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Abstract We provide a detailed, and thorough, investigation into the concentration
multiplicity and dynamic stability of a prototype non-linear chemical mechanism:
quadratic autocatalysis subject to non-linear decay in a continuously stirred tank reac-
tor. This model was previously investigated in the literature using numerical path-
following techniques. The contribution of this study is the application of singularity
theory and degenerate Hopf-bifurcation theory to obtain analytical representations of
many of the features of interest in this system. In particular, we use these presen-
tations to identify critical values of an unfolding parameter below which specified
phenomenon are no longer exhibited.
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1 Introduction

Quadratic autocatalysis and the closely related cubic autocatalysis have been widely
investigated as prototype non-linear chemical kinetic schemes [1-3]. Although con-
ceptually simple, these schemes qualitatively capture the behaviour of a range of
chemical systems [3, p. 9]. In particular quadratic autocatalysis has proven to be a
simple prototype for more complicated kinetic structures possessed by large families
of cooperative biochemical systems, inorganic solution-phase oscillatory reactions,
surface catalysis and gas phase branched-chain reactions.
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The steady-state multiplicity and dynamic behaviour of isothermal autocatalytic
reactions in a continuously stirred tank reactor was first investigate by Lin [4,5]. Lin
considered the reaction mechanism

A+ B — (1+7r)B, rate =kja™b". (D

The cases r = 1 and r # 1 were considered in [4] and [5] respectively.
The study of quadratic (and cubic) autocatalytic schemes was popularised by Gray
and Scott. In [6] they introduced the two-step reaction scheme

A+ B — 2B, rate = kjab, 2)
B — C, rate = kyb. 3)

The first reaction represents a quadratic autocatalytic reaction, with stoichiometry
A — B, whereas the second reaction represents the decay of the autocatalytic species
(B). The decay of the catalyst may be the result of further chemical reaction (homo-
geneous or heterogenous), be due to poisoning or to physical degradation.

For gas-phase reactions the autocatalytic reaction (2) is a prototype for rate limiting
steps where a stable reactant reacts with one radical to give two radicals such as
02+ H — OH + O. In such systems the deactivation of the autocatalyst occurs
through a radical termination reaction on the reactor surface and the linear decay
rate (3) is replaced by the non-linear decay rate

B — C, rate =kb/(1 +rb). (4)

The use of the system (2) and (4) to model isothermal branched-chain reactions was
considered in [7-9]. The application to the isothermal oxidation of carbon monoxide
is discussed in [8] and to oxidation of hydrogen in [8,9]. The decay step (4) can also
model autocatalyst deactivation via an enzyme-catalysed process.

Merkin et al. [7,8] concentrated their analysis on the case when there is no auto-
catalyst in the feed stream in the reactor and derived asymptotic expressions for the
occurrence of sustained oscillatory behaviour. In [7] the nature of the stationary steady-
state solutions and their local stability was investigated. In [8] the nature of the limit
cycles was investigated.

Brindley et al. [9] presented a detailed, and thorough, numerical investigation of the
static and dynamic behaviour of the scheme (2) and (4) based on the use of numerical
path-following techniques.

The main purpose of this paper is to show that path following schemes are not
required to construct the bifurcation surface of the system formed by reaction steps (2)
and (4). Instead these curves are parameterised analytically through the application
of singularity theory and degenerate Hopf bifurcation theory. These parameterisation
are used to establish some exact criterion for the effect of the saturation constant ()
upon static multiplicity and uniqueness. We also establish some additional results for
this system which have not appeared in the literature previously.

The techniques of singularity theory and degenerate Hopf bifurcation theory were
not widely known at the time of the investigations [7-9]. Furthermore, it may not have

@ Springer



2236 J Math Chem (2014) 52:2234-2258

even been practical to apply them as many of the calculations required are greatly
eased by the use of a symbolic manipulation package. Where appropriate we outline
the results we use from singularity theory and degenerate Hopf bifurcation theory. For
a more detailed discussion for these results, in particular their application, we refer to
Ajbar and Alhumaizi [10].

2 Model equations
2.1 Dimensional model

The model equations for a chemical process governed by quadratic autocatalysis with
catalyst decay are

day
V= =dqla —a) = Vkiaby, ®)
v be — b1+ Viiah Vkabi (©6)
PR — a _—_—.
ar 40T e (1+rby)

In Egs. (5)—(6), ag is the reactant concentration in the feed (mol m_3), ap is the
reactant concentration (mol m—3), b is the autocatalyst concentration in the feed
(mol m—3), by is the autocatalyst concentration (mol m™3), k; is the rate constant for
the autocatalytic step (m3mol~!s™1), ky is the decay rate (s™h, q is the flow rate
through the reactor (m3s™1), r is the surface saturation term (m> mol™!), 7 is the time
(s) and V is the volume of the reactor (m3).

The main experimental control parameter in Eqgs. (5)—(6) is the residence time ¢

=

q

—. 7
v @)
2.2 Dimensionless model

To non-dimensionalise the Egs. (5)—(6) we introduce the variables groups: o1 = ay/ao,
B1 = b1/ag, and t* = kjapt. The system (5)—(6) can be written in the form

dOl1 _ 1—0[1

i —aip, ()
t T

dpi_ Po—h __kp

P7e + a1 T+ i )

where the parameter groups are: the dimensionless concentration of the autocatalytic
species in the feed, Bg = bo/ap; the dimensionless decay-rate, ko = kz/ (kjap);
the dimensionless saturation term, p = ragp; and the dimensionless residence time,
t© = Vkiap/q. For numerical calculations we follow [9] and consider the case p = 10.

Merkin et al. [7,8] concentrated on the case when there is no autocatalyst in the feed
stream (Bp = 0). and for the asymptotic limit k3 = k»/ (k1ap) < 1. The case when
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there is autocatalyst in the feed (8 > 0) was investigated numerically in [9]. Indeed,
it was previously thought the condition By = 0 was required for analytic progress in
understanding the system (8) and (9). We demonstrate that this is not the case.

In the Appendix we show that the region

0<oa =1,

O<ar+p1=<1+p

is both (positively) invariant and exponentially attracting for any solution with physi-
cally meaningful initial conditions outside it.

3 Results: static multiplicity

The steady-state solutions are given by

1-— o
p1 = (10)
Ta]
where ¢ is a root of the singularity function
G=(c—pyre = [(Bo+1+K) T +1(=2= fo) p+ 117 = p} en®
+ e + 11 = Bo+ D plT = 2p} a1 + . (1)

Equations (10) and (11) were originally derived in [7]. Note that when there is no
autocatalyst in the inflow (8p = 0) then the ‘washout solution’ oy = 1, corresponding
to B1 = 0, is a root of the singularity equation (11). The latter then reduces to a
quadratic equation [7].

What is new here is the application of singularity theory to investigate the behaviour
of Eq. (11).

3.1 The cusp singularity

Theorem 3.1 (Cusp singularity) Suppose that at the point (i, x, @) = (i, xo, &tg) the
singularity function G(u, x, ) satisfies the equations

G = Gx = Gxx = 05 (12)
Gy - Grae 0. (13)

Then a cusp singularity, or hysteresis point, occurs at the point (i, xo, ) [10, p. 33].
3.1.1 Parameterising the cusp locus

In this section we obtain a parameterisation of the cusp locus. This is used to show
that there is no cusp singularity if the saturation constant is sufficiently low (p < 4).
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Applying conditions (12) to Eq. (11) we obtain

o = [(r —Bo— Drag +1 —a)][(p— 1)y — p]

2oy (1 —a1) (1
w2 — 2
By = (=) [(T2 ,<2>) T +,0]’ (15)

T 0]

_ o
e (16)

The expression (15) can be substituted into (14) to obtain, for fixed saturation constant
0, a one-parameter parameterisation of the cusp locus.

A necessary condition for Eq. (16) to be physically meaningful is that 0 < t < p.
Furthermore, we must also have oy < 1. From (16) this gives

2 —pt+p<0. (17)

Inequality (17) can not hold if 0 < 7 < 1. Thus a necessary condition for a cusp
singularity is that 1 < t < p. Furthermore, from the inequality (17) we require

p—«/pz(p—4) <7< E/E0T (18)

Equation (18) shows that there is no cusp singularity when 0 < p < 4.
It is useful when drawing the cusp locus to know the conditions for which the value
of Bo at the cusp singularity is zero. After some algebra we find that

a(B=0)=1, (19)
‘L’2
p(fo=0)= —— (20)
T—1
T —1
k2(Bo =0) = T (21)
+Vp(po—4
(B =0) = %@) 22)

When p = 10 we find from Eq. (22) that t4 = 5 4= +/15. The corresponding values
for the dimensionless decay rate are kp_ = (5 — 15) /10 ~ 0.113 and k2, =

(5 + \/15) /10 ~ .887.
Thus there is no cusp singularity when k2 < x7_. This critical value for the decay
rate was found to be 1/9 ~ 0.111 using path-following methods [9, p. 484].

3.1.2 The non-degeneracy conditions

The non-degeneracy conditions are G, # 0 and G # 0.

@ Springer



J Math Chem (2014) 52:2234-2258 2239

Table 1 Location of points along the isola singularity where the non-degeneracy condition Gy ¢y 7# 0
fails

a 0.75123 0.8603
T 3.81143 8.049
o 0.02499 0.0006
i 1.05467 0.889

These are also points also the cusp singularity where the non-degeneracy condition G; # 0 fails. Parameter
value: p = 10

The first non-degeneracy condition corresponds to points which are intersection
points of the cusp and isola locii. The parameterisation for such points is discussed in
Sect. 3.2.2. Their location when p = 10 is given in Table 1. Observe that there is a
degenerate point at ko = 1.05467, above which the cusp singularity does not occur.
Using path-following methods it was identified in [9, p. 485] that the cusp singularity
is not possible when k2 > 1.056.

After some algebra we find that the second non-degeneracy condition fails when

(tp, a1, k2, Bo) = (0,0, a1, k2, Bo) . (23)

This possibility can be excluded for several reasons, such as the requirement that
7 = p = 0 when the model assumes p > 0.
3.1.3 Plotting the cusp curve

The cusp curve is shown in Fig. 1a. Figure 1b blows up Fig. 1a to more clearly show
the behavior near the point (k2, Bp) = (0.887, 0).

—~ 0.025 — 0.0007 f
B 2 &L
2z < 00006}
Em o002 Em
% S g S 0.0005
® S 0015} ® S 00004}
5% 5%
@5 00 G = 0.0003 |
G 3 S & 00002}
E 2 o005} E S | oo
a8 ag "
0 0
0 02 04 06 08 1 0.884 0.885 0.886 0.887 0.888 0.889 0.89
Dimensionless lifetime Dimensionless lifetime
of autocatalyst (x,) of autocatalyst (i)

Fig. 1 The cusp singularity in the secondary bifurcation parameter plane. Parameter value: p = 10. The
red crosses denote the crossing points (k7, Bg)=(0.113, 0) and (0.887, 0). The circles denote points where
the non-degeneracy condition G, # 0 fails. These are: (k2, By) = (0.889, 0.66 x 10_3) and (1.055, 0.025)
(Color figure online)
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3.2 The isola singularity

Theorem 3.2 (Isola singularity) Suppose that at the point (jt, x, o) = (i, xo, &) the
singularity function G(u, x, ) satisfied the equations

G=G,=G, =0,
Gux #0,
GixGup — (Gyp)* #0. 24)

Then an isola singularity occurs at the point (i, xo, o) [10, p. 33].

3.2.1 Parameterising the isola locus

In this section we obtain a parameterisation of the isola locus. This is used to show that
there is no isola singularity if the autocatalyst feed concentration is sufficiently high
(Bo > 1/8) or the saturation constant is sufficiently low (0 < 8/ (1 — 88p), B < 1/8).
In particular, there can be no isola singularity if p < 8.

Applying the conditions (24) to Eq. (11) we obtain

l -«
i (921(2 - polt? +1) 2
Bo=ai; (3 —2a;) — HT/O, (26)
o =pl-aar’ 27
It is sometimes useful to rewrite Eq. (25) as
ol (28)

p= A—ap(rai>-1)"

From Eq. (26) the reactant concentration («¢1) along the isola singularity locus is given
by

3£V1I-8(o+1/p)

= 29
o] 1 (29)
It follows that there is no isola singularity when
o (1 -8By < 8. (30)

Hence there can not be an isola singularity if either the autocatalytic feed concentration
is greater than a critical value (8o,cr = 1/8) or if the saturation constant is sufficiently
low. Indeed, there can be no isola singularity, regardless of the feed concentration, if
the saturation constant is smaller than a critical value (pcr = 8).
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It is useful when drawing the isola locus to know the conditions for which the value
of Bo on the isola singularity is zero. These are

3+ /1—%
— 2

a1 (Bp=0) = 31
3

(o =0) = 5= (32)
2

T(ﬁ=0)=m- (33)

Equation (31) reveals that there are no intersection points along the line fp = 0 if
p <8.
When p = 10 we find from Eq. (31) that the isola locus crosses the line 8 = 0

when oy, = (15 + \/3) /20 . The corresponding values for the dimensionless decay
rate are Ky = (73 + ﬁ) /80 A 0.940 and k,, = (73 - JE) /80 ~~ 0.884.

3.2.2 The non-degeneracy conditions

The non-degeneracy conditions are Gy, # 0 and GGy — (G w)z # 0.

At points where the first non-degeneracy condition is violated the cusp and isola
curves intersect. Substituting (25)—(27) into the non-degeneracy condition and solving
for the dimensionless saturation constant we have

1+ 4o —3
p=——"—. (35)
2(1 —ap) a;

The physically meaningful solutions of the system comprising Eqs. (25)-(27) and (35)
when p = 10 are given in Table 1.

Now we consider where the second non-degeneracy condition, G G, —
(Gyp)? # 0,is violated. Let H = Gg,q,Grr — (Gg,7)?. Substituting the isola singu-
larity expressions (25-27) into H and simplifying we obtain

H= (a1 +3) (1 —a)?a2p? +2a; (1 —a) (a12 —2ay — 1) 0
+a; (2—ap) +3. (36)

The physically meaningful solutions of the system comprising Eqs. (25)—(27) and (36)
are given in Table 2.

3.2.3 Plotting the isola curve

The isola curve is shown in Fig. 2.
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Table 2 Location of points along the isola singularity where the non-degeneracy condition Gy, ¢ G,z —
(Ga,7)? # 0 fails

) 0.747 0.860
T 3.80621 8.062
Bo 0.02498 0.0006
i 1.05460 0.889

Parameter value: p = 10

0.025
=
E < o002t
T m
25 (ois)
o5
<2
o
@ E o001f
23
Eg
[a] 8 0.005
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
09 092 094 096 098 1 1.02 1.04 1.06
Dimensionless lifetime of autocatalyst ()
Fig. 2 The isola singularity in the secondary bifurcation parameter plane. Parameter value: p = 10.

The crossing points are (k7, Bo)=(0.884, 0) and (0.940, 0). The circle and triangle points are (k2, By) =
(0.889,0.6 x 10~3) and (1.055, 0.025). These represent the points where the non-degeneracy condi-
tion Gxy # 0 and GxxGpp — (G,m)2 # 0 fail respectively. (To graphical accuracy these points are
identical)

3.2.4 Static multiplicity: combining the cusp and isola singularity locii

Figure 3 shows the static bifurcation diagram, which is the union of the cusp and
isola singularity curves. These curves split the secondary bifurcation plane into five
regions. Thus the model (8) and (9) has five generic static steady-state diagrams, i.e.
five types of response diagram showing the dimensionless reactant concentration (o)
as a function of the dimensionless residence time (7). Figure 3b, ¢ blow up Fig. 3a to
more clearly show the location of smaller regions.

Region a represents a unique steady-state diagram, see Fig. 20a, region b repre-
sents a breaking wave steady-state diagram, see Fig. 13a, region ¢ represents an isola
steady-state diagram, see Fig. 14a, region d represents a mushroom steady-state dia-
gram, see Fig. 19a, and region e represents an isola with breaking wave steady-state
diagram, see Fig. 16. Note that the last type does not occur without at least one Hopf
bifurcation.

Figure 3 was previously obtained using path following methods [9, Figure 1.].
Here it is plotted using the parametric representation of the singularity curves. Using
our representations it is much easier to investigate how the static bifurcation diagram
changes as a function of the saturation parameter (p).
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(c¢) Blow-up of figure (a) near region e.

Fig. 3 Static bifurcation diagram showing the cusp (green curve) and isola (blue curve) singularities.
The red circle points are the intersection points between cusp and isola curve located at: (k2, By) =
(0.8875, 0.0004) and (k3, Bg) = (1.0546, 0.0249). Parameter value: p = 10 (Color figure online)

4 Results: dynamic multiplicity
4.1 The Hopf bifurcation theorem
A Hopfbifurcation [11, chapter 1], [12, chapter 5] occurs when a pair of complex eigen-
values crosses the imaginary axis. Associated with this is the formation (or destruction)

of a limit cycle.

Theorem 4.1 (Hopf bifurcation theorem) Suppose that a two-dimensional system

dx

with f € C? has a steady-state solution x () with imaginary eigenvalues
Al =pu(p) £iw(w)

which are purely imaginary at @ = o, i.e. u(uo) = 0 and w(o) > wo. Let the
following non-degeneracy conditions be satisfied:

@ Springer



2244 J Math Chem (2014) 52:2234-2258

(1) The derivative of the real part of the eigenvalues with respect to the bifurcation
parameter, [L, iS NON-Zero, i.e.

d
—Rei12(w) # 0.
du =0

(2) 11(0) # 0, where 1 is known as the first Lyapunov coefficient.

Then it can be shown that a unique limit cycle bifurcate from the steady-state solution
at the Hopf bifurcation point (x, u) = (0, o). The initial period of the zero-amplitude
oscillation is

2r
Ty = ——.

w(0)

For a two variable system, the requirements that the eigenvalues are purely imaginary
are trJ = 0 and detJ > 0, where trJ and detJ represent the trace and determinant of
the Jacobian matrix (J) evaluated at the steady-state solution.

For a planar system there are three co-dimension one dynamic singularities. These
are: the double-zero eigenvalue locus, also known as the Bogdanov-Takens bifur-
cation [13]; the double-Hopf locus, where two Hopf points come together; and the
generalised (or degenerate) Hopf bifurcation, also known as a Bautin bifurcation [13],
where a ‘soft” Hopf bifurcation changes into a ‘hard’ Hopf bifurcation one (or vice
versa); that is, when the first Lyapunov coefficient vanishes. The conditions for these
are [14]:

Double-zero eigenvalue

f=g=detJ =trJ =0,

dtJ;ﬁO #0 dZA#O d dzk#
—tr , , —5 and — # oo;
. He dx? dx?
Double-Hopf locus
f trJ d trJ =0 a2 #0 #0
=g = 1r = —I1r =0, _ s ;
8 . dx? =

Generalised Hopf bifurcation

d
f=g=ul=pn =0, atrf#(), w2 # 0,

where p; is the ith Lyapunov coefficient of a Hopf point.

We shall not be concerned with the distinction between ‘soft’ and ‘hard’ Hopf
bifurcations and do not consider the generalised Hopf bifurcation. We study the double-
zero eigenvalue and the double-Hopf locus.
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The Jacobian matrix for Egs. (8-9) is

1
-1 —a
T X . (38)
( B —rta iy

Using Eq. (10) we obtain

] — (a1 —Kk2) a1’ — [+ a1 — 2pa; (1 — )] @ ?7?
tayfog T +p (1 —ap))?

—p(l—apa[2(1 +a1) — pay (1 —ap)] T — p? (@1 + 1) (1 — ay)?

toy [T+ p (1 — ap)]? ’
(39)

det] = — (oel2 — Kz) o123 4+ [1 = 2pa; (1 Z—al)]alztz
a1t [t 4+ p (1 — )]

+o (1 —apay[2—pa; (1 —ap]t+p* (1 —a1>2. 40)

a2 a4 p (1 —ap)]?

Expressions for the trace and determinant of the Jacobian were first obtained in [7,
equation 28].

4.2 Double-zero eigenvalue

In this section we parameterise the double-zero eigenvalue bifurcation. We show that
this bifurcation can not occur if the value of the saturation constant (p) is sufficiently
low.

Using the singularity equation (11) and the defining conditions (39) and (40), we
find that the double zero eigenvalue bifurcation curve is parameterised by

1

- 41
TTar(—an @b
fo=(1—a)? [par* A =) ~ 1], “2)
2 2 3
Ky = [(1—a1) ,ootl—l—l] a3, (43)
Equation (42) can be rewritten in the form
l—a)’a 1
( ay) o (44)

(I—a)?+po P
The left-hand side of Eq. (44) is a continuous function of the state variable on the

closed region 0 < a1 < 1. It therefore obtains a maximum value. It follows that there
is a critical value of the saturation constant, pcr (8p), such that for p < pcr (Bp) the
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double zero eigenvalue bifurcation does not occur. An elementary bound on the critical
value of p can be obtained as follows.

(1—a’e} (1—a)’ed _ |
< < .
(I —an?+ Bo Bo 24By

This shows that there is no double-zero eigenvalue bifurcation when
p = 2*Bo.
It follows that

per (Bo) > 2*Bo.

For the case By = 0 the maximum value of the RHS of Eq. (44) occurs when
o = 33/4% 1t follows that

44
Per (Bo = 0) = 3_3 A 9.438.

It is useful to know when the double-zero eigenvalue curve intersects the line
Bo = 0. From Egs. (42) and (43) we find that this happens when

1
p(Bo=0)= m, (45)
1—a) +012)
k2(Bo = 0) = (“;—1“1) (46)

When p = 10 the physically meaningful solutions of Eq. (45) are «1,1 = 0.6753 and
a1,2 = 0.8159. The corresponding values for the decay parameter are x3 1 = 0.9026
and k2,1 = 0.8851.

The double zero eigenvalue curve is shown in Fig. 4 for the case p = 10.

Fig. 4 The double-zero
bifurcation curve in the __0.0035 f
secondary bifurcation parameter _g go 0.003 I
plane. Parameter value p = 10. Em
The red crosses denote the @ ‘S 0.0025
crossing points ° S o002}
(2, Bp) = (0.8851, 0) and o
(k2. Bo) = (0.9026, 0) (Color ge 0.0015
figure online) £ 2 0001
a o
© 0.0005 |

0 ‘ ‘ ‘ ‘ ‘
0.885 0.89 0895 09 0905 091 0915
Dimensionless lifetime of autocatalyst (k)
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4.3 Double-Hopf locus

Differentiating the trace of the Jacobian with respect to the residence time v we obtain

duwl 2 N (14 pp1)> (1 —ay) A> A4

aus 24 47
dr 2 A, U+ o cdAs A 47

where the coefficients A; are

Ay =oayfar +pBf1 (B1 +a1 — 1= o) (pB1 +2) — Bo — 1 + B1 — k2] + k2,
Az =pB1[1+7(B1 —a](pB1 +2) + T [(koT + 1) B1 — a1 + k2] + 1,

Az = [(1+ 0B =220 | [B1 (1 47 (B1 + 1 = 1 = o)) — fol.

Ar=rar (148" = (1 +B10) [ (L4 pp1) + e |

Using Maple to solve the system (8)—(9), (39) and (47) gives a parameterisation of
the double-Hopf curve. This parameterisation is too lengthy to include here.

Prior to plotting the double-Hopf locus it is informative to find its intersections
with the line B9 = 0. Using the parameterisation we find that, there are four such
points: k2 1 = 0.1128, k22 = 0.9043, k3 3 = 0.8794 and « 4 = 0.8881. The value
k2,2 ~ 0.941 was identified earlier using path-following methods [9, p. 485].

Figure 5 shows the locus of the double Hopf bifurcation points. The part of the
locus connecting the points (k2, Bp) = (0.8794, 0) and («2, Bp) = (0.8881, 0) is too
small to be seen in the Fig. 5a, it is shown in Fig. 5b.

A close comparison of the double-zero eigenvalue and double-zero Hopf curves
reveals that for some points in region B it is possible trace a curve that ultimately
enters into the small region shown in Fig. 5b without crossing the double-zero eigen-
value locus. This indicates that a steady-state diagram corresponding to values of the
secondary bifurcation parameters inside this small region must have either zero or

0.09 ———
~— 0.08 g ) = 0.00025 1
ES ES b
S = 007 o= o i
E m E m 0.000: A
2 5 0.06 2 5 A
ks 5 005 g 5 0.00015 |
gg o™ / $s 0.0001 "
=] / = . i .
55 0% 185 RN
E 2 002 / E 8 50005 !
9 8 o001 038 |
0 v ! 0 ) T
01 02 03 04 05 06 07 08 09 0.878 0.88 0.882 0.884 0.886 0.888 0.89
Dimensionless lifetime of autocatalyst (i) Dimensionless lifetime of autocatalyst (k,)
(a) (b) Blow-up of figure 5 (a)

Fig. 5 The double-Hopf point bifurcation curve in the secondary birucation parameter plane. Parameter
value: p = 10. The red crosses denote the crossing points (k2, Bp) = (0.1128, 0) and (0.9043, 0), in a, and
(2, Bp) = (0.8794, 0) and (0.8881, 0), in b. The small yellow rectangle in a is shown in b (Color figure

online)
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Fig. 6 The locus of the points on the double Hopf singularity for which By = 0. As explained in the text,
there are two critical value for the unfolding parameter p: pcr,1 = 8.763 and p¢rp = 4

four Hopf bifurcation points. Construction of a steady-state diagram shows that it is
the latter.

Figure 6 shows the locus of the intersection points along the line Sy = 0 as a
function of the saturation constant. This reveals that there are two critical values of
the saturation constant. At the first critical value, pcr,; the number of intersection
points changes from four to two, below this value steady-state diagrams no longer
contain four Hopf bifurcation points. At the second critical value, pc 2, the number of
intersection points changes from two to zero. As noted in [9, p. 472] below this value
the double-Hopf curve is no longer physically meaningful.

We use our parameterisation of the double-Hopf curve to show that these critical
values occur when p¢r,1 = 8.67 and p¢r 2 = 4.0. The former was previously identified
in [9] through the use of path-following methods. When By = 0 we can simplify the
parametric representation of the double-Hopf locus to show that the intersection points
occur when either

pat —pa+1=0 (48)
Fig. 7 The double-Hopf locus 1 . . . . : : :
along the plane Sy = 0. The
critical values for the saturation =
08 ,
constant are: per | = 4 and 8~
) S 3
Per2 = 8.763 s =
- C L
2 S 0.6
9g
S5 o4l -
@ O
c C
28
a 02 \*
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4 6 8 10 12 14 16 18 20
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Fig.9 The degenerate Hopf bifurcation diagram: and double zero eigenvalue bifurcation (red) and double-
Hopf locus (black). Parameter value: p = 10 (Color figure online)

or

G

From Eq. (48) we find that

o] =

pEplp—4)

This gives the critical value pcr2 = 4.

= —pai® — (1 +2p)ar? + Gp+ Day —2(1+p) = 0.

(49)

> . (50)
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Fig. 11 The combined bifurcation diagram: cusp curve (green), double-Hopf locus (black), double-zero
eigenvalue curve (red) and isola curve (blue). B: breaking wave, B+2H: breaking wave with two Hopf
points, B+4H: breaking wave with four Hopf points, I: isola, I+1H: isola with one Hopf point, I+B+2H:
isola with breaking wave and two Hopf bifurcation points, M: mushroom and U: unique, U+2H: unique
with two Hopf points. Parameter value: p = 10 (Color figure online)

To find the second critical value we observe that Fig. 7 shows that this is a limit-point
bifurcation on the implicit curve defined by the singularity curve (49). A limit point

bifurcation occurs when G = % = 0 and the non-degeneracy conditions ;12—162 #0
and % # 0 are satisfied. Solving G, = 0 for p we obtain that
N 1-— 20[1 (51)
P = 32 + 4y — 5
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Fig.12 The combined bifurcation diagram: cusp curve (green), double Hopf bifurcation dash curve (black),
double zero curve (red) and isola curve (blue). B+2H: breaking wave with double Hopf points, B+4H:
breaking wave with four Hopf points, I+B+2H: isola with breaking wave and two Hopf points, I+1H: isola
with one Hopf point, I+2H: isola with two Hopf points, a: isola with three Hopf points, I+B+1H: isola with
breaking wave and one Hopf points, I+B+3H: isola with breaking wave and three Hopf points and [+B+4H:
isola with breaking wave and four Hopf points. Parameter value: p = 10 (Color figure online)

Substituting (51) into the singularity equation (49) we have

+ 1) (er® — 3012 + 120 — 8
G — (o ) (a1 ay ar — 8) _o. (52)
30512+4Ol1 -5

The only physically meaningful solution of the system (51) and (52) is (p, a1) =
(8.763, 0.779). Direct calculation shows that the non-degeneracy conditions are sat-
isfied at this point. Thus the second critical value is p¢r,; = 8.763.

Table 3 Tabulation of the generic steady-state diagrams

Bifurcation figure SSD

10 11 (a) 11 (b) 11 (¢) 11 (d) 12 (a) 12 (b)

B V Vv Fig. 13a
B+2H v v v J v v Fig. 13b
B+4H v N Fig. 13c

I v Vv N v Fig. 14a
I+1H v N v v N v Fig. 14b
+2H J J J Fig. l4c
I+3H Vv Fig. 15a, b
+B+1H J Fig. 16a
I+B+2H Vv Vv Fig. 16b
+B+3H J J Fig. 17
1+B+4H N Fig. 18a, b
M N Fig. 19a
M+2H J J Fig. 19b
U N Vv Fig. 20a
U+2H N Fig. 20b, ¢

SSD steady-state diagram
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Fig. 13 The three generic ‘breaking wave’ steady-state diagrams. Parameter value: p = 10

We conclude that along the double-Hopf locus there are two critical values for the
saturation constant. There are por; = 4 and per2 = 8.763. The former value was
identified in [9, p. 472].

4.4 Double zero eigenvalue and double Hopf bifurcation diagram

In this section we combine the double-zero eigenvalue curve from Sect. 4.2 with the
double-Hopf curve from Sect. 4.3. The combined degenerate Hopf bifurcation curve
is shown in Fig. 8. This curve splits the secondary bifurcation plane into distinct
regions. Crossing from one region to an adjacent region changes the number of Hopf
bifurcations on the steady-state diagram. The number of Hopf bifurcations in each
region is indicated in the figure.

Figure 9 shows a blow-up of the very small region in Fig. 8 (indicated in yellow)
where there are steady-state diagrams with one, two, three or four Hopf bifurcation
points.

5 Putting it all together

In this section we combine the static and dynamic multiplicity analysis from
Sects. 3.2.4 and 4.4 to classify all possible steady-state diagrams. Figure 10 shows the

@ Springer



J Math Chem (2014) 52:2234-2258 2253

-— 1 F ’ " " " " 1 -— 1 F i ’ " " " 1
P e - =
(0] (0]
= C = C
»nS 08¢ wS 08f
3T 3T 8
— L — 07 L .
sg %7 S8
ee 22 o5
88 ooy 28
[m) 05 ) ) - ) ) | [m) 0.5 ) ) - ) )
3 4 5 6 7 8 3 4 5 6 7 8
Dimensionless residence time (t) Dimensionless residence time (7)
(a) L (k2. B0) = (0.92,0.004) (b) 1+1H. (2, Bg) = (0.912,0.0032)
s 1 *_\W\_;
£~
50| g
0O 08 - o
SF 07 y
S
g % 0.6
go
a 0.5

2 3 4 5 6 7 8 9 10
Dimensionless residence time (t)
(€) T+2H. (k7, Bo) = (0.8856,0.00008).

Fig. 14 Three generic ‘isola’ steady-state diagrams. In b and ¢ all periodic solutions are terminated by
homoclinic bifurcations. Parameter value: p = 10
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Fig. 15 The fourth generic ‘isola’ steady-state diagram. Parameter value: p = 10; (k2, fo) =

(0.8868, 0.0000003)

resulting bifurcation diagram in the secondary parameter plane. Some of the steady-
state diagrams occur within the very small parameter region indicated in yellow. These
are shown in Fig. 11. In turn, two small regions in Fig. 11 are blown-up in Fig. 12.

In these figures the ‘type’ of the steady-state diagram is indicated. This classification
has two components. The first indicates the underlying steady-state diagram (U, B, M,
I and B +1) whilst the second indicates the number of Hopf bifurcation points (0, 1, 2,
3 and 4). If the number of Hopf points is absent, e.g., ‘U’, then the number is zero.
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Fig. 18 The fourth generic ‘isola with breaking wave’ steady-state diagrams. Parameter value: p = 10,
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Table 3 tabulates the generic steady-state diagrams, indicating upon which bifur-
cation diagram they are located and the figure in which the steady-state diagram is

shown.

Figure 13 shows the breaking wave steady-state diagrams, Figs. 14 and 15 the isola
steady-state diagrams, Figs. 16, 17 and 18 the isola with breaking wave steady-state
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Fig. 20 The two generic ‘unique’ steady-state diagrams. Parameter value: p = 10

diagrams, Fig. 19 the mushroom steady-state diagrams and Fig. 20 the unique steady-
state diagrams.

In Fig. 14c the periodic solutions generated by the Hopf bifurcation point when
T = 8.14 are not visible on the figure. In Fig. 15 one Hopf bifurcation point is on the
isola and two are in the ‘main’ curve. The latter at large values of the residence time
respectively.

In Fig. 16 all the Hopf bifurcation points are on the isola. However, in Fig. 17 there
one Hopf bifurcation point on the isola and two on the breaking wave. The latter occur
when the residence time is very large and the steady-state diagram is split into two
parts: for small and large values of the residence time respectively.

6 Conclusions

We have investigated the behaviour of quadratic autocatalyst subject to a non-linear
decay term exhibiting a saturation effect in a continuously stirred tank reactor. Aspects
of this model have previously been studied by a combination of analytic [7,8] and path-
following [9] techniques.
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The contribution of our work is to re-analyse this model using the techniques of
singularity theory and degenerate Hopf bifurcation theory. By providing analytical
representations for the cusp, isola, double zero, and double Hopf point singularities
we are able to generate the bifurcation diagram without the use of path-following
methods. (Such methods are still required to generate the steady-state diagrams).
These representations provide extra insight into the behaviour of the model as the
saturation constant is varied. In particular, we found critical values for the saturation
constant at which the first three of these curves disappeared. For the double-Hopf
curve we found critical values for the special case when By = 0. These results provide
general criteria for static multiplicity and periodic solutions.

We used the bifurcation diagram to generate all steady-state diagrams, modulo the
distinction between sub- and super-critical Hopf bifurcations. Some of these steady-
state diagrams exist in very small parameter regions, which would be difficult to find
without the use of the techniques employed here. Only the cases U, B, B+2H, B+4H,
I and M were previously known.

Appendix: Globally attracting invariant region

Here we show that the region

0<a =1,
0<pBi=<1+po

is both (positively) invariant and exponentially attracting for any solution with physi-
cally meaningful initial conditions outside it.

We first demonstrate that solutions with non-negative initial conditions can not
become negative. We have

) 1y
dr [y T ’
| b,
dr g, =0 T -

(Observe that when Sy = 0 that the line 8 = 0 is itself invariant).
We now show that solutions with (physically meaningful) initial conditions outside
the region 0 < o1 < 1 are exponentially attracted to it. From Eq. (8) we have

da; 1 —ag 5
= — .
dr* T 1P

l—Oll

asay > 0 and 1 > 0.
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It follows that
t*
ap (1) <1 —1[1—a; (0)]exp [——} ,
T

i.e. the solution trajectory is attracted into the invariant region. This inequality also
demonstrates that the region 0 < o < 1 is positively invariant.

We have shown that the reactant concentration («;) is bounded. We now show that
the autocatalyst concentration (8;) is bounded. Let Z; (+*) = o (t*) 4+ 81 (t*) (As o
and B are both non-negative so it Z;.) Adding Eqgs. (8) and (9) we have

dZ _1+po—2Z1 k2
drs T 1+ pp
< 1+ Bo— 271

T

, as Bi(t*) =0.

It follows that
Z(1*) <1+ fo—[1+ fo — (@1 (0) + B1 (0))] exp [—’?} .

This inequality demonstrates that if the initial condition is within the invariant region
(1 + Bo — (o1 (0) + B1 (0)) > 0) then the corresponding solution remains in it for
all time. Furthermore, if the initial condition is outside the invariant region (1 +
Bo — (a1 (0) + B1 (0)) < 0) then the solution is attracted into the invariant region
exponentially quickly.

In the limit #* — oo

Z(t*) <1+ Bo
= a1+ 1 =14 fo.

As the reactant o1 is bounded so is the autocatalyst. The use of simple differential
inequalities to establish solutions boundedness in these types of systems stems from
[15] (though was possibly known much earlier).
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