN E, for t > 7+ 1, and by choosing ¢ > 0 sufficiently small. To
summarise, we have shown that the dA—measure of the set of points between the

graph of the decreasing continuous curve ¢; and the Lipschitz invariant manifold
> decreases with iterations. Moreover, we have er dA — 0 ast — oo. Since

dA = m dz dy, the (Lebesgue) area of Q; — 0 as t — oo.

Now we show that as a consequence ¢y — ¢ pointwise. We work with the
scaled ¥4 (v) := & @r(xiv), and P(v) = Fo(vA), v € [0,1] where x; = T{(xo,0),
& =TE(0,&) and xo = X, {o = ¢0(0). Suppose that there exists an s € (0,1) such
that ¥:(s) 4 1(s) as ¢ — oo. Then there is an € > 0 such that for all N € N

det DT (z,y) dx dy

det DT (x, y)} dz dy

dx dy
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there exists t(V) > N for which [¢yny(s) — O(s)| > e If Yy (8) > {(s) + € then
I?t s = (1/;)_}(1[)(8) + e)A < sand J = [¢,s]. Then the area Sy := [, ¢yn(2) —
P(z)dz > fJ Y(s) +€—(z)dz > 0, since Yy is a strictly decreasing function. If
Yy (s) < Y(s) — e then let s := ()" 1(¢)(s) —€) > s and J' = [s,s”]. Then the
area Tx := [, D(2) — Yoy (2) dz > I U(2) + € — (s) dz > 0. We may choose a
subsequence {t(Ny)}ren of {t(IV)}nen such that either ¢y, )(s) > U (s) + € for all
k€ Nor ¢yn,)(s) < zﬁ(s) — € for k € N. For simplicity, let us assume that former
case holds; the latter case is similar. Then Sy, > p for some p > 0 for all k € N.
On the other hand, as the area of Qn tends to zero as N — oo, the area Sy, — 0

as k — oo, and so we obtain a contradiction. Hence 1 (s) — t(s) as t — oo for
each s € (0,1). O

4. CURVATURE OF THE CARRYING SIMPLEX
Consider the convergent sequence {¢; }ten it Ly 10c([0, a]) described immediately
above, with the initial curve ¢o(z) = B — x/A. Since ¢, inherits the smoothness of
¢o we have on [0, A]
_ Galz,01(2)) + Gy (2, ¢4(2)) ¢} ()
Fo(@, ¢4(2)) + Fy (2, 64(2)) 03 ()
By differentiation of (6), we find that

G+ Gyl
(F—i—inzz)’;Q(Fm+2Fwy¢i+Fyy 2+ Fye)) =
z+ Fyoy

(6) Gy (F(, ¢ ()

(Fr + Fy‘%)‘ﬁﬁl oF +

Guw +2Goy ¢ + Gyyd? + Gy,

Fy + Fy¢}
It is possible to write this last expression in a more concise form by setting £ =
(1,00)":
" 1 r.G,-F,G
foF = ———— (DFTO)ETD*GE — (DGTE)ET D*F T Mys
¢t+lo (DFTg)S (( £)£ f ( 5)5 £)+ (DFT€)3 t

We now note that taking into account C1’ and C3’, the coefficient of ¢} in (7) is
always positive. Let us set

(8) A; = (DFTE)ETD*GE — (DGTE)ET D Fe,

where the righthand side is evaluated at (z, ¢:(z)).

We always start by taking ¢g to be the linear function whose graph joins the two
axial fixed points; the principal reason being that then ¢ (z) = 0 for z € [0, A] and
x: = A, & = B for all t € N. Arguing by induction, suppose that ¢; is convex and
Ay(xz) > O0forall z € [0, A] and ¢t € N. Then we see that, for each t € N, ¢}, j0F >0
for all € [0, A], so by inverting F'(-, ¢+(-)) as above we see that ¢} _,(x) > 0 for
z € [0, A]. Thus {¢:}ien is a sequence of bounded convex functions. Similarly, for
each t € N, if Ay(x) < 0 for all x € [0, A] then ¢} ; < 0 and {¢;}ren is then a
sequence of bounded concave functions. Thus in the case where each ¢} > 0 for
t=1,2,..., X is the graph of a convex function, and in the case where ¢} < 0 for
t=1,2,..., ¥ is the graph of a concave function.
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Definition 1 ((Convexity/Concavity of X).). Let the carrying simplex ¥ be the
graph of a function ¢ on [0, A]. Then we say that ¥ is convexr(convexr) when the
function ¢ is concave(convez).

Theorem 2. Consider the system (1) subject to conditions C1, C2 and C8’. Then
for A, t € N defined by (8):

(1) If At > 0 for all t € N then the carrying simplex is concave.

(2) If At <0 for all t € N then the carrying simplex is convex.

5. APPLICATION: LESLIE-GOWER MODEL

For this model
ax By
F - s A—
9) (z,y) T rotay G(z,y) [

The fixed points are ¢g = (0,0), e = (o — 1,0), ea = (0,8 — 1) and p =
(“(1715_);;0‘71, 571?_1’((1};“)) which only exists when either (a) a < % < % or (b)
b < gj < % Cushing et al. [5] show that if (a) a, 8 < 1 then eg is globally
asymptotically stable on R%, (b) @ > 1,8 < 1 then e; is globally asymptotically
stable on intR%, (c) a < 1,8 > 1 then ey is globally asymptotically stable on
intRi. When a > 1,8 > 1, ¢y is a repeller and there are 4 distinct cases: When
(a) bl —1) > B —1,a — 1 > a(B — 1) then e; is asymptotically stable on intR%
and ey is a saddle, (b) b(a—1) < B—1,a—1 < a(8—1) eq is asymptotically stable
on intR% and e; is a saddle, (¢) when b(a — 1) < #—1,a —1 > a(8 — 1) then
the interior fixed point p is globally asymptotically stable on int]R%r and (d) when
bla—1)>p—1,aa—1 < a(B — 1) then the interior fixed point p is a saddle.

Here we are concerned with the case o, 5 > 1.

First we must show existence and uniqueness of the carrying simplex.

Lemma 2. The Leslie-Gower model (9) has a unique carrying simplex for all a,b >
0 and a, 8 > 1.

Proof. Conditions C1’ and C2 are easy to verify with R = Ri and A = a — 1,
B = —1. Now consider C3”:

a(l+ay) —aax x ax

(I+z+ay)?  (1+z+tay)? 1+z+ay 1+ztay
DT(w,y) = —Bby st | M@ )= by y '

(1+bx+y)?  (1+bz+y)? 1+bz+y  1+bz+y

Thus det DT (z,y) = (1+;¥f(511,;r2a(§12§)+y)2 > 0 on R%Z. T is strongly competitive
on intR%. T is competitive and a local homeomorphism on R%, so that by The-

orem 4.1 of [24], T is injective on the whole of R%. Moreover, 0 < ﬁ det DT =

% < 1in R% \ O and hence condition C3’ is satisfied. By Theorem

1 ¥ exists. For the absorbing set A we may choose A = [0, o] x [0, ]. O
We now reveal the geometry of X:

Theorem 3. For the map defined by (9) with o, 8 > 1 and a,b > 0 there is a
unique carrying simplex 3 which is convez, concave, or a straight line. Set § =
(I+a(B-1)A+bla—1))—aB. Then if (i) 6 =0, X is the straight line segment
joining e1 = (a—1,0) and e; = (0,8 —1), (it) 6 > 0 then ¥ is concave, and if (iii)
0 < 0 then ¥ is convew.
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(Thus, as a reminder g% is a convex function when § > 0, but X is referred to as
concave).
Proof. Let us first find conditions for the line ejes to be invariant. The straight line
through e; and es is given by ¢(x) = -1+ (%_f) . By invariance we require
from ¢(F(z, d(x)) = G(z, d(x)) the identity

]

1+ ¢(x) + bz 1+ x4+ ap(x)
Hence we compute
(afl)(a(%vLﬁ—l)vaJrl) br+ 2= 4 B
This simplifies to
z(B-1D(x—a+1)(a(B-1)bla-1)+1)+bla—1)—af +1) _o.

(z+D(@=1)—a(-1)(@—-a+1)(zbla-1)=F+1)+(a—-1)f)
For this to hold for all z € [0, — 1] we need
a(B-1)bla=1)+1)+bla—1)—af+1=0,
which tidies to
d=1Q+al-1)1+ba—-1)—aB=0.
This proves part (i) of the theorem.
Now we start with ¢o(z) = (1 — B)(5%5 — 1) It is easily shown from (8) that
2af3 (agi(x) +1 — axg(x)) (bpi(x) — (br + 1)¢}(x))
(ade(z) + = + 1)3(bx + ¢¢(x) + 1)3

(10) % (1= a-+ (1 — ab)a)ey(w) + (ab— )u(x) +b—1).
We note that since each ¢; < 0, A; > 0(< 0) when
(11) hi(z) = (1 — ab)z + 1 — a)¢;(z) + (ab— 1)gy(z) + b —1 > 0(< 0).
A simple computation shows that when t = 0, ho(z) = % for all z € [0, — 1].
In fact, as we now show that when & > 0, hs(0) > % > 0 for all t € N. We have
ht(0) = (1 — a)@}(0) + (ab — 1)(8 — 1) + b — 1. Arguing by induction, we have
ho(0) > 0if 6 > 0. If h(0) > 0 then (1 —a)¢y(0) > 1 —b+ (1 —ab)(8 — 1), and
using (11)
hir1(0) = (1—a)@f,(0)+ (ab—1)(B—1)+b—1

_ —b(B—1) + ¢4(0)

= (1-a) <aﬁ/(1+a(ﬁ_1))) +(@b—-1)(B—-1)+b-1
b(ﬁ - 1)(1 _;12_3+ (1 — a)d)t(o)) + (ab— 1)(6 . 1) +bh—1
—-b(B—-1)(1—a)+1-b+(1—ab)(B— 1))

af

Ay

— (+aa-1) (=

> (a0
+(@b-1)(B-1)+b-1
- 1(1+b(a—1)+a(1+b(a—1))(5—1)—aﬁ):g.

(0%
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Thus when 6 > 0, h(0) > 0 for all ¢ € N. When 6 < 0, ho(0) < 0, so now
(1—a)¢i(0) <1—0b+4 (1 —ab)(8—1). Now apply induction in the same way to
obtain hy1q < g < 0. The conclusion is that when 6 > 0, h;(0) > 0 for all t € N
and when 0 < 0, h;(0) <0 for all ¢t € N.

At the other end of the interval, x = « — 1, we have the recursion relation for

af
Trb(a—1) Wt

the derivative: w41 = T—ala—Dw;’

where w; = ¢;(a — 1). As usual we consider

af5
the sequence w; with wy = f_;i The gradient of the function ¥(w) = %
at w=01is & = #571) > 0. When & > 1 there are two fixed points, namely

% < 0. When £ < 1, w* = 0 is the unique fixed

point. Also we have ﬁ(f_;é) = (1+b(a—1)(§(ﬁl+a([3—1)) % Thus if § > 0, H(wg) > wy
and if § < 0 then ¥(wp) < wg. Since ¥ is increasing, when ¢ > 0, the sequence w;
with wy = 221 satisfies wys1 = 97 (wo) = ¥ (I(wo)) > V' (wo) = wy, so that w
is then an increasing sequence. On the other hand, if § < 0 then w; with the same
wy = % is a decreasing sequence.

When £ < 1, then § > 0, and so w; increases from wy < 0 to the next fixed
point which is w* = 0. When £ > 1 there are two fixed points 0, w3 and wy —w; =

When § > 0 we have wy < w3 and w; increases to the next fixed

* T
w] = 0 and w3 =

@ DLHE=T)-
point which is w3, and when 6 < 0 we have wy > w3 and w, decreases to the next
fixed point which is also w3.

We recall that ho(a — 1) = ﬁ. Using information of the derivatives obtained
above, we will now show that when § > 0 then h;(a—1) > 0 for all ¢ € N and when
0 < 0then hy(a—1) < Oforallt € N. Weset v(s) = ((1—ab)(a—1)+1—a)s+b—1.
Since v is affine in s, when I = [¢, d] is an interval of R, we have v(s) > 0 for s € [c, d]
if and only if v(c) > 0 and v(d) > 0.

Suppose that & < 1, which implies that § > 0. Then also we have from

& = #571) < 1, upon rearrangement that b > % > 1 since a, 8 > 1. We

established above that when & < 1, wy € [%,0). But fu(i;f.f) = 2. > 0and

v(0) = b—1> 0. Hence we see that hy(a—1) = v(w;) > 0 for all t € N when & < 1.
When ¢ > 1 we may have either § > 0 or § < 0, but in both cases monotone

convergence to ws: When § > 0, w; T wj sow; € [i;fi, w3), and when ¢ < 0, wy | w3
sow; € (w3, i;_[i] Now, after simplification, we find that v(w3) = Wj_b(a_l)).

Thus when é > 0, v is positive at both s = i;j and s = w3, so that we conclude
that when £ > 1 and § > 0 then hy(«—1) > 0 for all ¢ € N. Lastly, when £ > 1 and
0 < 0, v is negative at both s = w} and s = i;_[;, so that we conclude that when
&>1and § <0 then hy(ov — 1) < 0 for all t € N.

To summarise the above result: If § > 0 then h:(0) > 0,hi(a — 1) > 0 for all
t € Nand if 6 <0 then ht(0) < 0,hy(— 1) <0 for all t € N.

Having studied h; at the endpoints * = 0, — 1, we now consider h:(x) where
z € (0,a—1).

Differentiating equation (11) we obtain
hi(z) = ((1 = ab)z + (1 = )¢} ().

Thus h}(z) = 0 for some z* € (0, — 1) if and only if at least one of the factors
(I —ab)z* +1—a and ¢} (z*) vanish.
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If ¢ is the first time that ¢}, ; changes sign on (0, « — 1), then since ¢} (z) > 0 for
x € (0,a— 1), the only point in (0, — 1) where h} can change sign is z* = 1“:;,) €
(0,a — 1) and this requires either (a) 1 <a < 1/band a —1 < (a — 1)(1 — ab) or
(b)l>a>1/band a—1 > (a—1)(1 —ab). In the case where neither of (a) or (b)
hold, h; is either nonincreasing or nondecreasing on [0, « — 1] and hence h;(z) > 0
for all z € [0, — 1] when § > 0 and hy(z) > 0 for all € [0, — 1] when § < 0.
This leaves cases (a) and (b).

In case (a), we note that

0 = (1—a)(1—=0b)4+ba(l —a)+aB(l—0>b)+ (ab—1)ap
(I—a)(1 =b)+ba(l —a)+ B(a(l —=b)+ (ab—1)a)
(

= (1-a)(1-0)+ba(l—a)+pla—1+(ab—1)(a—1))<0.

The derivative h}(x) > 0 for x € (0,2*) and h}(z) < 0for x € (z*,1—«). Hence h; is
nondecreasing to a maximum h;(2*) at x = 2* and nonincreasing for x € (z*, a—1).
Since hy(x*) = (ab — 1)¢¢(x*) + (b — 1) and in case (a) we have a > 1,ab < 1 so
that b < 1, hy(z*) < 0. Since this is the maximum value of h; in (0, — 1) and
we have already established above that h:(0) < 0, hy(aw — 1) < 0 when 6 < 0 we
conclude that h;(z) < 0 for all € [0,a — 1]. The case (b) is similar, with § > 0
and h; reaching a minimum in [0, — 1] of ht(z*) > 0, so that when § > 0 we have
hi(x) > 0 for all x € [0, — 1].

Putting all this together we find that when § > 0(< 0), hy(z) > 0(< 0) for all
x € [0, — 1] and ¢ € N. From (10) the same is true for A; and hence by Theorem
2 we see that ¥ is concave when § > 0 and convex when 6 < 0. g

6. DISCUSSION

We have reviewed conditions for the existence of a carrying simplex in planar
discrete-time competitive Kolmogorov systems, and introduced a condition that
implies that a measure of phase space area is decreasing with iterations. Using
this condition we prove the existence and global attraction of the carrying simplex
which is the graph of a decreasing function that joins the two axial fixed points.
Our method is based on the graph transform of Hadamard and also provides us
with a method for determining the sign of the curvature of the carrying simplex.
When applied to the well-known planar Leslie-Gower model of population dynamics,
a model which is recognised to display similar properties to the continuous time
planar Lotka-Volterra competition model, we find that, as in the continuous time
case, the carrying simplex can be only convex or concave. In the continuous time
Lotka-Volterra competition model, through the use of the Split Lyapunov method
[25, 13], we know that the geometry of the carrying simplex determines the stability
of interior fixed points: when the carrying simplex is convex(concave) the interior
fixed point is stable(unstable). In the discrete Leslie-Gower model, it is known
that for weak(strong) competition the interior fixed point is stable(unstable), and
also that for weak(strong) competition the carrying simplex is convex(concave).
However, there is a similar link between the geometry of the carrying simplex and
stability of interior fixed points in that an interior fixed point is stable(unstable)
when competition is weak(strong) and in these particular cases the carrying simplex
is convex(concave). In future work [2] we will look at the direct link between the
geometry of the carrying simplex and stability of fixed points.
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