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COMPETITIVE GOMPERTZ MODEL OF TWO SPECIES

L1-CHANG HUNG

(Communicated by Danielle Hilhorst)

Abstract. In this paper, a competitive Gompertz model of two species is proposed. Furthermore,
under a certain condition, the existence of monotone traveling wave solutions of this model is
shown by the method of super- and subsolutions, which is developed in [6, 15, 16].

Dedicate to my lovely sisters Wen and Chun

1. Introduction

On the basis of the logistic growth equation, the competitive Lotka-Volterra system
which describes the interaction between two distinct species takes the following form:

w =dit+u(Ay —criu—cpav),
xeR, >0, (1.1)
Vi =dovie +v (A —cou—cpv),

where u(x,7) and v(x,7) stand for the density of the two species u and v, respectively;
di, Ai, ci (i=1,2), and ¢;; (i,j =1,2.i+# j) are the diffusion rates, the intrin-
sic growth rates, the intra-specific competition rates, and the inter-specific competition
rates, which are assumed to be positive parameters, respectively.

In ecology, it is important to determine which species will survive in a competitive
system. In order to tackle this problem, we can use traveling wave solutions, which are
solutions of the form

(u(x,1),v(x,1)) = (u(z),v(z)), z=x—01, (1.2)

where 6 represents the wave velocity of the traveling wave.
Under suitable scalings of the dependent and independent variables, the traveling
wave solution (u(z),v(z)) of (1.1) satisfies

Uy +0u,+ u(l—u—ajv)=0,
z€R, (1.3)
dve+0v,+Av(l—au—v)=0,
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where d, A, a; and a; are positive parameters. We remark that the determination of 6
is part of solving system (1.3). A lot of attention has been paid to studying the existence
of traveling wave solutions for (1.1). For instance, see [4, 6, 8,9, 10, 11, 12, 13, 15,
16, 20] and references cited therein. In particular, in [7, 18, 19], exact traveling wave
solutions of (1.1) were constructed by applying judicious ansitz for solutions.

Under certain situations, it is appropriate to use other growth equations rather than
using the logistic growth equation. For instance, the Gompertz growth equation pro-
vides a good fit for the growth of tumors and microorganisms. We derive the Gompertz
growth equation here. Suppose that u = u(¢) is the size of the tumor and r = r(¢) is
the tumor growth rate. The Gompertz growth law can be described by the following
differential equations

D — r(t)ur),

% =—ar(t),

u(0) = ug, r(0) = ry,
where a > 0 is a constant. This system can be solved to give

u(t) = uoe%o(lfeﬂ“).

It turns out that u satisfies the following ODE
d —1
_u:auln<M>, (1.4)
dt u
which is the so-called Gompertz growth equation. We note that the density of species
tends to increase more rapidly at low density under the Gompertz growth equation than
under the logistic growth equation.
Based on the Gompertz growth equation (1.4), we propose the following compet-
itive Gompertz model of two species [22]:

_ 1
wy = dy tprt-u In <u+c12v+a1 +ﬂ1>,
(1.5)

v,:dzvxx—kvln(m—i-ﬂz), xeR, t>0,

where u = u(x,t) and v = v(x,7) denote the densities of species u and v, respectively;
dy and d, are the diffusion rates which are assumed to be positive constants; o, o,
B1 and B, are positive parameters and are related by

1 1

:l— s :1— R
A 1+ & Y+

ouzl, m=l, (16)

where 7 is a positive constant. It is readily seen that (1.5) is a competitive system in

the sense that
df(u,v) dg(u,v)
dv u

>0, >0 (1.7)
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for u,v > 0, where

1
co1u+v+op

f(u,v):uln( —l-ﬂl) and g(u,v):vln( +[32>.

u+tcppv+og

For simplicity, choose oy = 1 and o = . Under the condition (1.6), the correspond-
ing diffusionless system of (1.5) is

_ 1 1
U =uln <u—|—c12v—|—l +7>’
(1.8)
_ 1 1
V[—Vlﬂ(W‘Fl—H—a), t>0,
which has four equilibrium points
& =1(0,0), & =(1,0), &=(0,7), & ="y, (1.9)
where |
. +vycn v —Y+ca . (1.10)
—1+cppe —1+cppe

It is easy to see that the asymptotic behavior of solutions (u,v) of (1.8) with initial
conditions u#(0), v(0) > 0 can be classified into four cases according to the relations
among ci2, ¢21, and y.

THEOREM 1.1. (Local stability of equilibria) Three cases are monostable while
the other case is bistability:

(i) If y <min(cy1,1/c12), then tllglc(u(t),v(t)) = (1,0).
(ii) If co1 <y <1/cia, then tlgl()(u(t),v(t)) = (u*,v*).

(iii) If 1/c1o <y<ca, then tlim(u(t),v(t)) = either (1,0) or (0,7) depending on the

initial conditions.

(iv) If y> max(ca1,1/c12), then tlgg(u(l)m(l)) =(0,7).

Proof. The proof is elementary and hence omitted.

We remark that the local stability of equilibria in (1.8) does not depend on the
value of the parameter o due to the fact that the null line

1
(1) =0 (1.11)
oo ut+v+ao Y+o

turns out to be
oQlutv=y, (1.12)

in which o does not appear.
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Motivated by the method of super- and subsolutions applied in [6, 15, 16], we
establish the existence of traveling wave solutions

(u(x,t),v(x,1)) = (u(2),v(z)), z:=x—ct, (1.13)

for

_ 1 1
U = e+ uln <u+012V+1 +2>’

(1.14)
Vi =V +vin <021uﬁv+a+l—yia>7 xeR, >0
by mean of Theorem 4.2 in [21]. Traveling wave solutions (u(z),v(z)) satisfy
Uy +cu,+uln ++l =0
© < u+cpv+1"'2 ’
(1.15)
VZZ+CVZ+VIH(621M—|}V+OC+1_ y_|1_a> =0, zeR.
When v is absent in (1.5), (1.5) becomes
d +1( ! +ﬁ) (1.16)
up =djttyy+uln (| —— . .
t 1 Uxx Ut oy 1
To simplify the problem, we choose d| =1, oy = o and B = 1+La so that following
Gompertz equation with diffusion is obtained:
1 o
U = e+ 1In (—+—) XxeR, 1>0. (1.17)
u+o l4+o

It is noted that due to the choice i = ¥ in the nonlinear term

1
(g ).
uln u+a+ﬁl

u=0 and u =1 are the two zeros of uln(u_i_La +B1), thatis, f(0) = f(1)=0.

The remainder of this paper is organized as follows. In Section 2, some well-
known results, including the existence of traveling wave solutions for the Fisher equa-
tion as well as minimal speed of traveling wave solutions are presented without proof.
Applying the results in Section 2, Section 3 is devoted to the existence and stability
of traveling wave solutions for (1.17). In addition, minimal speed of traveling wave
solutions for (1.17) is given there. By combining the method of super- and subsolutions
developed in [6, 15, 16] with Theorem 4.2 in [21], we show in Section 4 the existence
of monotone traveling wave solutions which connect the two equilibrium points (0, 7)
and (u*,v*) at infinity for (1.14), under the condition ¢p; < ¥ < 1/cy». Finally, we
conclude the present paper with some remarks in Section 5.
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2. Preliminaries

The following proposition asserts the existence of front solutions for the nonlinear
diffusion equation and the estimate of the minimal speed for which the front solutions
exist.

PROPOSITION 2.1. (Existence) There exists a ¢* > 0 such that if ¢ > c*, the fol-
lowing nonlinear diffusion equation

U =ty + f(u), xRt >0 (2.1)
with the Fisher-type nonlinear term satisfying
fe€'([0,1]), £(0)=f(1)=0, f/(0)>0, /(1) <0, f(u) >0foralluc (0,1) (2.2)
has a unique (up to a translation) monotonic traveling wave solution
u(x,t)=U(x—ct), U(—e)=1, U(e)=0, (2.3)
where c is the propagating speed.

PROPOSITION 2.2. (Minimal speed) The speed of propagation c in Proposition 2.1
has a lower bound c¢* which is bounded above and below by [1]

24/ f(0) < c* <2sup{ @

ue (0,1)}. (2.4)

Let ¢y =2+/f"(0), then we have [17]

o If M%f(;‘f(s) ds < f(0) forall u € (0,1] = ¢* =co (linear selection)

° If%fo1 fu)du = f'(0) = ¢ > co (nonlinear selection)
For the case c* > cg, ¢* is characterized by the following variational formulation [2]

¢ = sup 2 [ /Fehdu
Jo gdu

e } , (2.5)
where © is the space defined by

1
’D:{ge‘fl((o,l)) |g>0,hz—g’>0in(0,1),/0 g(u)du<oo}, 2.6)

or [5] »
f_ i)
¢ = o s 0+ i e

where B is the space defined by

B = {p e ([0,1]) | p>0in (0,1), p(1) =0, p'(1) < 0}. 2.8)
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3. Gompertz Growth Equation

In this section, the existence of traveling wave solutions for (1.17) and minimal
speed can be established using the results in Section 2.

3.1. Existence of traveling wave solutions and minimal speed

THEOREM 3.1. (Existence) Suppose that o > 0 is a constant. There exists a c¢* >
0 such that if ¢ > ¢*, then the following equation with generalized Gompertz growth

ut:um—I—uln( xeR, >0

)
ut+o l1+o

has a unique (up to a translation) monotonic traveling front solution u(x,t) =U (x—ct)
with U(ee) =0 and U(—e0) = 1.

Proof. Let f(u) =u ln(ﬁ + I—FL(X)' Then it is easy to see the following
properties of f hold:
e f€%([0,1]).

o £(0)=£(1)=0. f(0)>0, /(1) <0.
o f(u)>0,Y ue(0,1).

Thus, we have the desired result by Proposition 2.1.

THEOREM 3.2. (Minimal speed) The minimal speed c* in Theorem 3.1 is explic-
itly given as a function of o by

1
=24 /In|l+——]|. 3.1
¢ \/n[+a(1+a)] G-
Proof. Let f(u)=u ln(zﬁ—#(x—kl—kia)' Since a straightforward calculation shows
that |
"0)=In[l 4+ ——— 3.2
fO=mn[t+ ol (32)
it suffices to prove by Proposition 2.2 that
2 u
—2/ F(s)ds < f'(0) for all u € (0, 1]. (3.3)
u=Jo

Indeed, the difference u% Jo f(s)ds— f(0) is

= [ rsas—r)



Differ. Equ. Appl. 6 (2014), 295-307. 301

1 1 2 1 1
- +“—m<+“+a>+m@————+ ) (3.4)
uo o+ o2 4o u+a

2

a u 1 N2 1+ o+ o?

l+oa(l+uta)
=g(u,a).
It is easy to see that for all o >0

lirI(l)g(u7 o)=0 (3.5)

and for all o >0, u € (0,1]

——L—_———m0+g)—3—u+m

u u? o
o
~2(1 D (14— :
(+a+a)n<+l+a+ﬁ><0 (3.6)
These facts imply that for all o > 0, u € (0,1]
g(u,00) <O0. (3.7

This completes the proof of the theorem.

It is clear from Theorem 3.2 that ¢* > 0 can be arbitrarily small if the parameter o
is chosen sufficiently large. This property for the generalized Gompertz model is quite
different from that for the Fisher’s equation u; = uy, +u(1 — u). The minimal speed for
which a monotonic front solution joining u = 1 with u = 0 exists is known to be 2

REMARK 3.1. If f is concave, then the minimal speed ¢* =2+/f"(0) ([1], [14]).

3.2. Stability of Traveling Waves

We employ the technique adapted by Canosa [3] to study the stability of traveling
waves for (1.17). It turns out that these traveling waves are asymptotically stable in
some sense.

THEOREM 3.3. (Stability) Under certain small perturbations, the traveling wave
solutions in Theorem 3.1 are asymptotically stable.

Proof. To show the desired result, rewrite (1.17) in the moving frame

1 o
U = Uy +cu,+uln (—+1—|——OC>7 z=x—ct, 1t>0. (3.8)
For simplicity, let f = W Here a small perturbation V(z,7) which vanishes outside

a bounded interval (—L,L), that is,

V(z,t) =0, for |z|>L,L>0, (3.9)
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is added to the traveling wave solution U(z). Then U(z) + V (z,t) is inserted to (3.8) to
give

1
= | (7 ) Vi (7 ) 3.10
Vi =Uz+Ve+cU+cV,+UIn U+V+a+ﬂ-+ n U+V+a+ﬁ (3.10)
Since U(z) is a traveling wave that solves
1
U +cU Ul(——— ):Q 3.11
zt+cU;+Uln U+toa +B ( )
it follows that (3.10) is reduced to
U+a+BU+a)(U+V+a)
V, = V.. +cV. Ul[ }
e Y VT UL UV T a)
Vl(————— } 3.12
wvin U+V+o +P ( )
of which the corresponding linearized equation is
1
w:wﬁww+{m<ﬁia+ﬁ>—ﬂw (3.13)
_ U P
where y = a0 o) We then look for a solution in the form
V(zt) =v(z)e ™, (3.14)
where v(z) satisfies
VitV + [X —Hn(#—Fﬁ) —Y}V:O
U )
o (3.15)

v(=L)=v(L) =0,

and A is the eigenvalue of the problem (3.15). To solve this eigenvalue problem, we
apply the transformation v(z) = w(z)e™ 2% to get

w=20,

l—(—%—ln(ﬁ—i—ﬂ)—!—y)

(3.16)

2
It is a well-known result that if —51_ —In <%M + [3) + v > 0, then all the eigenvalues
A of (3.16) are positive. Indeed, by Theorem 3.2 we have

2 %2 1

(g )7 5w

U+a+ﬁ)+y (3.17)
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1 1 o
:1n[1—|—a(l+a)]—ln (U+a+l+a>+y
1 1 o
21H[I—F(x(l—i—oc)]_ln (a+1+a>+y
=y:i= u >0
T UT et BlUT )

since 0 < U(z) <1 forall z€R and ¢* is the minimal speed in Theorem 3.2. This
establishes the stability of the traveling wave solutions which were previously shown in
Theorem 3.1.

4. Traveling Waves in Competitive Gompertz Model of Two Species

Sometimes, a competition model can be transformed into a cooperation model by
means of a suitable change of variables. This fact is essential in proving the following
existence theorem for (1.15) under the monostable assumption ¢31 <y < 1/c15.

THEOREM 4.1. (Existence of waves under ¢3; < Y < 1/c12) Under the hypothe-
sis ¢21 < ¥ < 1/c12, (1.14) has a monotonic traveling wave solution (u(x,t),v(x,t)) =
(U(2),V(2)) (z := x—ct) which joins (U,V)(e0) = (0,7) with (U,V)(—e0) = (u*,v*)

forany ¢ > 24/In % where c is the propagating speed of wave.

Proof. System (1.15) is transformed into

1 1y —
(ur)e+e )z + o In <u1 Ten(r—u)¥1 2> -

_ 1 __1 \_
(w)ze e ()t (=70 (g g T -3 =0, i€k,
4.1)
by the change of variables
ui(z) = u(z),
(4.2)

uw(z)=y—v(z), zeR

To construct upper solutions of (4.1), let i) (z) = u(z) and uy(z) = vi(z), where 0 <

u < 1 solves for any ¢ > 2 ln%

— = = 1 1
uZZ—I—cuZ—i—uln(_ —|—7>=O, zeR,
u+1 43)

i(—e) =1, i) =0.

Consider (it1,uy) and (uy,i2), where u;y satisfies 0 < uy < ir; and uy satisfies 0 <
uy < iy. Then (uy,u) and (uy,irp) form a pair of upper solutions for (4.1). Indeed,
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one readily verifies that due to y—up > y— it = y(1 — it) > 0, we have

1 1
_ _ il 1
(U1)zz+c(ur);+upln (IZ1+C12(Y—M2)+1 +2>
1 1 1 1
=u |l —)—1 - <0. 4.4
ul[n<lz1—|—612()/—142)+1+2> n(ﬁ1+1+2>} 4

On the other hand, it is easy to verify that the following inequality is true.

1 1
_ — = 1 1_—
(#02)es +c (i02): + (2= 7) “<C21u1+(y— ) ta Y+a>
1 1
=Y (g +ciuy)+ (yu—17)1 — +1-
Y(uzz Cuz) (7’4 7) n (6‘211/!1"‘(7_ yu)+a v+ O{)
1 1 1 1
= — 71 _— - | — 1_71 1_ <0
yun<ﬁ+l+2> Y( I/L) n<6‘21u1—|—)/(1—12)—|—06+ )/—FOC)

(4.5)

since by means of the fact 0 < u < 1 and the hypothesis of monostable condition
c21 <7< 1/c1p we clearly have

11 11
1 Vo (—+-)= 4,
n<ﬁ+l+2> “(1 1+2> 0 (4.6)
and
1 1 1 1
1 41— >In(— -
n(czlul—l—y(l—u)—f—a y+a> n(yu+y(1—u)+a y+a>
1 1
—n(—— 41— ——)=0. 47
n<y+a+ y—i—a) @7
Let
Fi(ur,u2) = u 1n( ! +1) (4.8)
L) = urt+cp(y—u)+1 277 ’
1 1
Fz(ul,uz)—(ug—y)ln<621u1+(y_u2>+a+l—y+a>. 4.9)
We clearly have for i = 1,2 that
E-(s, %s) >0 (4.10)

for sufficiently small s > 0. Indeed, it is readily to verify that

1 1
F (s,cﬂs> =sln< &1 +—>
2 s+en(y— 75)‘*‘1 2
1 1
:sln< - +5) >0 @.11)

s(1— 5012621) +epy+l
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for sufficiently small s > 0. The last inequality above holds since by hypothesis c¢2; <
Y < 1 / C12

1
S(I—ECIQC21)+C12’)/< 1 4.12)

for sufficiently small s > 0. Also, one readily verifies that

C21 C21 1 1
Bls,——s)=(—=s—7%)In +1—-—
( 2 ) 2 <C21s+(y_fzﬂs)+a y+a>
21 1 1
=(—=s—7)In +1— >0 (4.13)
2 <Czﬂs+y+a y+a>

0), w_ = (u*,y—v*) and R

. — N
for sufficiently small s > 0. Let F = (F,F), wi = (0,
(2),p2(z)) satisfying

(
be the class which contains all the functions p (z) = (p

R= {F € €?(—oo,00) | P’ is monotonically decreasing with ZEIEMF(Z) =wy }
(4.14)
The existence of the upper solution F = (i1, in) satisfying (4.4) and (4.5) gives that
¢ > o*, where
" =
P (Z)+E(P(Z))} s
) . .

®" = inf sup -
» { —pi(z

pER Z,0

We can now employ Theorem 4.2 in [21] to obtain the existence of solution % (z) =
(u1(z),u2(z)) for (4.1) with u;(z), u2(z) monotonically decreasing in z for —oo < 7z <
~+o0 and lirjrg U (z) = we . Finally, set

7—too

u(z) = u(z),
(4.16)

v(z) =y—um(z), z€R

Then (u(z),v(z)) is a solution of (1.15) with (u,v)(+o0) = (0,7) and (u,v)(—oo) =
(u*,v*). This completes the proof.

Changing the roles of u and v, we obtain the following analogous result.

COROLLARY 4.2. (Existence of waves under the monostable condition) Under the
hypothesis cy1 <y < 1/c12, (1.14) has a monotonic traveling wave solution

(u(x,1),v(x,1)) = (U(2),V(2)) (z:=x—ct),

which joins (U,V)(e0) = (1,0) with (U,V)(—oe) = (u*,v*) forany ¢ >2 ln%, where
c is the propagating speed of wave.
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REMARK 4.1. From the proof of Theorem 4.1, we see that in fact (i1, i) also
forms a pair of upper solutions for (1.15) in the sense that

b <o,

_ L 1
(#0)ee+ (i) + i In (lil Ten(y—u) 11 2

1 1
_ _ - o .
(021M1+(Y—u2)—|—(x+1 y-|-(x>\0, zeR
4.17)

(4.1) is a cooperative system, which is verified by a straightforward calculation.

(i12)z+c(i2); + (42 — y) In

5. Concluding Remarks

Under the condition ¢3; < ¥ < 1/c¢12, we proved in Theorem 4.1 the existence of
monotone traveling wave solutions which connect the two equilibrium points (0,y) and
(u*,v*) at infinity for (1.14). For the existence of traveling wave solutions under the
symmetric cases ¥ < min(ca;,1/c12) and y > max(cp1,1/c12), it suffices to consider
only one of the two cases. Therefore, an open problem to be solved is the existence
of traveling wave solutions for (1.14) under the two symmetric cases together with the
bistable case 1/c1, < ¥ < ¢z1. On the other hand, the method of super- and subsolutions
we adapted to show the existence was originally developed in [6, 15, 16]. Accordingly,
it is shown in this paper that this method has broader application, in particular, it can be
applied under the non-polynomial Gompertz nonlinearities. In addition, further inves-
tigations also include how to establish the stability of the traveling wave solutions.
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