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Abstract. The present paper is concerned with a calcium model of muscle at rest and a dynamical
analysis of it. We show that the model is well-posed; that is, the solution representing the state of
the model inside a special pyramid never leaves it as time evolves. Moreover, an analysis of its
steady states is given.
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1 Introduction

In this paper we analyze the dynamics of a physiological model (see the diagrams (A) and (B) below)
near equilibrium, see [9]. The full model accounts for a complete set of chemical states associated
with calcium regulation of vertebrate striated muscle, but the analysis here is confined to the subset
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of states directly related to calcium binding. These are states that are physically confined to the
thin filament of muscle. Specifically, we focus on two reversible reactions, namely, an interaction
between the protein complexes, troponin (T) and actin, and the interaction between T and calcium.
An interaction with actin is required for tropomyosin in the ground state (C) to transition to an
excited state (B). To simplify the analysis here, we do not consider a competing reaction responsible
for the transition of C to another excited state (M). The competing reaction is prevented in a muscle
stretched beyond the overlap between thin and thick filaments. Given the overstretched condition,
we examine how the states of the thin filament in our model evolve in time following a perturbation
by calcium.

Mathematically, the dynamics of the model (A) & (B) can be described by the system of ordinary
differential equations (3.1) or (3.2). Biologically, for our study to make sense, a special pyramid
in the 3-dimensional Euclidean space R3, namely, {(z1,72,23) € R® : 1 > 0,29 > 0,23 >
0,21 + w2+ x3 = 1}, is of our interest. We will show that the system of equations (3.2) generates a
dynamical system that leaves the pyramid invariant as time evolves forward (Theorems 3.1 ). This
yields a sequence of mathematical conclusions on the general behavior of the system. For example,
we will show that the system should have at least one steady state inside the pyramid (Corollary
(3.2)). And, this leads to an investigation of the behavior of the system around all possible steady
states (Corollary 3.4 ). In addition to the proofs of Theorem 3.1, Corollary 3.2, which are given in
a traditional, way we propose a proof of Corollary 3.4 with assistance of a software to verify the
conditions of Routh-Hurwitz Theorem for the exponential stability of linear systems of differential
equations.

For related works on calcium dynamics in muscle we refer the reader to [7, 5] and especially
to [6] and the references therein, as well as [4]. A thorough understanding of the qualitative proper-
ties of the dynamical systems modeling the calcium dynamics would lead to predictions as discussed
in [7].

2 Preliminaries

2.1 Diagram Model and System of ODE

In [9] we have proposed a model of muscle regulation with the following diagram model that depicts
the essential chemical states of the model.

k_

(4) M (B) T - 12 (1)
k_o ko Kl k—1 k3l fi—3
1o)== B, (z3)

// \ By (23) —F——=

ZL’Q) # B2
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The equilibrium relationships among the complete set of states are as expressed as follows:

k'(] kl k3 k2 k4
M=-—CU" B =—CT; By = —CT: T = — By = — 2.1
k'fo ) 1 kfl 1, 2 kfg 2, 2 k‘72 ) 2 k74 ; ( )

where, as in [9], U = 1 + (a — 1) M, k;’s are rate constants. Only the latter four equations above
operate under the conditions of the present analysis, i.e. reactions of the thin filament absent thick
filament overlap. We introduce the calcium concentration [C'a®T] as a variable that enters in the
variables ko and k4.

3 Dynamical Analysis of the Model

3.1 The ODE Model of Overstretched Muscle Near Equilibrium

From the above diagram the following system of equations describes the dynamics of the chemical
states

M = ko C(1+ (o — 1)M)™ — k_o M.
%:klch‘i_k_leQ—(k_l‘i‘kzl)Bl

(3.1
4B2 — k3 C Ty + ky By — (k-4 + k_3) Bo
2 —kaTi+k 3By — (ksC+ ko) Th,
WhereCzl—Bl—BgandTl :1—Bl—B2—TQ.
For our convenience we will re-write (3.1) in the following form:
W =k Cl+(a—1)M)"—k_oM
B = ey (1= 300 2) + kogas — (koo + k3(1 — 22 — 23)) 2 o)

2 =k (1 — w0 —23)(1 — 5 @) + keaas — (k_1 + ka) 22

% =kyxo+ k‘3:l?1(1 — X2 — $3) - (k*4 + k*3) 3.

that is obtained from (3.1) by replacing 7}, B, Bs with z1, 22, x3, and C with (1 — zo — x3), T
by (1 —x; — x9 — x3), respectively.

We will study the behavior of the system when M = 0 (or more reasonably, kg = 0). Then, the
system of equations takes the form

% = ko (1— 2?21 ;) +k_sxs— (k_—oa+ ks (1 —x2—2x3)) 21
A2 = kg (1— 20— 23) (L— 20y @) + kg ws — (k_1 + ka) 22 (3.3)

with (21, 29, x3) in the pyramid {(z1,z2,23) € R® : 21 > 0, 29 > 0, 23 > 0, 21 + 29 + 23 = 1}.
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For simplicity we will use the vector form of the system of equations (3.3) in which X :=
(1,22, 23)T and F(X) = (F1(X), F5(X), F3(X))T denotes the vector field, that is, the right
hand side of the equation. Therefore, the equation is of the form

dx
= = F(X).
5 = F&X)

Below we will denote by (a, b) the inner product of two given vectors a, b in the space R3, that is,
ifa= (al, ag, ag)T and b = (bl, ba, bg)T, then

3
(a,b) := Z a;bj.
j=1

3.2 Analysis of the model

Biologically, the following theorem on the invariance of the pyramid P := {(z1, 22, 73) € R? |
0 <x1;0 < m9; 0 < x3; 1 + 22 + x3 < 1} means that if the muscle is started at a state it must
evolve, but does not disappear as time evolves. Therefore, this question is of our primary concern.

Theorem 3.1 Let all parameters k;, i = 1,2,3,4, k_;, i = 1,2, 3,4 in the model (3.3) be positive.
Then the system generates a dynamical system that leaves the pyramid P invariant as time evolves.
This means every solution starting from a point within the pyramid remains in the pyramid for all
later time.

Proof. The main idea of the proof is to show that every solution starting from a point of the pyramid
cannot escape from the pyramid. We refer the reader to [1], [2] for a more detailed explanation of
the idea.

Step 1: We show that except for the four vertices each solution cannot cross the four planes. In
fact, for the plane 1 —x; —x9—x3 = 0: Ateach point on the plane the normal vectoris 77 = (1,1, 1),
so we have

3
<F, ﬁ) = k‘g(l — sz) + k_gx3 — (]{_2 + k‘g(l — Ty — xg))xl
=1 3
—i—k‘l(l —x9 —x3)(1 — sz) + k_4x3 — (k‘_l + ky)xo
=1

+karo + k3x1(1 — 2o — x3) — (k—4 + k_3)x3
= k_gxg — (k—1 + ka)zo + kaxo + ksz1 (1 — 22 — x3)
—(k_4+ k_3)z3+ k_323 — (k_2 + k3(1 — 22 — 23))21
= —k_9x1 —k_129
< 0

whenever 2 + x3 # 0. Therefore, the solutions starting from the inside the pyramid cannot cross
this plane except for the vertex (0,0, 1).
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Similarly, we show that each solution starting out from inside the pyramid cannot cross the
plane zo = 0. At each point on this plane the outward normal vector is of the form (0, —1,0).
Therefore,

<F,T?L> = —k1(1—$3)(1—$1—1‘3)—k_4233
< 0,

unless z3 = 0 and x1 = 1. The only possibility for all solutions starting out from the inside of the
pyramid to cross the plane xo = 0 is via the vertex (1,0, 0).

Similarly, we show that each solution starting out from the inside of the pyramid cannot cross
the plane 3 = 0. In fact, the inner product of the vector filed at each point on the plane and the
outward normal vector 7 = (0,0, —1) of the plane is

(F,p) = —kgzo — ksx1(1 — x2)
< 0,
unless the point is (0,0, 1).

Next, we show that each solution starting out from inside the pyramid cannot cross the plane
x1 = 0. In fact, the inner product of the vector filed at each point on the plane and the outward
normal vector ¢ = (—1,0,0) of the plane is

3
(F,@) = —ka(1—) i)~k sxs
i=1
< 0,
if the point is not the vertex (1,0, 0).

Step 2:: Vector field at the four vertices:
(i) At the origin X := (0, 0,0). The vector field at this point is

F(0,0,0) = (ka, k1,0).

Let Y(t) = (x1(t),z2(t), z3(t)) be the solution starting from Xy = (0,0,0). Since the vector
field is analytic for sufficiently small ¢ > 0 the components z(t), x2(t) may be approximated by
kqt, kot, respectively. Therefore, 1 (t), x2(t) will be positive for sufficiently small ¢ > 0. To show
that Y'(¢) is directed inward the pyramid it suffices to prove that x3(t) is positive for sufficiently
small ¢ > 0.

Referring to the vector field, we have that 1 (t) = ko t + o(t), x2(t) = k1 t + o(t), so

3 o~ kgkit + kskot(1 — kit — x3) — (k—g + k_3)x3
= kykit 4 kskot — kskokt? — kskotas — (k_g + k_3)x3
= —(k_g+k_3 — kskot)x3 + (kak1 + ksko)t — kskok:t?
= a(t)zs + b(t),

where

a(t) = —(k—g+k_3 — kskat)
b(t) = (kaky + kako)t — kgkokit®.
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Therefore, for 2:5(0) = 0, if we set
Ult,€) i= el e,

then, by the Variation-of-Constants Formula,

T3 (t)

1

t t
U(.0)aa(0) + [ Uit pe as = [ Ue.epie)ag
— /t eJe almydn ((kakr + ksko)€ — kakoki€%) de.
0

For sufficiently small £ > 0, since all parameters k; > 0, for 0 < £ < t we have (kqk1 + ksk2)& —
kskak1£2 > 0. Therefore, from this formula x3(¢) should be positive for sufficiently small ¢ > 0.

(ii) At the vertex Xo = (0, 1,0) the vector field at this point is
F(0,1,0) = (0, —(k_1 + ka), ka).

To show that the solution starting out from this vertex is attracted inward the pyramid it suffices to
prove that 1 () is positive for sufficiently small ¢ > 0. We will use the idea as above. At this vertex
for small ¢ > 0 we have

x2(t) = 1— (k—1+ka)t+o(t)
.%'3<t) = k4t + O(t).

Therefore, referring to the vector field we arrive at

&1 =~ ko[l — (1 — (k—1 + ka)t) — kat] + k_skyt
—[k—2 + k3(1 — (1 — (k—1 + ka)t) — kat)]z1
= —[k_o+ ks(k_1 + 2kg)t]xy + [ka(k_1 + 2ka) + k_3k4]t
c(t)xy + d(t),

where

C(t) = —[kLQ + kg(kfl + 2k4)t]
d(t) = [ka(k—1+ 2ks) + k_3k4]t.

Using exactly an estimate similar to the above we can show that both = (¢) and its derivative @1 (t)
should be positive for small ¢ > 0. And hence, the solution starting out from this vertex should be
attracted inward the pyramid.

(iii) At the vertex X3 := (0,0, 1): the field vector at this point is of the form
F(0,0,1) = (k_g, kg, — (ks + k_3)).
This vector is directed inward the triangle with vertices being X; := (1,0,0),Xy :=

(0,1,0), X3 := (0,0, 1). We are going to show that the solution starting out from the vertex X3 will
be attracted inward the pyramid. Let X (¢t) = (z1(t), z2(t), z3(t)) be that solution. We will show
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that for sufficiently small ¢, and 0 < ¢ < ¢, if ¢(¢) := (X (¢), 77), then ¢(¢) < 0. For sufficiently
small ¢ > 0 and 0 < ¢ < € we have

dqgff) - Ci (21(t) + 22(t) + 23(t))
= C(lit (—]{3_1 :Zig(t) —k_o xl(t))
_ dao(t) da (1)
= ko dt hz dt
~ —k 1k_4—k_ok_3
< 0.

This shows that ¢(t) is decreasing, so ¢(t) < ¢(0) = 0. Therefore, X (¢) cannot enter the region
1+ x9 + a3 > 1fort > 0.

Similarly we can show that X (¢) cannot enter the regions zo < 0 and x1 < 0. This yields that
each solution starting out from inside the pyramid cannot cross the plane 1 — x1 — 2 — 23 = 0.

(iv) At the vertex X; = (1,0, 0) the vector field at this point is
F(1,0,0) = (—(k_o + k3), 0, k3).
Therefore, we have

z1(t) = 1—(k_—a+k3)t+o(t)
x3(t) = kst+o(t).
Referring to the vector field at this vertex we arrive at
To ~ ]{:1(1 — T9 — kgt)(l — T2 — kjgt — (1 — (k_g + kg)t)) + k_4k3t
—(k—1 4+ kq)xo
= ]{71.73% — (k‘l + k-1 + ks + k1k_ot — klkgt)xg
kikot + ksk_at — kikgk_ot?
= k23 +a(t)z + (1),

where

at) = —(ki+k_1+ ks + kik_ot — kikst)
B(t) = kikot + ksk_gt — kiksk_ot>.

If we take sufficiently small €, then a(t) > 0, 3(t) > O fort € [0, €]. If we set y(¢) = k123(t)+3(t)
fort € [0, €], then, y(¢) > 0 for t € (0, ¢], and

To = a(t)za +7y(t), te€]0,¢. (3.4)

Next, we use the same idea as above to show that z:2(¢) and its derivative must be positive for small
t > 0. Therefore, the solution starting out from this vertex is directed inward the pyramid. This
completes the proof of the theorem. ([l

Corollary 3.2 There exists at least a steady state inside the pyramid.
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Proof. This theorem is deduced from a general result from Topology (see e.g. [1]). In fact, we
can show that since every solution starting from any point of the pyramid cannot escape from the
pyramid the system generates a forward dynamical system in the pyramid P mentioned above, that
is, a mapping F' : R* x P — P that is continuous such that F'(¢,x) is the solution starting from
x € P. By the properties of the autonomous equations, F'(t + s,x) = F(t, F(s,z)) for any
t,s >0, x € P. As P is convex and compact subset of R3, for each fixed I’ € R*, by the Brouwer
Theorem on the fixed points there is a fixed point for F(T,-) that corresponds to a T-periodic
solution of the equation. We may choose a sequence of numbers {7},}> ; such that 7, = 1/2".
Then, there exists a sequence X, (-) of T,,-periodic solutions contained inside the pyramid. Since
the pyramid is compact, there should be a limit point P of the sequence of their trajectories. By
the Ascoli Theorem and the Existence and Continuous Dependence Theorem we can show that
there exists a subsequence of solutions mentioned above that is convergent to the solution X (-)
starting out from the limit point P uniformly on the interval [0, 1]. As all these solutions X, (-) are
1-periodic the subsequence must be convergent uniformly on the whole real line. This show that the
solution X (-) is T),-periodic for any n. That is, for each positive integer n and each real ¢,

=014 ).

Using the uniform continuity of this function on the compact interval [0, 1] we end up with X being
a constant function, that is, it is a steady state of the dynamical system. O

3.3 Behavior around the steady states

We are now investigating the behavior of the system around the steady states by using the local
theory of dynamical systems. Set X := (x1,z2,23)7,

=
>
!

ko ( Z?:l xz) + k_gx3 — (k_g + kg(l — X9 — xg)) x
Fy(X) =k1(1 —zg —a3)(1 = 30 @) + k_gx3 — (k_y + ka) 2 (3.5)
Fg(X) :k‘4$2+]{331‘1(1—l’2—$3) (k?,4—|-k‘,3):t

The vector field at each point X can be re-written with F', Fb, F3 of the form

F (X) = ko — (kz +k_o+ ]{?3)1‘1 — koxo + (k}_g — ]{:2)1‘3
+ ksx129 + k3x123

Fy(X) = ki —kizy — (2k1 + k—1 + ka)xe — (2k1 — k_yg)x3
+ (2 + x3) (21 + 22 + x3)

F5(X) = kszi+ kawo — (k—a + k_3)xs — ksx1(x2 + x3).

Next, we consider an equilibrium of the system in the pyramid, say (c1, c2, c3)”. Tt is easy to
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see that the Jacobian of the vector field at this point is of the form

J =
(ko +k_2 + k3) + k3(c2 + ¢3) —ko + k3ci k_3—ko+ksc:
( —ky + 201 + 2¢o + 03) (2k1 +k_1+ k4) + 2¢1 4+ 2¢5 + c3 —(2](51 — k,4) +co + Cg)
ks — ks(ca + c3) k4 — k3cy —(k_a+k_3) — kscr
(3.6)

Below we set

Ky == ki —(2c14+2c2+¢3)

K = ki1-(2c+2c+c3)
Ky = ko—ksa
Kz = k3—ks(ca+c3)

K_ 3 = ks+ksca
Ky = ky—ksc

K_4 = k_4+c2+cs.

Below we will assume that all these parameters k; are positive for all ¢ = 1,2,3,4 or ¢ =

—1,—2,—-3,—4. In addition, we need the following conditions on k;, k_; for K;, K_; to be
positive as well:

k1>2,k12>2, ko>ks, ks > k3. (3.7)

With the above notation, the matrix .J is now looks like

—(ke + k_o+ K3) —Ky k_s — Ky
K —(Kl + k1 + ko1 4+ k4) —(2 k1 — K_4) . (3.8)
K3 K, —(K_4 + k_3)

Suppose that the characteristic polynomial of this matrix is of the form
PA) =po X +p1 A2 +pa A +p3. (3.9)

In order to study the stability of the dynamical system we associate with the characteristic polyno-
mial P()) the following determinants whose positivity needs to be verified

Al = P1i, (310)

Ay = det (ﬁ; ?;)’ (3.11)

Ag = pgAQ. (312)



20 J. E. Hasbun, N. V. Minh and H. G. Zot, J. Nonl. Evol. Equ. Appl. 2013 (2013) 11-22

Next we are going to find the polynomial P()\). We have

P\ = N+ (K_a+k_g+Ki+ki+k_1+ks+ke+k o+ Ks)\
(K1 K — 2kiks — 2kik_s — 2k1 K3 — kak — kak_s — kK3 — K3Ko — 2Kk
VKK g —kok g —k ok 5 — 21K 4 — ka4 — K ako — K 4k o — K_4K3
Ok _aky — k_gki — K ks — K_1ko— K1 K3 — K 1K_4 — k_3K_1)A
+R3KoK 1+ K 4K 1ko+ K 4K 1k o+ K 4 K 1 K3+ k 3K _1ko +k 3K _1k_o
+K3KoK 4+ KyKik_ 3 — K4yK1Ko + K3Koky + 2K k1kg + 2K4k1k_o
2Kk K3 — Ky K gk — K4 K 4k o — K4K 4 K3 — K 4 K1 Ko + 2K _4k1ko
2K _yk1k_o + 2K _4k1 K3 + K_skako + K_gksk_o + K_4k4 K3
—k_sK1 Ko+ 2k_ski1ko + 2k_3k1k_o + k_3kqko + k_sksk_o.

Therefore,

pr=K,+k 3+ K +k+k1+ks+ks+k o+ Ks,
po = — K1 Ko+ Ki1ko + K1k_o + K1 K3 + ki1ks
+kik_o+kiKs+k_1ko+k_1k_2
+ k1 K3+ kyko + kak_o + ks K3 + K3K5
+2K4k1 — KyK_4 + kok_3 + k_2k_3
+ Kk s+ KiK. 4g+kK_4+k1K_4
+hiK_ 4+ K 4k + K_4k_o+ K_4K3
4+ k_ski +k_sk_ 1+ k_sky.

Notice that p; > 0. As for p, since
K1 Ko+ K1 ko = K3 (kg —KQ) =Kikscy >0

and
k4K_4—K4K_4:k361K_4 > 0,

we have
pa > 0. (3.13)

As for p3 since

2K k1 ko — K4 K1 Ko >0
K _jkiko— Ky K_ 4k >0
K _ykik_o—KiK 4k _2>0
K jkiKs— Ky K 4K3>0
2K_4k1ko—K_4 K1 K2 >0
2k_ski ko —k_3 K1 K2 >0

we have
p3 > 0. (3.14)
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Next, we have

Ay = p1-p2—ps3
= 2K 4K 1k o+2K 4K {K3s+2k 3K 1ko +2K 4K _1ko

+2 K3Koky — KyK1k_3+2k 3K 1k o
+2k_skyko + K4 K1 Ko + KyK_4ko + K4yK_ 4 K3+ K_4K1 Ko+ KyK_4k_o
+3 K_ykiko + 4 K_yk1k_o + K_4ky K3 +4 K_4k1 K3+ K_ykqko + K_4k4k_o
+k_sK1 Ko+ 3k_skiko +4k_skik_o+2k_sksk_o+2K 4k _ok_3
+3 kikgko + k31 Ky + K_1kscr + 2 K_1kqyk o+ 2K 1Kk + 4 k1ks K3
+4k_3k1 K3+ 2kikger + K gk _3ks +2k 3K 1 K3+2K 4k 3K
1Ak K gk otk 3K3Ky+ 2K 1kyKs +4kik 3K 1+ 2K 1kiko + 4k K_1 K3
+3k1 K _1ky + 2 K_ykok_g + 2k_skaKs + kg1 K_42 + 4k K 1 K_4 + 2 K_4, K kq
+2k_ 3Kk + k_sksci + k_sK_4 K3+ 4kik_skys +4 K_s4k_3k1 +2K_1k_3ky
‘A kikgk o + kaK 1K 4+ 2ksk1K_4 + kakzcr + 3 kok1k_o + 2 kokyk_o
+3 kok1 K3 + ko K3 Ko + 2koky K3+ 2ks Kk + 2ko K _4k_o 4+ 2kok_ok_3
+2koK_4 K3 + kokscy +2koK 1k o+ 2k K 1 K3+ 2k K 42 +4k ok K3
42k _oksKs+k oKsKo+2k oK _4K3+ k_oksci +2k oK 1K3+ Ksk_ok_3
+K3kok 3+ Kzksci + 2k _3co + K_4%ko + K 4%k o + K_,°K3 4+ 2 K_4c;
2K _4e0+ K_ge3 + K 1K _4% + kok_3% + k_ok_3> 4+ 2k_3%k; + k_3%ky
+2k_gc1 +4kico + k_gcs + k-3 K_1 + 2k1%ko + 4 k1*k_o + 4 k12 K3 + 4 Kyki®
+4 kP K 4+ 4k 3ki> +4kic) +2kicz3 +2K 101+ 2K jeo+ K_je3+ K_1%ky
+K 1%k_o4+ K 1°Kg+ K_12K_4 + k_3K_1% + kako? + ka%ko + ka’k_o
+ha? K3 + k_sks® + 2kgc) + 2kgco + kacg + kika? + kak_o® 4 ko’k_3 + K_4ko?
+2 kot + 2koco + kocs + K_1ko? + 2k1k_o? + 2k1 K32 + k_9%k_5 + K_4k_5°
+2k_9c1 + 2k_ocy + k_ocs + K_1k_o? + K_4K3% + 2 K31 + 2 K3co + Kses
+hyK3? + K32 Ko + k_sksci K_g + 2kikse1 K + K_1kse1 K—g + kakse1 K4
thokse K g + K_1K3? + k_okze1 K4 + Kzkse K_y.

Proposition 3.3 Let all parameters k;, K;, i = 1,2,3,4and k_;, K_;, 1 = 1,2, 3,4 be positive.
Then, all eigenvalues of the matrix J have negative real parts.

Proof. First we notice that no equilibrium lies on the boundary of the pyramid, so we may assume
c1 >0, cg >0, c3 > 0, where (c1,ca,c3)” is assumed to be an equilibrium of the dynamical
system in the pyramid. To show this proposition we will apply the Routh-Hurwitz Theorem (see
[3]). We can easily check (by hand and by any math software as above) that

po = 1

and pi, po, p3 are determined by the above formulas. Since all parameters in the matrix J are
positive we have

Al = p1>0.



22 J. E. Hasbun, N. V. Minh and H. G. Zot, J. Nonl. Evol. Equ. Appl. 2013 (2013) 11-22

Ay = p1-p2—p3>0
because k1 k_3 k4 — K1 K4 k_3 > 0. Therefore,
Asg = 3 Ay > 0.

Finally, if all parameters in the equations are positive, then Ay, Ao, A3 are all positive, so by the
Routh-Hurwitz Theorem (see [3], and [8]) all real parts of the eigenvalues of the matrix J are
positive. O

Corollary 3.4 Let all parameters k;, 1 = 1,2,3,4 and k_;, i = 1,2,3,4 be positive. Then, all
steady states of the systems inside the pyramid are exponentially stable.

Proof. By the general theory of stability of dynamical systems at steady states this corollary follows
from the fact that all real parts of the linearized part are positive. g
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