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A semi-analytical analysis of the stability of the reversible Selkov model

Abstract

Semi-analytical solutions for the reversible Selkov model are developed and used to investigate its static
and dynamic stability. A one-dimensional reaction-diffusion cell is considered with all steps of the Selkov
reaction modeled. A coupled set of four partial differential equations is obtained for the precursor,
reactant, autocatalyst and final product concentrations. The Galerkin method is applied to approximate
the spatial structure of the concentrations to obtain a lower-order, ordinary differential equation model, as
an approximation to the governing partial differential equations. The semi-analytical model is analysed to
obtain steady-state solutions, bifurcation diagrams and parameter maps in which the different types of
bifurcation patterns and Hopf bifurcations occur. The results for this model are compared to the standard
(two species) Selkov model. The effect of varying the rate constants, associated with the decay of both
the precursor and final product, on the stability of the system is considered in detail. It is shown that
increasing these rate constants, and hence the coupling between the reactant/autocatalyst and
precursor/final product, stabilizes the system by reducing the area of parameter space in which Hopf
bifurcations can occur. The effect of feedback, by varying the various concentrations in the boundary
reservoirs, in response to the concentrations in the cell, is also considered. Feedback can be either
stabilizing or destabilizing, depending on the sign of the feedback response. The semi-analytical method
is shown to generate accurate solutions, by comparison with numerical solutions of the governing partial
differential equations.
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Abstract. Semi-analytical solutions for the reversible Selkov model are developed and
used to investigate its static and dynamic stability. A one-dimensional reaction-diffusion
cell is considered with all steps of the Selokov reaction modeled. A coupled set of four
partial differential equations is obtained for the precursor, reactant, autocatalyst and final
product concentrations. The Galerkin method is applied to approximate the spatial struc-
ture of the concentrations to obtain a lower-order, ordinary differential equation model,
as an approximation to the governing partial differential equations. The semi-analytical
model is analyzed to obtain steady-state solutions, bifurcation diagrams and parameter
maps in which the different types of bifurcation patterns and Hopf bifurcations occur.
The effect of varying the rate constants, associated with the decay of both the precursor
and final product, on the stability of the system is considered in detail. It is shown that
increasing these rate constants stabilizes the system by reducing the area of parameter
space in which Hopf bifurcations can occur. The effect of feedback, by varying the various
concentrations in the boundary reservoirs, in response to the concentrations in the cell,
is also considered. Feedback can be either stabilizing or destabilizing, depending on the
sign of the feedback response. The semi-analytical method is shown to generate accu-
rate solutions, by comparison with numerical solutions of the governing partial differential
equations.

Keywords. reaction-diffusion equations, reversible Selkov model, singularity theory,
Hopf bifurcations, semi-analytical solutions, feedback control.

AMS (MOS) subject classification: 35, 37, 41

1 Introduction

Chemical and biological systems can exhibit oscillatory solutions, multiple
steady-state solutions and chaotic behaviours which have been of great in-
terest to both theoreticians and experimentalists for many decades. Some
experimental examples of oscillatory behaviour in chemical systems include
the Bray-Liebhafsky, Belousov-Zhabotinsky and Briggs-Rausher reactions,
for which periodic variations in concentrations can be visualized via changes
in colour; see [4] for a review of these reactions and other oscillatory phenom-
ena. Biochemical systems are responsible for many of the oscillations associ-
ated with cellular processes such as glycolytic oscillations in yeast, calcium
ion waves and circadian rhythms, see [7]. A very common reactor scenario, for
the investigation of chemical systems, is the continuous flow well-stirred tank
reactor (CSTR). Usually, a system of ordinary differential equations (odes)
governs a CSTR, which can be analyzed by standard techniques. However
the reaction-diffusion cell is also an important reactor scenario, which is gov-
erned by a system of partial differential equations (pdes), and is not so easily
analyzed by standard combustion theory.
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The reversible Selkov model, see [6, 18, 19], is

A=S5,
S +2P = 3P, (1)
P=B.

The reactant S corresponds to adenosine triphosphate (ATP) while the au-
tocatalyst P corresponds to adenosine diphosphate (ADP). ATP is a high
energy molecule, with three phosphate groups, which is used by the cell to
produce and store energy, while ADP is a low-energy molecule with two
phosphate groups. A is the precursor and B is the final product. Glucose or
fructose are examples of the source inputs into this system.

[18] analyzed a simple ode model system for oscillatory reactions, which
included the reversible Selkov reaction (1) in a CSTR. Two kinds of steady-
state bifurcation diagrams occur, the unique and the breaking-wave patterns.
Also, they found the region where Hopf bifurcations occur and discussed
their stability. [6] presented a symmetry-breaking instability for (1). The
author found that the time periodic oscillations of the homogeneous model are
subject to a symmetry-breaking instability, via Hopf-bifurcation, by coupling
with molecular diffusion in a distributed system. This instability generates
sinusoidal heterogeneous waves of small wavelengths.

[1] considered semi-analytical solutions for the reversible Selkov model
(1). They assumed that the rate constants associated with the forward step
of the first reaction, A — S (decay of the precursor) and the backwards step
of the third reaction P < B (decay of the final product) were both very small.
They found the steady state solutions and the region of parameter space, in
which Hopf bifurcations occur. Also, they examined the effect of feedback
strength and delay response on the parameter region in which oscillatory
solutions occur.

The Gray & Scott cubic autocatalytic model has been widely studied and
[12] considered semi-analytical solutions for the model in a reaction-diffusion
cell. The governing pde model was approximated by a lower-order ode model,
using the Galerkin method of averaging. The ode model was analyzed using
various techniques from combustion theory which allowed bifurcation dia-
grams and Hopf bifurcation parameter maps to be found. An excellent com-
parison between the results of the semi-analytical method and the numerical
solutions of the governing pdes was found. The Galerkin averaging method
has been applied to various other problems such as heat and mass transfer
in a porous catalytic pellet [14], feedback control for microwave heating [11]
and extensions to the Gray-Scott model such as Michaelis-Menten decay [13].

Feedback control can be applied to alter the stability of a dynamical
system. Desirable outcomes from the control algorithm include stabilizing
steady states and eliminating limit cycle solutions. It is also possible to cre-
ate new complex behaviours. [5] considered the chlorine dioxide-iodine reac-
tion in a CSTR, both numerically and experimentally, with separate feedback
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regulation of the input flow rate for the two different chemical species. They
found that a bursting phenomena can be caused by feedback control, where
oscillations and uniform solutions alternate in time. [10] obtained experi-
mental results for a nickel-sulfuric acid electrochemical system. This system
exhibits limit cycle solutions which were successfully controlled by both sim-
ple time delay feedback and a weighted method which used feedback from
many previous solution times. A copper-phosphoric acid system was also
considered with the aim of controlling chaotic behaviour.

Commonly the CSTR is considered as an open system with the supply
of reactant at a fixed rate. Alternatively a closed system can be considered
where the supply of reactant results from the decay of a precursor chemical
which is present at a large fixed concentration in the CSTR. This is the pooled
chemical approximation; [15] examined a simple pooled chemical reaction
model for cubic autocatalysis in a closed CSTR. They found the value of
rate constant associated with precursor decay when the stable limit cycle
was generated and Hopf bifurcations disappeared. [17] considered transient
chaos in a closed chemical system. The authors studied an extension of
the Brusselator model, governed by a set of four odes, which involved the
transformation of a relatively stable precursor to a final product through
three intermediate species. They considered that sensitivity of solutions to
initial conditions, which is a major characteristic of chaos.

In a reaction diffusion cell the system is an open one and the supply of
reactant occurs via diffusion from a boundary reservoir, see, for example, [12].
The effect of a precursor chemical can be considered in a reaction diffusion cell
by including the precursor in the boundary reservoir. The reactant is then
supplied directly by diffusion into the cell and indirectly by diffusion of the
precursor and its subsequent decay. [2] considered this scenario for a cubic
autocatalytic reaction and found that the concentration of the precursor is
not constant in the cell. The authors studied the effect of precursor rate
constant on the formation of bifurcation diagrams and Hopf regions. They
found that increasing the precursor rate constant led to a dramatic shift in
the parameter region in which Hopf bifurcations occur.

In this paper, the full reversible Selkov model (1) is modelled in a 1-D
reaction-diffusion cell. The reactions associated with the both the precursor
and the final product are included in the model. In §2 the governing equations
are presented and the Galerkin method is used to obtain the odes which
represent the semi-analytical model. In §3 the steady-state concentration
profiles and bifurcation patterns are presented and described in detail. In
84 the hysteresis bifurcation points is calculated by using singularity theory.
The regions of parameter space are found in which the two main bifurcation
patterns occur. In §5 a local stability analysis of the semi-analytical model is
performed. The Hopf points are found; hence the parameter region in which
Hopf bifurcations occur is identified. The effect of two key parameters, which
do not occur in the model of [1], are explored in detail. These parameters are
the rate constants associated with the decay rate of the precursor and the
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(reverse step) decay of the final product. Comparisons are made throughout
the paper between the semi-analytical results and numerical solutions of the
governing pdes.

2 The semi-analytical model

2.1 The governing equations

The reversible Selkov model (1), is considered in a 1-D reaction-diffusion cell.
The governing pdes are

s = Dy8yp — ks — sp® + Kop® + 10,

Pt = Daprs — p+ 5p* — Kop® + gb, (2)
at = Qggz — H1Q + Ks, bt = bxx - ”2b+p7
Sg =pyr=a,=b, =0, at =0 (3)

$=80,p=po,a=ag,b="byat x =1 and t = 0.

The system (2) is in non-dimensional form with the scaled concentrations
of the four chemical species, the reactant, s, autocatalyst, p, the precursor
reactant, a and the final product, b. This system is an open system; the
reactor has a permeable boundary at x = 1, joined to a reservoir which con-
tains s, p, a and b at specified concentrations, sg, po, ag and by, respectively.
The boundary condition at z = 0 is a zero-flux condition. (2) and (3) rep-
resents a system characterized by ten non-dimensional parameters. The rate
constants, associated with the forward and backwards steps, for the first of
(1) are p; and k, respectively. For the second of (1) the rate constants are
1 and K, while for the third of (1) the rate constants are 1 and pus. The
parameters D¢ and D> denote the diffusion coefficients of the two species s
and p. In [1] it was assumed that the decay of the precursor chemical A — S
and the backwards reaction of the final product P +— B were small and could
be neglected. This assumption means that p; = pe = 0 and the system (3)
reduces to the two coupled pdes considered in [1]. Here, though we assume
that these reaction rates are finite and can not be ignored. This means that
the a and final product b are governed by their own pdes and a much larger
set of four coupled pdes governs the dynamics of the reversible Selkov model.
The effect of feedback on the reaction-diffusion cell (2) and (3) is also of
significant interest, so we consider the the following feedback algorithm

Sm:pm:am:bxa at x =0,
5:50+H(5(03t)_58)7 p:p0+H(p(Oat)—ps)7 (4)
a=ag+ H(a(0,t) —as), b=>byg+ H(b(0,t) —bs), at x =1,

where sg, ps, as and bg are the steady-state concentrations at x = 0. The
reservoir concentrations are changed, in response to the concentrations in the
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cell at the impermeable boundary at = 0. The feedback mechanism causes
the reservoir concentrations to vary in response to the difference between the
concentration at the center of the cell and the steady-state value, while H is
the strength of the feedback response. Here, the effect of this feedback control
algorithm on the stability of reaction-diffusion cell is investigated. (4) does
not alter the steady-state solution of (3). Note that this feedback algorithm is
only physically realistic if the concentrations of the various chemical species
remain positive. This will occur if the solution is close to the steady-state,
|s(0,t) — ss|] < 1 (and equivalent expressions for the other species) or the
strength of the feedback is small, |H| <« 1. Numerical solutions of (2) are
found using an explicit finite-difference scheme with accuracy of O(At, Az?).

2.2 The Galerkin method
The Galerkin method is used and assumes a spatial structure for the concen-
tration profiles. This allows the governing pdes (2) and boundary conditions
(4) to be approximated by a set of lower-order odes. The expansion
3
s(z,t) = so+ H(s1(t) + s2(t) — s15 — S25) + sa(t) cos(imc)
1
+  (s1(t) — H(s1(t) + s2(t) — s15 — 525)) (:os(§7rx)7
3
p(z,t) = po+ H(pi(t) +p2(t) — prs — pas) + p2(t) COS(§7T33)

£ (nt) ~ Hpa(0) + palt) — prs — pas)) cos(gma),

a(z,t) = ao+ H(a1(t) + az(t) — a1s — azs) + aa(t) cos(gwx) (5)
+(m@—H@@+@@—mfwMﬂ%€m)
b t) = %+mm@+@m—mfmg+@@ma%@

+(h@—H@@+®@—hyﬁﬁkwémﬁ

represents the two-term method which is used here. Expansion (5) satis-
fies the boundary conditions in (4), but not the governing pdes. The form
of basis functions (5) are chosen so the concentrations at the impermeable
boundary z = 0 are s = sg + $1 + S2, with similar expressions for the other
concentrations. The free parameters in (5) are found by evaluating averaged
versions of the governing equations, weighted by the basis functions. This
technique gives the odes

dsy 4K2p% 4Ks 4sopg 9 3$1pf + 3K2p:f szp%
_ = — — — S — — S —
dt T T T 1Po 4 4 ! 4
S1P1P2 3K2p1p% 3K2p%p2 Dl 817T2 2 7280]9%
_ —9 _ 3K. _
5 + 5 + 1 SoPoP1 1 + SKapyp1 35,
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_ 8sopi s " 16Kspopip2  16sopipa  16s1pop2  16s2pops
3 e 57 157 157 157
8Kopop?  16sipopr  144sopops  216Kopop3  4piag s1p3
— 3 3B sm | oa MeT
dpr  4sopj dpy  4K,p) o 3s1pf  3Kop} | sopl | sip3
a — = g A G 1 T4 T
sipip2 3Kapips  3Kapips 2 72s0p3 | 8sopi
- - 2 — 3K
+ 5 9 1 + 2sppop1 2ppP1 + B + 3
_16Kopopips | 16sop1ps | 16s1popa | 16s2popr 8Kapopi . 144s2p0ps
5% 157 157 157 s 357
216 K. 2 Adusb Dopqm?
_ 2PoP2 n 1290 ¥ ugby — 2P1 -
357 s 4
ds 4Ks 9D;som?  Adsopt AKspd  3sop3 3Kop3
Gs2 _ 0 _ gy — 221527 0Py  *ha2pp  OS52p3 S9pR + 2P2
dt R 4 3T 3T 4 4
Kop?  sopi > 3Kopips | 8sops  8sopi
_ _ 2P0, 4 _9 _ _
1 9 + 3KPyP2 SoPop2 — S1p1p2 + 5 O 5r
L A32Kopopipy  14dsopipy  144sipopy  144sapops 8K>popi  16s1pop1
357 357 357 357 5% 157
16sopop2 8Kopop3  4piag s1p3
+ 9 3 3 + paa2 4’
dpa  4po 9Dopym®  4sopy | AKopy | 3sap3 2 3Kap}
at  3r P 4 3r | 37 4 TP
Kop? | sap? 2 3Kopips  8sops | 8sopi
_ 2F1 g ) _ _
1 Ty KPpp2 + 250pop2 + S1p1P2 5 O + T5r
_ 432K5pop1p2 n 14450p1p2 n 14451 pop2 n 144s9pop2 ~ 8Kapop? + 16s1pop1
357 357 357 357 51 157
16s2pop2 | 8Kapops  4puabo $1p7
_ _ by 4 SHP1
or | 3n 3r Rt
day  4ksg  4piag a2
dt T 4 TS o,
dby  4po  Apgby  bym?
a1 _ ZPo  FM29%0 — by,
dt T T 4 TP p2h
day  4ksg  4piag 9aym>
dt 3w 3r 4 T sz — phaz,

dbz o 4,[12()() 4p() 9b27T2

dt 3w 3T 4

+ P2 — p2bs.

This set of odes (6) gives the case of no feedback (H = 0) as the feedback
terms are too long to be presented here. It is found that a two-term method
gives sufficient accuracy without excessive expression swell. The one-term
solution (when sa = pa = a2 = by = 0) is also calculated, for accuracy
comparison purposes.
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Figure 1: Steady-state concentration profiles, s, p, a and b versus x. The
parameters are sg = 4, kK = 0.01, Dy = Dy = 0.08, ag = bg = 0, K5 = 1,
po = 0.4 and py; = po = 0.1. The one-term (black solid line), two-term (blue
dashed line) semi-analytical solutions and the numerical solution of (2) (red
dashed line) are shown.

3 Steady-state solutions

At the steady-state all the time derivative terms in (6) are zero so a set of eight
transcendental equations are obtained. These equations are manipulated to
find explicit expressions for ay, as, by and by, which are substituted back
into the remaining equations in (6). We then obtain four transcendental
equations, f; = 0 i = 1,...,4, for the other unknowns s1, so, p1 and po,
which are solved numerically using Maple.

Figures 1(a) to 1(d) show steady-state concentration profiles for s, p, a
and b versus x. The parameters are so = 4, D1 = Dy = 0.08, po = 0.4,
w1 = pe = 0.1, ag = by = 0. The one and two-term semi-analytical solutions
and the numerical solution of (2) are shown. For this choice of parameters the
reactant s and autocatalyst p are consumed in the cell, as their profiles show a
central trough. The profile of both the precursor a and final product b show a
central peak so are created in the cell. For the reaction A = S, the backward
step dominates the forwards one, due to the high concentration of s, relative
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Figure 2: Steady-state bifurcation diagrams, s, p, a and b versus k. The
concentrations are shown at x = 0. The parameters are sg = 4, D1 = Dy =
0.08, po = 04, p1 = pe = 0.1, ag = 5 and by = 0.3. The two-term (blue
dash-dotted line) semi-analytical solutions and the numerical solution of (2)
(red dotted line) are shown.

to a, while for P = B the forward step dominates the backwards one, due
to the high concentration of p relative to b. The two-term semi-analytical
solution is very accurate; when compared with the numerical solution of the
governing pdes. Errors at the centre of the cell are less than 4%, for all the
concentrations. The one term semi-analytical solutions are less accurate with
errors of up to 15% in the concentration profiles. The two-term solutions are
more accurate as they can model the flat concentration profiles better.
Figures 2(a) to 2(d) show bifurcation diagrams for s, p, a and b versus k.
The parameters are so =4, D1 = Dy = 0.08, pg = 0.4, u1 = p2 = 0.1, a9 =5
and by = 0.3. The two-term semi-analytical and numerical solutions of (2) are
shown. The bifurcation diagrams display the steady-state concentrations at
the centre of the reactor, at x = 0, versus x the bifurcation parameter. This
figure shows an unique pattern, with the steady state concentrations for s, p
and b decreasing for large x, while the steady-state concentration a increases
for large k. The creation of precursor increases for large x as the importance
as the backward step of the reaction A = S, increases. At x = 0.4 the numer-
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Figure 3: Steady-state bifurcation diagrams, s, p, a and b versus k. The
concentrations are shown at x = 0. The parameters are sg = 4, D1 = Dy =
0.08, po = 04, p1 = pe = 0.1, ag = 8 and by = 0.1. The two-term (blue
dash-dotted line) semi-analytical solutions and the numerical solution of (2)
(red dotted line) are shown.

ical solutions are (s,p,a,b) = (1.785,0.085,5.153,0.349) while the two-term
semi-analytical solutions are (s,p,a,b) = (1.834,0.084,5.150,0.349). The
two-term solution is very close to the numerical solution of the pdes. The
errors between the numerical and two-term semi-analytical solutions are less
than 3%.

Figures 3(a) to 3(d) show bifurcation diagrams for s, p, a and b versus
k. The parameters are so = 4, D1 = Dy = 0.08, Ko = 1, pg = 04, u; =
w2 = 0.1, ag = 8 and by = 0.1. The two-term semi-analytical and numerical
solutions of (2) are shown. This is a breaking wave pattern (only two different
patterns are possible for this system) so a bifurcation point exists where the
solution jumps from a high autocatalyst conversion state to a low conversion
state at kK = 0.226. At the bifurcation point the concentration of reactant and
precursor both increase while the concentration of the final product drops.
The two-term semi-analytical results are very accurate with a variation of
less than 7% with numerical solutions for all the parameter values shown on
the figures.
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4 Singularity theory

Singularity theory allows a full description of all qualitatively different steady-
state behaviors, for a system of odes. This is achieved by calculating the
degenerate singular points. [8] provides an overview of singularity theory
while [3] considers applications of singularity theory to chemical reactions.
The authors presented the hysteresis and isola bifurcation curves conditions
and applied singularity theory to some models involving first-order, non-
isothermal reactions in a CSTR.

In this paper, we will apply singularity theory to the semi-analytical model
of §2. This will provide a semi-analytical description of the parameter regions
in which the two main types of bifurcation pattern, unique and breaking wave,
occurs. The steady-state equations, two-term model can be written in the
form

fi(plap% 51, 52, K, 50, Po, 40, bO) = Oa i = ]-7 s 4) (7)

where x is the choice of bifurcation parameter. The hysteresis bifurcation is
found, in the k versus p; plane, by applying the following conditions

drk &k
" ®

As the equations (7) do not provide an explicit relationship for « the condi-
tions (8) must be applied implicitly. The total derivative of (7) with respect
to pp is given by

df dpg d81 dSQ .

afl(pl’p% S1, 32) — fipl +fip2%+fisld7pl+fi52d7pl = 0, 1= ].7 .. .4, (9)
where the first of (8) has been applied and the other parameters are constant
for a given bifurcation diagram. In (9) the f; are functions of py, pa, s and
so which means the f; depend on p; both explicitly and implicitly via the
other variables. The second total derivative of (7) is given by

it =0, i=1,...4 10
Tp%(p17p2781782>— , L= 1,...4. ( )
For the two-term model, the hysteresis bifurcation points are given by solving
(7), (9) and (10) using Maple.

Figure 4 shows the division of the s¢-py plane into regions corresponding
to the two different bifurcation diagrams. Shown is the hysteresis curve with
w1 = p2 =0, 0.1, 0.3 and 0.5. The other parameters are D; = Dy = 0.08,
ap = 1 and by = 0. Shown is the two-term hysteresis curve (7), (9) and
(10). On the left side of the hysteresis curve the unique bifurcation pattern
occurs while on the right side of the curve the breaking-wave pattern occurs.
The figure shows that increasing the rate constants pu; and po leads to the
hysteresis curve moving to the left with the breaking-wave pattern possible
for smaller values of sg.
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Figure 4: Division of the sg-pg plane into regions corresponding to the differ-
ent bifurcation diagrams. Shown is the two-term semi-analytical curve with
1 = p2 = 0 (green small dotted line), 0.1 (black solid line), 0.3 (blue dash-
dotted line) and 0.5 (red dotted line). The parameters are D; = Dy = 0.08,
ap =1 and by = 0.

Figure 5 shows the division of the ag-by plane into regions corresponding
to the different bifurcation diagrams. Shown is the hysteresis curve with
w1 = po = 0.1, 0.3 and 0.5. The other parameters are D; = Dy = 0.08,
so = 4 and po = 0.4. Shown is the two-term hysteresis curve (7), (9) and
(10). Above the hysteresis curves the unique bifurcation pattern occurs while
under the curves the breaking-wave pattern occurs. As the rate constants
for the precursor and final product increase the hysteresis curve moves to the
left allowing the breaking-wave pattern to occur for small values of ag. The
example of figure 2, with parameters ag = 5 and by = 0.3 and u; = pue = 0.1,
lies above the relevant curve in figure 5 hence is an unique pattern while the
example of figure 3 with parameters ag = 8 and by = 0.1 and pu; = e = 0.1,
lies below the curve hence is a breaking wave pattern.

5 Local stability and oscillatory solutions

The theory of Hopf bifurcations is explained in standard texts on bifurcation
theory and dynamical systems such as [8, 9]. Here the stability of the semi-
analytical model is analyzed and used to explore the effects of the reaction
rates for the precursor and final product in altering the stability of the system
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Figure 5: Division of the ag-by plane into regions corresponding to the differ-
ent bifurcation diagrams. Shown is the two-term semi-analytical curve with
1 = pz = 0.1 (black solid line), 0.3 (blue dash-dotted line) and 0.5 (red
dotted line). The parameters are D1 = Dy = 0.08, sp =4 and py = 0.4.

(2). The Hopf degeneracy points are calculated to find a semi-analytical
map in which Hopf bifurcations and limit cycles occur and this prediction is
compared with numerical results. In this paper, Hopf points are obtained by
expanding in a Taylor series about the steady-state solution,

si(t) = sis + egie ™,  pi(t) = pis + b, (11)
a;(t) = a5 +ehie ™, bi(t) = bis + €Bie ™, i=1,2.

We substitute (11) into the odes (6), and linearize around the steady state.
The eigenvalues of the Jacobian matrix characterizes nature of the perturba-
tion to the system and we obtain a characteristic equation for \. We set A=
iw in the characteristic equation and separate the real ¢; and imaginary ¢
parts. The Hopf bifurcation points occur at points where A is purely imag-
inary, see [16]. Here we look for Hopf bifurcation points together with the
condition k£ = 0 which represents physically realistic Hopf bifurcations. The
conditions are

fi:(), 7,:1,4, (h:CIg:IﬁJ:O. (12)

Figure 6 shows the region of the sg-pg plane in which Hopf bifurcation
can occur. Shown are the two-term solutions (12) plus numerical solutions.
The parameters are D; = Dy = 0.08, 1 = po = 0.1, ap = 1 and by = 0. The
looped curve encloses the region in which physically realistic Hopf bifurcation
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Figure 6: The region of the sp-py plane in which physically realistic Hopf
bifurcation can occur. The two term (blue dashed line) region and numerical
solutions (red squares) are shown. The parameters are D1 = Dy = 0.08,
w1 = pe =0.1, a9 =1 and by = 0.

points occur, with x > 0, while outside the region all the physically realistic
solutions are stable. Hence Hopf bifurcations only occur in a small region
of parameter space, sg € (3.61,4.60) and po € (0.31,0.51). The comparisons
between the semi-analytical estimates and the numerical solutions, of the pde
model, are excellent. For example, at pg = 0.35, the maximum numerical
value at which Hopf bifurcations can occur is sg = 4.53 while the two-term
semi-analytical maximum value is sqg = 4.49, which represents a difference of
less than 1%.

Figure 7 shows the region of the ag-by plane in which Hopf bifurcation can
occur. The two-term semi-analytical solutions (12) and numerical solutions
are shown. The other parameters are Dy = Dy = 0.08, u3 = pe = 0.1,
sop = 4 and py = 0.4. Here the loop crosses the ag-axis so only part of the
loop is in positive parameter space. Again, inside the looped curve physically
realistic limit cycles can occur while outside the loop the physically realistic
solutions are stable. The comparison between the two-term semi-analytical
and numerical solutions, of the pde model, is very good. For example, at by =
0.15 the minimum and maximum numerical values at which limit cycles occur
is ag = 0.38 and ag = 1.12 while the two term semi-analytical predictions are
ag = 0.30 and ag = 0.96; the differences in these estimates is less than 20%.

Figure 8 shows the regions of the sy — pg plane in which Hopf bifurcations
can occur, for g3 = ps = 0, 0.1, 0.15 and 0.17. The other parameters are
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Figure 7: The region of the ag-by plane in which physically realistic Hopf
bifurcation can occur. The two term (blue dashed lines) region and numerical
solutions (red squares). The parameters are D1 = Dy = 0.08, p1 = puo =
0.1, = 4 and py = 0.4.

Dy = Dy = 0.08, ap = 1 and by = 0. As the rate constants, pu; and uo,
are increased the looped curves move to the left and the area of the curves
decreases. The looped curve of Hopf region disappears for g1 = ps > 0.4, so
for large reaction rates limit cycles do not occur. Figure 9 shows the regions
of the ag — by plane in which Hopf bifurcations can occur, for g1 = po = 0.1,
0.17 and 0.2. The other parameters are D1 = Do = 0.08, sg = 4 and pg = 0.4.
Similar to figure 8, it can be clearly see that increasing reaction rates pu; and
1o causes the looped curve to move leftwards and reduce in area. All the
looped regions intersect the ag axis so physically realistic limit cycles only
occur for parameter values in the positive quarter plane.

Figure 10 shows Hopf bifurcation regions in the sg — pg plane, for different
positive values of feedback response H = 0, 0.1 and 0.2. The other parameters
are D; = Dy = 0.08, uy = ps = 0.1, a9 = 1 and by = 0.1. An increase
occurs in the area of the looped region as the feedback strength increases.
Hence positive values of the feedback strength H destabilizes the system. For
example the point (sg,po)=(3.60,0.54) is stable when H = 0 however, it is
unstable for both H = 0.1 and 0.2.

Figure 11 shows Hopf bifurcation regions in the ag — by plane, for different
positive values of feedback strength H = 0, 0.03 and 0.05. The other param-
eter values are D1 = Dy = 0.08, p1 = 2 = 0.1, sg = 4 and py = 0.4. It can
be seen that the region of instability is increased as the feedback strength
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Figure 8: The regions Hopf bifurcation occur in sg—pg plane. The parameters
1 = p2 = 0 (black solid lines), 0.1 (blue dash-dotted lines), 0.15 (red dotted
lines) and p1q = p2 = 0.17 (green short dotted lines). The other parameters
are D1 = Dy = 0.08, ag = 1 and by = 0.

H increases, a similar effect to that which occurs in the sy — pg plane. For
example, the point (ag, bp)=(0.20,0.28) is stable for H = 0, but it is unstable
when both H = 0.03 and 0.05. As H increases the loop crosses the by-axis
(for H = 0.04) and into a region of unphysical solutions, where ag is negative.

Figure 12 shows Hopf bifurcation regions in the sg —pg plane, for negative
values of feedback response H = 0, —0.05 and —0.1. The other parameters
are D1 = Dy = 0.08, 1 = pz = 0.1, ap = 1 and by = 0.1. It can be seen
that the looped region is reduced in area as the magnitude of the negative
feedback strength H increases, stabilizing the system. For example the point
(80,p0)=(3.70,0.45) is unstable when H = 0 however, it is stable for both
H = —0.05 and —0.1. The looped region disappears at H = —0.21, so for H
less than this value no limit cycles occur.

Figure 13 shows Hopf regions in the ag — by plane, for negative values
of the feedback strength H = 0, —0.1 and —0.15. The other parameter
values are D1 = Dy = 0.08, p3 = pe = 0.1, s = 4 and py = 0.4. The
region of instability is decreased as the magnitude of the negative feedback
strength H increases. For example, the point (ag, by)=(0.40, 0.15) is unstable
for H = 0 but, it is stable when both H = —0.1 and 0.15. while the point
(a0, b0)=(0.61,0.10) is unstable for both H = 0 and —0.1 while stable when
H = -0.15.

Figure 14(a) and (b) shows limit cycle solutions in the s versus p and
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Figure 9: The regions Hopf bifurcation occur in ag—bg plane. The parameters
p1 = p2 = 0.1 (blue dash-dotted lines), 0.17 (red dotted lines) and 0.2 (green
solid lines). The other parameters are D1 = Dy = 0.08, sg = 4 and pg = 0.4.

a versus b phase planes. Figures 14(c), 14(d), 14(e) and 14(f) show the
evolution of s, p, a and b versus ¢, respectively, at x = 0. The parameters are
S0 = 4, Po = 04, Dl = DQ = 008, M1 = H2 = 01, apg = 087 bo = 015, H=0
and k = 0.001. Shown are the two-term semi-analytical solution and the
numerical solution. These parameters fall inside the looped region of figure 11
so a limit cycle occurs. The two-term semi-analytical period of the limit cycle
is 25.7 and the amplitudes are 1.526, 0.406, 0.001 and 0.182 for the reactant,
autocatalyst, precursor, and final product concentrations respectively. The
numerical period is 26.6 while, the amplitudes of concentrations in the limit
cycles are 1.558, 0.421, 0.001 and 0.186. The errors in the two-term semi-
analytical values, compared to numerical solutions of (2) are less than 4%.
Also the time evolution curves show that the locations of the first few peaks
and troughs of the semi-analytical solutions are close to the numerical values.

Figures 15(a), (b), (¢) and (d) show the evolution of s, p, a and b ver-
sus t, at x = 0. The parameters are so = 4, pg = 0.4, D; = Dy = 0.08,
p1 = p2 =0.1,a9 =04, bp = 0.3, H =0 and x = 0.02. Shown are two-term
semi-analytical solution and the numerical solution. In this case the parame-
ter values lie outside the looped region in figure 11 for H = 0, so a steady-state
solutions occurs. So as the time becomes large, the two-term semi-analytical
solution evolves to the steady-state (s,p,a,b) ~ (2.74,0.20,0.41,0.41) while
the numerical steady-state solution is (2.71,0.21,0.41,0.41). The errors be-
tween two-term semi-analytical solutions and numerical solutions less than
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Figure 10: Hopf bifurcation curves in the sy — pp plane. Shown is the two-
term semi-analytical solutions with feedback strength H = 0 (black dashed
line), H = 0.1 (green solid line) and H = 0.2 (blue small dotted line). The
other parameters are D1 = Dy = 0.08, p1 = po = 0.1, ag = 1 and by = 0.1.

5%. It can be seen that the comparison between the two-term semi-analytical
and numerical solutions of the governing pdes, of the steady-state values and
of the relaxation oscillations, is excellent.

6 Conclusion

Semi-analytical solutions have been developed for the reversible Selkov model
in a reaction-diffusion cell. All the reaction steps have been included in the
model so a set of four coupled pdes is obtained, for the concentrations of
the reactant, autocatalyst, precursor and final product. It is found that the
rate constants, u; and po, associated with the precursor and final products,
significantly alter the static and dynamic stability of the system. These
parameters affect the shape of the parameter maps for both the bifurcation
diagrams and on the regions in which Hopf bifurcations occur. Also, the effect
of feedback has been examined, on the Hopf bifurcation regions. Increasing
the size of the feedback strength leads to destabilization of the system while
decreasing the strength (to negative values of large magnitude) stabilizes
the system. Comparisons with numerical solutions show that the two-term
semi-analytical model is very accurate. This paper illustrates the accuracy
and usefulness of the semi-analytical solution method even for applications
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Figure 11: Hopf bifurcation curves in the ag — by plane. Shown is the two-
term semi-analytical solutions with feedback strength H = 0 (black dashed
line), H = 0.03 (green solid line) and H = 0.05 (blue small dotted line). The
other parameters are D1 = Do = 0.08, p1 = po = 0.1, sp = 4 and py = 0.4.

when many reaction steps and chemical species are modelled and the coupled
system of governing equations is large.
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Figure 14: The limit cycle curves s versus p, (a), and a versus b, (b), and

the evolution of s, (c¢), and p, (d), and a, (e), and b, (f), at = 0 versus .

The two-term semi-analytical solution (blue dashed line) and the numerical

solution (red dotted line) are shown. The parameters are sg

4, Po = 04,

H =0 and x = 0.001.

)

= 0.1, D; = Dy = 0.08, ag = 0.8, by = 0.15

p1 = pio



The stability of the reversible Selkov model

4
3 ';x«e !"503,‘,‘5‘_ i
w b ‘
1 ‘ ‘ ‘ ‘
0 20 40 60 80 100
t
(a)
0.42
041 ]
© i "'
0.4
0.39
0 20 40 60 80 100
t
(c)

23
1
a 05}
“‘\. P
N
o ‘ ‘ ‘ ‘
0 20 40 60 80 100
t
(b)
0.8 (7
0.6 I}
- |
04} N\
0.2
0 20 40 60 8 100
t
(d)

Figure 15: The evolution of s, (a), and p, (b), and a, (c), and b, (d), at x =0
versus ¢. The two-term semi-analytical solution (blue dashed line) and The
numerical solution (red dotted line) are shown. The parameters are so = 4,
Po = 04, D1 = D2 = 008, H1 = M2 = 01, ag = 04, bo = 03, H =0 and

k= 0.02



	A semi-analytical analysis of the stability of the reversible Selkov model
	A semi-analytical analysis of the stability of the reversible Selkov model
	Abstract
	Keywords
	Disciplines
	Publication Details

	tmp.1470351532.pdf.nJZb3

