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Abstract: In this paper, we study a food chain chemostat model with Michaelis-Menten function
response and double delays. Applying the stability theory of functional differential equations, we
discuss the conditions for the stability of three equilibria, respectively. Furthermore, we analyze the
sufficient conditions for the Hopf bifurcation of the system at the positive equilibrium. Finally, we
present some numerical examples to verify the correctness of the theoretical analysis and give some
valuable conclusions and further discussions at the end of the paper.
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1. Introduction

Continuous culture technology is necessary for microbial physiology and biochemistry research,
and the chemostat is a continuous culture device that enables microorganisms to grow and reproduce
under conditions lower than their maximum growth rate. Typically, it consists of three vessels. The
first vessel contains a nutrient substrate that allows the microorganisms to grow sufficiently, and the
nutrient substrate is pumped into the second vessel at a constant rate. The second vessel is called the
culture vessel, and the mixture of nutrient substrates and microorganisms inside are pumped into the
third vessel at the same rate to maintain its capacity.

Since the chemostat model can scientifically describe the continuous culture process of
microorganisms, it is widely used to theoretically study the growth of microorganisms in ecological
environments, such as rivers and lakes in nature [1-3]. In addition, there is a biological treatment
method in waste-water treatment, which usually uses specific microorganisms to decompose harmful
substances in waste-water, and the microbe is a bait for another microbe. To this end, some biologists
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have taken advantage of the chemostat model, which can reasonably describe the complex interactions
between biological populations, and have applied it to control the biological waste-water treatment
processes, resulting in economic benefits (see [4—6]). Therefore, the study of the chemostat model in
waste-water treatment will have crucial academic value and practical significance.

The research on the mathematical model of chemostat can be traced back to the work of Novick and
Szilard in reference [7]. Since then, various studies on chemostat models have sprung up (see [8—12]).
Generally, a deterministic chemostat model can be expressed by the following differential equations
[13],

{ 4 = Q(s° = 5()) = x(Op(s(1)),
& = x(1)(p(s() — O,

where s(¢#) represents the concentration of nutrient substrate; x(#) indicates the density of
microorganisms in the chemostat; s° stands for the initial concentration of the substrate in the first
vessel; Q is the dilution rate; p(s(¢)) denotes the functional response function of microorganisms from
absorbing nutrients to transforming into their own growth rate. One of the most famous functional
responses is the Michaelis-Menten functional response [14], which is fully used to describe single-
substrate enzymatic reactions. The specific form is as follows,

p(s) =

K+s

where K, is Michaelis constant, u,, indicates the reaction speed of the enzyme when the substrate is
saturated, and s represents the concentration of substrate.

On the one hand, various organisms in the waste-water treatment ecosystem can generally be
divided into three categories: bacteria, algae, and protozoa. Among them, bacteria are the main force
of waste-water biological treatment, mainly responsible for the degradation of pollutants; protozoa can
prey on free bacteria and reduce the density of bacteria in water [15]. Furthermore, these organisms
often have a simple food chain relationship in waste-water treatment systems: organic matter-bacteria-
algae-protozoa. Since the waste-water treatment processes mainly rely on such interactions between
organisms, it is necessary to consider a chemostat model with a food chain. Recently, a large number
of scholars have devoted themselves to studying the chemostat models with a food chain. For example,
Li [16] analyzed a predator-prey chemostat model with a general response function under different
removal rates and studied the stability and persistence of the population. Wang [17] discussed a
stochastic predator-prey chemostat model driven by Markov mechanism conversion and introduced
sufficient conditions for the existence of a stable distribution. In particular, Ali [18] made a pretty
representative work, which considered a predator-prey food chain chemostat model with Michaelis-
Menten functional response. They analyzed the mechanism of chaos in the following model, deduced
the mathematical conditions for the existence of periodic orbits, and discussed the microbial dynamics
of the system under different conditions. The differential expression is as follows,

dx(@ _ mus@x(@) — Ox(1) - max()y(6)

dr T ai+s@o) ax+x(t)

% _ max()y(t) — Oy(D), (1.1)

a2+x(t)

s _ Q( $0 S(t)) _ mis(x()

ay+s(t)

where s(¢) indicates the concentration of nutrient substrate; x(¢) represents the density of prey-type
microorganisms in the chemostat; y(#) stands for the density of predator-type microorganisms in the
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chemostat; a;(i = 1, 2) denotes the half-saturation coefficient; m; and m, show the maximum absorption
rate of nutrient s(¢) by microorganism x(#) and the maximum growth rate of prey x(¢) by predator y(z),
respectively.

On the other hand, time delays always exist in the real world. For example, due to the limited
switching speed and communication time, there is a time delay in the artificial neural network. Another
example is the incubation period between infecting an infectious disease and developing symptoms.
Likewise, organisms’ uptake and conversion of nutrients are not instantaneous but with a time delay and
so on (see [19-23]). Many scholars have studied the effect of these time delays on the dynamic behavior
of systems, and the results show that the time delays can lead to stability changes, Hopf bifurcations,
and even periodic oscillations, which can help us control and solve practical problems. For example,
Zhao [24], Song [25], and Huang [26] established neural network models with time delays and
discussed the stability of the system with the time delay as a parameter. Xiao [27], Zhang [28], and
Zhu [29] considered time delays in the model with infectious diseases and proved that a more extended
time delay would destroy the stability of the system. Song [30], Li [31], and Jiang [32] analyzed the
effect of time delays in systems with predator-prey relationships and mainly investigated the stability
of periodic solutions for Hopf bifurcations. In particular, Jiang [32] proposed an efficient delayed
feedback control scheme for Hopf bifurcation. Similarly, the biological time delay in chemostats has
also attracted the attention of biologists and mathematicians. In the ecosystem, there are two types
of time delays: One is the time interval between the absorption of nutrients and the consumption of
nutrients, which is called discrete delay; the other is that the growth of biological population density
is not only related to the density at the current stage, but also related to the population density in the
past historical period, which is called the distributed delay. Ruan [33] and Wolkowicz [34] studied
a chemostat model with distributed delay and discrete delay, respectively. Tian [35]considered the
chemostat model with impulse effects and distributed delays and obtained the conditions for the global
asymptotic stability of the system. Sun [36] discussed a chemostat model with a general monotonic
response function and two discrete delays. Yu [37] analyzed a stochastic chemostat model with two
distributed delays and nonlinear disturbances and obtained the existence, uniqueness, and stability of
the positive global solution.

Inspired by the above research background, considering the discrete delay between the absorption
and utilization of nutrients by populations with food chain relationships in biological wastewater
treatment, based on Ali [18], we further include discrete delays in the modeling. Therefore, compared
with other studies with only one delay, we propose a food chain chemostat model with Michaelis-
Menten functional response and double delays. Both the delayed effect of prey-type organisms in
nutrient decomposition and absorption and the delayed effect of predation are considered, which is
novel and valuable. The scheme can be as follows,

dx(n) _ mis(Ox(t=t1) _ Ox(f) - myx(t=7p)y(1—72)

dd(t) a(l +s(t)) ( ) a+x(t-12)
(1) _ mopx(i—12)y(I—72
=S Oy(1), (1.2)

ds@® _ 0 mys()x(t—71)
o - Q(S _S(t))_ ares®

where all parameters are positive constants. Especially, 7, indicates the time delay for the conversion
of nutrient bases into prey energy, and 7, represents the time delay for the conversion of prey into
predator energy.

For the convenience of discussion, we make dimensionless processing on some parameters of
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model (1.2),

X .y s . m _ _a
X—F,y—ﬁ,S—E,I—Qt,m—é,a—ﬁ.
Let x(1), y(7), s(¢) instead of x(¢), y(¢), 5(¢), and the model we finally studied is as follows,

dx(® _ mis@x(t—71) x(1) — myx(1=12)y(1-72)

dd(t) a(1+s(t))( _) ar+x(t—-1p)

V(D) _ mpx(—T)y(t—15) _

A T apa(t-) (@), (1.3)
ds@) _ 1—s(t) - my s()x(t—7y)

dr ar+s(r)

Next, in Section 2, we will prove the existence of three equilibria in system (1.3). In Section 3, we
will discuss the stability of each equilibrium, respectively. In addition, we will analyze the condition for
the Hopf bifurcation at the positive equilibrium. In Section 4, we will give some numerical examples to
verify the correctness of the theoretical analysis. Finally, combining the results of theoretical analysis
and numerical simulation, we will make some conclusions and discussions.

2. Existence of equilibria

Since model (1.3) is a system of delay differential equations, the initial conditions of system (1.3)
can be shown as follows.

(wl(t)’ l//Z(t)’ w3(t)) € C+ =C [(_T’ O]’ Ri) s wl(o) > 0’ = 1a 2’ 3’ (21)

where 7 = max {71, 72}, R} = {(x(1), (¢). s()) € R* | x(t) > 0,(t) > 0. 5(t) > 0}, ;(¢) is the initial value
function, and C is the Banach space.

Lemma 2.1. For the initial conditions Eq (2.1), there is a unique positive solution (x(¢), y(t), s(¢)) for
system (1.3) on ¢ > 0.

Proof. Since model (1.3) is continuous and the coefficients of system (1.3) satisfy the locally Lipschitz
condition, according to Theorem 2.3 in reference [38], we deduce that system (1.3) has a unique
solution (x(r), y(¢), s(t)) for all t > 0. Moreover, for the initial conditions Eq (2.1), it is easy to obtain
that all solutions of system (1.3) are defined on (0, +c0) and remain positive on ¢ > 0.

Thus, there is a unique positive solution (x(¢), y(¢), s(¢)) for system (1.3) on ¢ > 0. O

Theorem 2.1. When m; > a; + 1, m;, > 1 and 0 < a; < 1, system (1.3) have three equilibria,

— +1
Eo(0.0,1), E (=40, =@+ D) g ey o0,
mp — l mp — l
where,

@ m=D(+a)+aim =2)- VA
-1 " 20my — 1) ’

¢ = (I —a)(m, — 1) —mja, + VA

2(my — 1) ’

A = (my — aymy — axmy + a; — 1)* +4a,(1 = my)* > 0.
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Proof. For system (1.3), setting the right side equal to 0, we get the corresponding algebraic equations,

x(m—”—ﬂ—l):o,

ap+s a)+x

y(z=E-1)=0, (22)
l—s—%x:O.

Obviously, there is a boundary equilibrium E((0, 0, 1) in system (1.3). In addition, when m; > a;+1,
we easily calculate anothor boundary equilibrium E; (’"““"] 0, =

mi—1 mi—1)"
Moreover, when m; > a; + 1 and m, > 1, the predator and prey species will coexist, then we obtain

=2 (2.3)
my — 1
Substituting Eq (2.3) into Eq (2.2), we have
(1- mz)s*2 + (my —aymy —aymy +a; — 1)s™ —a; (1 —my) = 0. 2.4)

Since 0 < a; < 1, according to the relationship between the roots and coefficients of quadratic
equations in one variable, we have s7s; = —a; < 0, then we get the unique positive root of Eq (2.4),

o (=a)my — 1) —mia + VA
B 2m, — 1) '

Owing to x* +y* + 5" =1, we get

. (my — 1)(1 + ay) + ay(m; —2) — VA

0.
2my — 1) >

y=1-s"—x

Therefore, when m; > a; + 1, my, > 1 and 0 < a; < 1, system (1.3) always has three equilibria,

—(a; +1
Eo(0,0,1), E (=4 0, =@ D) " o),
m; — 1 m; — 1
where,

o @ (m= D +a)+aim -2)- VA
-1 " 2my — 1) ’

. (I=a)m —1)—ma; + VA

B 2(my — 1) '

3. Stability and Hopf bifurcation

3.1. The equilibrium E((0,0, 1)

Firstly, we will focus on the stability of equilibrium E(0, 0, 1).
Theorem 3.1.

1) When m; < a; + 1, the equilibrium E((0, 0, 1) is locally asymptotically stable.
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2) When m; > a; + 1, the equilibrium E((0, 0, 1) is unstable.

Proof. Let x; = x, y; = yand s; = s — 1, and we can get the linearized system of system (1.3) at the
equilibrium E,(0, 0, 1),

dx () _ myx(t-7) x1(9)

ddt() aj+1
(¢
=0, G.1
dsi(t) _ myx (t=71)
dr - _Sl(t) - al+1 *

Then, we obtain the characteristic equation of system (3.1) at the equilibrium E((0, 0, 1),

A+1—Len 0 0

a1+l

J(Ey) = 0 A+1 0 |=@+1)2+1- 2 g, 3.2)
ﬂe_/h'l O /1 + 1 a + 1
a +1
Obviously, 4;, , = —1 and A; satisfies the following equation,
Fy) = A5 +1 = —L_gmtam — g, (3.3)
a; + 1

On the one hand, when m; < a; + 1, we claim that Re(43) < 0. Otherwise, if Re(43) > 0, we obtain
m

Re(13) = -1+
6(3) (11+1

m
e R cos(Im(A3)1)) < —— — 1 < 0,
a; + 1

which leads to a contradiction. Thus, all solutions of Eq (3.3) have negative real parts.
On the other hand, when m; > a; + 1, we have

— _ n
JO=1=-"7

<0, lim f(A3) = 400> 0.
/l3—>+oo

Hence, there is a A5 > 0 such that f(43) = 0, then Eq (3.3) must have a positive root.

Therefore, we conclude that when m; < a; + 1, all solutions of Eq.(3.2) have negative real parts,
then the equilibrium E((0, 0, 1) is locally asymptotically stable; when m; > a; + 1, the solutions of
Eq (3.2) will have a positive root, then the equilibrium E((0, 0, 1) is unstable. m]

mp— (L11+1)
np 1’0 njp— 1 )

3.2. The equilibrium E; (

Secondly, we will discuss the stability of equilibrium E; ( ,0,™ (‘””)).

Defi "
cIine
’ . ay « My (a1 + 1) _ mlalx’f
N m U T T im0 T @ sy
mpXy my(my —a; — 1)

a+ x5 a(m = 1) +my(my —a; — 1)

Theorem 3.2. When m,; > a; + 1, the equilibrium E;(x7, 0, s7) is locally asymptotically stable.

Proof. Let x; = x—xj,y; = y—0and s; = 5 — s7, by variable substitution and ZI’ITSS‘ = 1, and we obtain
1

4 = —xl(l) +x (1 =T+ (S el Lsi(f) — e )’1 (t—12),

@ " a +x*yl (t—12) = 1(0), (3.4)
2

apx)

T (1"'”1(A )z)Sl(l)—x1 t-T11).
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Then, we get the characteristic equation of system (3.4) at the equilibrium E; (x}‘, 0, s’[),

A+1—e 926_/17—2 -0,
J(E)) = 0 A+1- 926_/11-2 0
e 0 A+1+6, (3-5)

=+ DA+ 1 =6 ™A+ 1+6, —e ™).

Obviously, 4, = —1 is a negative eigenvalue.
On the one hand, the second eigenvalue satisfies the following equation,

Ay = Gre™ ™ — 1. (3.6)
When m; > a; + 1, we obtain Re(4;) < 0. On the contrary, if Re(1,) > 0, we get
Re(1,) = =1 + 0 R cos(Im(A,)15) < 6, — 1 <0,

which leads to a contradiction. Thus, all eigenvalues of Eq (3.6) have negative real parts.
On the other hand, the third eigenvalue satisfies the following equation,

Ade=e -9, 1. (3.7)
When m; > a; + 1, we claim that Re(A.) < 0. Otherwise, if Re(A,.) > 0, we have

my(ay)?

Re(A,) = =1 = 6; + eI cos(Im(A.))) < —60; = —
e(Ac) 1 te cos(Im(A.)T1) VT = D@ )

<0,

which leads to a contradiction. Thus, all eigenvalues of Eq (3.7) have negative real parts.
Therefore, we conclude that when m; > a; + 1, all solutions of Eq (3.5) have negative real parts,
then the equilibrium E,; (x*[, 0, s’[) is locally asymptotically stable. m|

3.3. The positive equilibrium E,(x*,y", s¥)

Next, we will analyze the stability of the positive equilibrium E,(x*, y*, s¥).
Define,

m;s* mia; x* —ay* —(my—1)(my—1) ami(my—1)
—’ 4 = —’ 5 = = 9
a; + s* (a; + s%)? my(x*)2 ny my(a; + 5)

Br=0s+3, B =20,+3, B3 =61+ 1, s = —03,B5 = =205, Bs = —05,
B7=—05—1, Bs = =0405 — 205 — 0, — 2, Bg = —0465 — 04 — 05 — 1, Bio = P11 = 65.

93:

Let x; = x—x",y; =y—y"and s = s — 5%, by variable substitution and ;’;ﬁr’; - = 1, and we obtain the
following system,

dxi () _ my s* _ yias _ _ _ mia| x*

W —x(0) + e (T =) - e (T = 1) = yi(T = 1) + i i),

a

o= mi(xf)le(f —72) = y1(®) + y1(t — 12), (3.8)

d * *

PO = I (0= 7y) = 1 (1) — 2 (1),
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Then, we get the characteristic equation of system (3.8) at the positive equilibrium E,(x*,y", s¥),

A+ 1= Oy — oo e An —0,
J(E,) = fse 72 141 = e 0
fi0 T 0 A+1+6, (3.9)

= Hy(D) + Hi(De™ + Hy(De ™™ + Hy(1)e e,

where,
Ho(D) = 8 + 122 + Bad + B3, Hi(d) = Bud® + BsA + fe,

Hy(A) = B7.2° + Bsd + Bo, H3(A) = Brod + P

3.3.1. Thecaseti =17 =0

Theorem 3.3. When 7, =1, =0, m; >a;+1,m > 1,0<a < 1,B1+B4+B7>0,B5+69 >0

and (B) + B4 + B7)(B2 + Bs + Bs + Pio) > (B3 + By), the positive equilibrium E,(x*, y*, s*) is locally
asymptotically stable.

Proof. Let T = 7, = 0, based on Eq (3.9), and we obtain
FQ) =2+ B1+Ba+B) A+ (Ba+Bs +Bs +Bio) A+ (B3 + Bo) = 0. (3.10)
Since B1 + B4+ B7 > 0, B3 + B9 > 0 and (By + B4 + B71)(B2 + Bs + Bs + Bio) > (B3 + Bo), we get

A= B +Bs+B7) >0,

Ay = (B1 + Ba + B7) 1
Bs +Po) (B2 +Ps5+PBs+ Pio)
= (B1 + B4+ B7) Bz + Bs5 + Bs + Bio) — (B3 + Bo) > 0,
(B1 + Ba + B7) 1 0 (3.11)
As=| Bs+po) (Bo+Ps+Ps+Pio) (Bi+pPs+pB7)
0 0 (B3 + Bo)

= (B3 +Bo) (B1 + B4+ B7) (B2 + B5 + Bs + Bio) — (B3 + Bo))
= (B3 + Bo) Ay > 0.

Utilizing Routh-Hurwitz criterion [39], we conclude that when 7; = 7, = 0, all roots of Eq (3.10)
have negative real parts. Therefore, when 7, = 7, = 0 and the parameters satisfy the conditions of
Theorem 3.3, the positive equilibrium E,(x*, y*, s*) is locally asymptotically stable. O

3.3.2. Thecaset; >0and 7, =0
When 7, > 0,7, = 0, based on Eq (3.9), we obtain

fQ) = Hy(D) + Hs(De™™ = 0, (3.12)

where,
Hy(d) = 2+ By + LA + (Ba + Bs)A + B3 + Bo, Hs(1) = Bad® + (Bs + Bio)A.
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Let A = iw, and we get
Ei+iF + (E2 + in)(COS wT] — iSiI’lU)Tl) =0,

where,
E =B + B’ + B3+ Py, Fi=-0 +(Br+fs)w,
E; = —B4w?, Fy = (Bs + o) w.

Separating the real and imaginary parts, we have

{ E,coswt) + Fysinwt, = —E;, (3.13)

FzCOSQ)T] - E2 SiIl(J)T] = —Fl.

Adding the squares of two equations, we obtain

(—Baw’)? +((Bs + Br0)w)* = (=(B1 + B)w” + B3 + Bo)” + (—w* + (B2 + By)w)”. (3.14)

Let z = w?, and we get
hz) =2+ pzt +qz+r=0, (3.15)

and i’ (2) =322 +2pz+¢q, h' (2) = 62+ 2p,
where,

P =B +B7) —Ba’ = 2B —2Bs, = (Ba+Bs)* — (Bs + Bro)” — 2(B1 + B7)(B3 + o),

r= (B +B9)* > 0.

For convenience, we let A; = p? — 3¢, then two roots of the equation 4'(z) = 0 can be expressed as
* —P_\/EI * —P+\/E

4 =73 XT3 -

Theorem 3.4. When 7y > 0,7, =0, m; > a; +1,my > 1 and 0 < a; < 1, we can get the following
conclusions.

D) If 81+ B4+ B7> 0, B3+ Bo > 0, (B + B4+ B7)(B2 + Bs + Bs + B1o) > (B3 + Bo) and p* — 3¢ < 0, for
any 71 > 0,7, = 0, the positive equilibrium E,(x*, y*, s¥) is locally asymptotically stable.

2) If the system parameters do not satisfy the conditions of Theorem 3.3, ¢ < 0 and A(z}) < 0, as
7| increases, the stability of the positive equilibrium E,(x*, y*, s*) will change a finite number of
times and eventually become unstable. Especially, there is a 7} > 0.

e When 0 < 7| < 7] and 7, = 0, the positive equilibrium E>(x", y*, s*) is unstable.
e When 7; = 7} and 7, = 0, system (1.3) will undergo a Hopf bifurcation for the first time.
e When 7, > 7] and 7, = 0, the positive equilibrium E,(x", y", s*) is stable.

Proof. (1) Since A = p* — 3g < 0, we obtain h'((22) > 0 and h'(z) > 0(z # “22), which indicates
that A(z) is monotone increasing. In addition, combining with 4(0) = r > 0, we obtain Eq (3.15) does
not have real roots. Then Eq (3.14) does not have real roots, and Eq (3.12) does not have a root that
can cross the imaginary axis.

Moreover, as a result of Corollary 2.4 from reference [40], we know that when 7; > 0, the sum of
the positive real parts of the roots of Eq (3.10) and Eq (3.12) is equal. Since 8, +84+87 > 0, B3+59 > 0

and (B + B4 + B7)(B2 + Bs + Bs + B1o) > (B3 + B9), based on the analysis of Theorem 3.3, we can obtain
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12163

that the sum of positive real parts of the roots of Eq (3.10) is equal to 0, then all the roots of Eq (3.12)
only have negative real parts.

Therefore, we can conclude that when m; > a;+1,m; > 1,0 < a; < 1,B1+B4+67 > 0, B3+59 > 0,
(B1 + B4 + 7)(Ba + Bs + Bs + B1o) > (B3 + Bo) and p? — 3q < 0, for any 7; > 0 and 1, = 0, the positive
equilibrium E,(x*,y*, s¥) is locally asymptotically stable.

(2) Since the parameters of system (1.3) do not satisfy the conditions of Theorem 3.3, by the first
case of Theorem 3.4, we get E,(x*,y", s*) is unstable. In addition, when ¢ < 0, we obtain A; =
p* —3q > 0, then the equation /'(z) = 0 has two real roots and 7, > 0. Moreover, we can easily get
R'(z}) = =2VA; < 0,h"(z}) = 2v/A; > 0. Thus, 7 and z; are the maximum and minimum points of
the equation /'(z) = 0, respectively.

If h(z5) = 0, z5 > 0 is the positive real root of Eq (3.15); if h(z;) < 0, there must exist z* > 0
such that A(z") = 0. Thus, when g < 0 and Ah(z;) < 0, Eq (3.15) always has positive real roots. Then,
Eq (3.14) has at least a pair of real roots that are opposite to each other, and Eq (3.12) has at least a
pair of conjugate imaginary roots +iwg (wy = Vz*).

Furthermore, based on Eq (3.13), we obtain

—-E\E, - F1Fy . F\E, — E\F,
COSWT| = 0 SIN Wt = S
E5 + F3 E5 + F3
Hence,
; 1 -EE, — F1F
T = — [arccos (%) + 2j7r] ,j=0,1,2...
Wo E5 + F;5

According to Hopf bifurcation theory [41], we can describe the bifurcation point as 7] = min (T{ ) ,j=
0,1,2...
When 7, = 77, we get

da AH5()e™ 0 )

dr;  H,()+ Hy(De™ ™ — 7 Hs(De= 1~ ¥

Let A = iw, and we obtain )
A Y, + O
] _otrod

Re| —
e[dT W+ 92

w=wq
where,
(I)l = U)OEZ sin 0.)()‘1';< - (UQF2 COS (,L)()TT, (Dz = CL)OF2 sin (1)0’1'41< + Ll)oEz COS (1)07'4{,

Y, = E| — (E) + 11 F,) sinwyt)| + (F, — 71 E;) cOS wo T},
¥, = F| — (F), — 1| E,) sinwyt| — (E5 — T F,) cos w7,
E} = 22w0(B1 +B7), F = =3we’ + B2 +Bs., Ey = =284, Fy=Ps5+Bo.

Therefore, making use of Hopf bifurcation theory [41], we obtain when ¢ < 0, A(z;) < 0 and
the system parameters do not satisfy the conditions of Theorem 3.3, as 7; increases, the stability of the
positive equilibrium E»(x*, y*, s*) will change at most a limited number of times and eventually become
unstable [42]. Especially, there is a 7, such that when 0 < 7, < 7] and 7, = 0, the positive equilibrium
E>(x*,y", s*) is unstable; when 7, = 7] and 7, = 0, system (1.3) will undergo a Hopf bifurcation for the
first time; when 7, > 77 and 7, = 0, the positive equilibrium E,(x*, y*, s*) is stable. O
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3.3.3. Thecase i =0and 75, > 0
When 7, = 0,7, > 0, based on Eq (3.9), we have

() = He(d) + H/(De™ ™ =0, (3.16)
where,

He(A) = 2> + (B1 + o)A + (Ba + Bs)A + b5 + Bo, Hy (1) = B7A° + (Bs + B1o)A + Bo + Bu1.
Let A = iw, and we get
Es +iF;+ (Es+iF,) (coswty, —isinwt,) =0,
where,
Ey = —(B1 +B)w’ + B3 +Bs, F3=-w’ + (B +pBs)w,
Ey = 7w + By + P11, Fa = (Bs + Pro) w.
Separating the real and imaginary parts, we obtain

Eicoswty + Fysinwty = —-E;,
F4 COS W7y — E4 SiIla)Tz = —F3.

(3.17)

Adding the squares of two equations, we have

(=B + By + B11)* + ((Bs + Bro)w)’ = (=(B1 + B’ + B3 + Bs)’ + (=’ + (B2 + Bs)w)’.  (3.18)

Let n = w?, and we obtain
h(n) = n® + un® + vn + m, (3.19)

and 4’ (n) = 3n® + 2un +v, h' (n) = 6n + 2u,
where,
u=B1+pBa) —Bs* — 2B — 2Bs,
v = (B2 +B5)° — (Bs + Bro)” + 2B7(Bo + B11) — 2(B1 + Ba)(B3 + o),
m = (B3 +B6)’ — (Bo + B11)* = —05(64 + 1)(=2605 + (1 + 6,)(65 + 2)).

For convenience, we let A, = u? — 3v, then two roots of the equation /'(n) = 0 can be expressed as
% —u—\/E * —LH"/AiZ

W=7 Mh=—73 -

Theorem 3.5. When7, =0, 7, >0, m >a;+1,m > 1and 0 < a; < 1, we have the following

conclusions.

1) If v < 0, h(n}) < 0 and the parameters of system (1.3) do not satisfy the conditions of Theorem 3.3,
for any 7 = 0, 7, > 0, the positive equilibrium E,(x*, y*, s*) is unstable.

2) fB1+Ba+P7>0, B3+B9 >0, (B1+Pa+B7)(B2+Bs +Bs +Bio) > (Bs +Bo), v<0and h(n}) <0,
thereis a 75 > 0.

e When 7y = 0 and 0 < 7, < 73, the positive equilibrium E,(x*, y*, s*) is locally asymptotically
stable.
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e When 7; = 0 and 7, = 73, system (1.3) will undergo a Hopf bifurcation.
e When 7; = 0 and 7, > 73, the positive equilibrium E,(x*, y*, s*) is unstable.

Proof. (1) Since v < 0 and h(n3) < 0, similar to Theorem 3.4.(2), we obtain that Eq (3.19) always has
positive real roots. Then, Eq (3.18) has at least a pair of real roots which are opposite to each other, and
Eq (3.16) has at least a pair of conjugate imaginary roots. In addition, since the parameters of system
(1.3) do not satisfy the conditions of Theorem 3.3, by the Corollary 2.4 from reference [40], we obtain
when 71 = 0 and 7, > 0, the sum of the positive real parts of the roots of Eq (3.16) and Eq (3.10) is
equal. Moreover, by the analysis of Theorem 3.3, we know that when the parameters of system (1.3)
do not satisfy the conditions of Theorem 3.3, all roots of Eq (3.10) must have positive real parts, then
all roots of Eq (3.16) have positive real part.

Therefore, we conclude that when v < 0, h(n;) < 0 and the parameters of system (1.3) do not
satisfy the conditions of Theorem 3.3, for any 7, = 0, 7, > 0, the positive equilibrium E,(x*, y*, s*) is
unstable.

Furthermore, based on Eq (3.17), we obtain

—E;E, - F3F, . FiE, — E5F,4
COSWTy = —————, SINWT = —————.
E, + F} E; +F}
Hence,
o —E;E, — F3F
= — [arccos (%) + 2j7r] ,j=0,1,2.. (3.20)
Wy E4 + F4

Similarly, according to Hopf bifurcation theory [41], we can describe the bifurcation point as 75 =
min(7}), j =0,1,2...
When 1, = 75 > 0, we obtain
i AH (e A

dr, H(A) + H)(De™' — 1, Hy(De "> e}

Let A = iw, and we obtain
1 T=1"
d ] AN ®1 4 ‘2®2 O,

Re|—
[de A% + A%

w=wy
where,
A] = a)()E4 sin CL)()T; - (.UQF4 COS CL)()T;, Az = a)()F4 sin CL)()T; + (_U()E4 COS a)()T;,
0O, = E; — (E, + T5F4) sinwoT;, + (F} — T5E4) COS wyT5,
0O, = F}, — (F) — T5E4) sinwot; — (E} + T5,F4) cos wyT,
2
E; = 2wo(B) + B4), F3=-3wy” + B2+ fs, E, = —2woB7, F, =B+ Po.

(2) When 7y = 0 and 0 < 7, < 73, based on the above analysis, we know that when v < 0 and
h(n3) < 0, Eq (3.19) has at least a pair of conjugate imaginary roots. In addition, since 8y + B4 + 7 >
0, B3+ By > 0and (B; + B4 + B7)(B2 + B5 + Bs + P1o) > (B3 + Bo), by Theorem 3.3 and the Corollary 2.4
from reference [40], we obtain when 7y = 0 and 0 < 7, < 75, the sum of the positive real parts of
the roots of Eq (3.16) and Eq (3.10) is equal to 0, then all the roots of Eq (3.16) only have negative
real parts. Thus, when 7, =0, 0 <7, <73, v <0, h(n) < 0,8, +B4+B7 >0, B3+ B9 >0 and
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(B1+B4+B7)(B2+Bs+Ls+P10) > (B3+S9), the positive equilibrium E,(x*, y*, s*) is locally asymptotically
stable.

When 7; = 0 and 7, = 73, utilizing the conclusion of reference [43], we obtain signRe(%) =
A==%iwg

sign(h'(z)) = sign(h'(w*)). Since v < 0 and h(n}) < 0, there must exist n* > 0 such that h'(n}) = 0.

Thus, when 0 < n3 < n, we get K (n) > 0, then signRe((%) =1> 0. Thus, when 7y = 0,7, = 73,
A==iwy
v<0,hn;) <0,B1+Ps+P7>0, B3+ Lo >0and (B; + B4+ B7)(B2 + Bs + Ps + Bro) > (B3 + o),
system (1.3) will undergo a Hopf bifurcation.
In addition, when delay parameter 7, increases from 75, the characteristic root of characteristic

Eq (3.16) will cross the imaginary axis [44]. It means system (1.3) eventually become unstable. Thus,
whent = 0,7, > 75, v <0, h(n) <0, B, +B4+P7 > 0, B3+By > 0 and (B, +B4+B7)(B2+P5+Ps +B10) >
(B3 + Bo), the positive equilibrium E,(x*, y*, s*) is unstable.

Therefore, according to the Hopf bifurcation theory [41], when m; > a; + 1,m, > 1,0 < a; < 1,

v<0,h(ny) <0,B,+B4s+p7 >0, B3+Lo > 0and (B) + B4+ B7)(B2 + Bs + Bs + Bio) > (B3 + Bo),
there exists a 75 > 0. When 7y = 0 and 0 < 7, < 73, the positive equilibrium E,(x*, y", s*) is locally
asymptotically stable; when 7, = 0 and 7, = 77, system (1.3) will undergo a Hopf bifurcation; when
71 = 0 and 7, > 77, the positive equilibrium E,(x", y*, s*) is unstable. O
3.3.4. Thecaseof 1y >0and 75, >0

Theorem 3.6. If 7 > 0,75 > 0, my > ay + 1,my > 1,0 < a; < 1,v < 0, h(n}) < 0, By + B4 + 7 >

0, ﬁ3 +,89 > 0, (ﬁ] +,84 +ﬁ7)(ﬂ2 +ﬁ5 +,83 +ﬁ10) > (B3 +ﬁ9) and 0 <1, < T;, for any 7| > 0, the positive
equilibrium E,(x*,y*, s¥) is always locally asymptotically stable.

Proof. When 7; > 0,1, > 0, based on Eq.(3.10), we obtain the characteristic equation of system (1.3),
£ = Hy(D) + Hi(De™™ + Hy(D)e ™™ + Hy(De e = 0, (3.21)

where,
Ho(Q) = 2+ B12% + ol + B3, Hi(d) = ad® + BsA + fs,
Hy(A) = B72% + Bsd + Bo, H3(1) = Brod + P
Since v < 0, h(n3) < 0, By + B4 +B7 > 0,83 + o > 0,(By + B4 + B7)(B2 + f5 + Bs + Bio) > (B3 + Bo)

and 0 < 7, < 75, we obtain that 7, is the parameter that satisfies the asymptotic stability condition of
the positive equilibrium E,(x*, y*, s*) in Theorem 3.5.(2).
If we regard 7, as a branch parameter and let A = iw be an eigenvalue of Eq (3.21), we can obtain

Escoswt) + Fssinwt; — Eg + i(F5coswt; — Essinwt; — Fg) =0,
where,
E5 = —ﬁ4a)2 +ﬁ6 +ﬁ1()a) siang +ﬁ11 COS WTy, F5 2,35 +,31()(1.) COS WT> _ﬁll sin wTy,

Es = B1w* — B3 — (=B70* + fBo) c0s wT — Byw sin wts,

F¢ = & - Bhw + (—,87(1)2 + By) sin wT, — Bgw COS WT;.
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Separating the real and imaginary parts, we get

Escoswt) + F5sinwt; = Eg,
—FE5sinwt; + Fscoswt = Fg.

Applying sin wt; + cos? wt; = 1, we obtain a transcendental equation,
fw,12) = Es> + Fs* — E¢* — Fs* = 0. (3.22)

It is well known that transcendental equations usually do not have exact solutions, and generally
the roots of the equations can not be directly determined. Thus, for Eq (3.22), we use numerical
calculations and drawing methods to discuss the root situation.

09 1

0.8 1

0.7 1

0.6 1

305 -

04 1

0.3 1

0.2~ 1

0.1 1

Figure 1. Show the numerical calculation diagram of Eq (3.22) in the interval [0,10] with
m; =8,a; =0.85,m, =3.5,a, = 0.95.

It can be seen from Figure 1 that when m; > a; + 1,m; > 1,0 < a; < 1,v < 0, h(n;) < 0,
Bir+Ba+B7>0,B3+ B9 >0,(B) + B4+ B7)B2+PB5 + Bs + Pio) > (B3 +B9) and 0 < 7, < 73, the image
of Eq (3.22) is always above the horizontal axis. Thus, Eq (3.22) does not have positive roots. At the
same time, by the conclusion of Theorem 3.5.(2), we obtain all the roots of Eq (3.21) have negative
real parts.

Therefore, when 7 > 0,7, > 0, m; > a; +1,my > 1,0 <a; <1,v<0,h(n;) <0,B, + B4+ p7 >
0, B3+B9 > 0,(B1 + B4 +B7)(B2+ 5 +Ps + Bio) > (B3 +Py) and 0 < 1, < 73, for any 7, > 0, the positive
equilibrium E,(x*,y*, s¥) is always locally asymptotically stable. O

4. Numerical simulation

In this section, we will give several numerical examples to further verify the correctness of the
theoretical analysis in Section 3, which can intuitively show that our proposed control strategy is
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effective. To this end, we select the delays 7, and 7, as the bifurcation parameters, fix s9=1,x"=05
and y° = 0.5 as the initial value conditions and use MATLAB to numerically fit system (1.3). Since the
two boundary equilibria are special cases of the positive equilibrium, we will omit it and only discuss
the stability and Hopf bifurcation of system (1.3) at the positive equilibrium E,(x*, y*, s).

Next, we will provide numerical simulations for each of the four cases in Section 3.3. For the
convenience of comparison, the system with delays is represented by a solid line, and the system
without delays is represented by a dashed line.

—x( y() ——s()

&
o
5
505
3
2
fo4
03
02
01 U

0
0 10 20 30 4 5 6 70 8 9 10
Timelt

a

—x@ y) —s(t)

8| |

0

0 10 20 30 4 5 6 70 8 9 10
Timelt

d e f

Figure 2. Show the time-series diagram, the time trajectory diagram and the phase diagram
of system (1.3) in Case (I) with 7 = 0 and 7, = 0, where m; = 6,a; = 0.35,m, = 3.5,a, =
0.5(top) and my = 3.5,a; = 0.35,m, = 3.5,a, = 0.5(bottom).

Case (I). When 7 = Oand 7, = 0, we fix m; = 6, a; = 0.35, my, = 3.5 and a, = 0.5, then we
calculate A; =~ 1.1901 > 0, B3 + By = 2.7073 > 0, A, = 0.7408 > 0 and E,(0.2000, 0.4226,0.3774).
It is easy to verify that all system parameters satisfy the conditions of Theorem 3.3. From Figure 2(a)
and (b), we see that the time-series graphs of x,y and s and the time trajectory diagram of x and
y gradually change from fluctuations to a straight line. In addition, from Figure 2(c), we see that the
phase diagrams of x, y and s gradually converge to the positive equilibrium E;(0.2000, 0.4226, 0.3774).
Thus, when the system parameters satisfy the conditions of Theorem 3.3, the positive equilibrium
E»(0.2000, 0.4226,0.3774) is stable.

On the contrary, if we choose m; = 3.5, a; = 0.35, m, = 3.5 and a, = 0.5, we calculate that
A = 09586 > 0, B3 + By = 1.0739 > 0, A, =~ -0.0841 < 0 and E,(0.2000,0.2329,0.5671). It
is easy to verify that the parameters of system (1.3) do not satisfy the conditions of Theorem 3.3.
From Figure 2(d), we see that the time-series graphs of x,y and s are in periodic oscillation; from
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Figure 2(e), we see that the time trajectories of x and y are spiral; from Figure 2(f), we see that the
phase diagrams of x,y and s are in a circle shape and will not converge to the positive equilibrium
E»(0.2000,0.2329,0.5671). Thus, when the system parameters do not satisfy the conditions of
Theorem 3.3, the positive equilibrium E,(0.2000, 0.2329,0.5671) is unstable.

—x( ¥ —s(t)

205
&

04

03

02

01
0 20 40 60 8 100 120 140 160 180 200
Time/t

a

—x( ¥ —s(t)

04
03

02

01
0 20 40 60 8 100 120 140 160 180 200
Time/t

d e f

Figure 3. Show the time-series diagram, the time trajectory diagram and the phase diagram
of system (1.3) in Case (II) with m; = 3,a; = 0.3, m, =2 and a, = 0.4, where 7y = 2, 75 =
O(top) and 7; = 10, 7, = O(bottom).

Case (ID). (1) If we fix m; = 3, a; = 0.3, m, = 2 and a, = 0.4, we calculate that A; =~ 1.5367 > 0,
B3+ By =~ 05723 > 0, A, =~ 1.1320 > 0 and E»(0.4000,0.2479,0.3521). It is easy to verify
that the parameters satisfy the conditions of Theorem 3.3. As g = 1.2099 > 0 and p> — 3¢ =
—0.0863 < 0, we know that w, does not have real roots. From Figure 3, we know that no matter
choose 7y = 2 > 0,7, = Oor 7y = 10 > 0,7, = 0, the time-series graphs of x,y and s and
the time trajectories of x and y all gradually tend to a straight line, and the phase diagrams of x,y
and s in system (1.3) and its corresponding system without delays always converge to the positive
equilibrium E,(0.4000, 0.2479,0.3521). Thus, when the system parameters satisfy the conditions of
Theorem 3.4.(1), for all 7; > 0, 7, = 0, the positive equilibrium E,(0.4000, 0.2479,0.3521) is stable.

(i1) If we fix my = 4.5, a; = 045, my, = 2.5 and a, = 0.15, we calculate that A; ~ 0.4380 > O,
B3 + By = 1.2206 > 0, A, ~ —0.9321 < 0 and E, = (0.1000,0.1773,0.7227), then it is easy to verify
that the parameters do not satisfy the conditions of Theorem 3.3. Moreover, as ¢ = —3.7527 < 0 and
h(z5) = =3.2171 < 0, we know that wy ~ 0.5491 and 7} ~ 1.1800. If we choose 7, = 0.8 < 7} and
7, = 0, from Figure 4(a), we see that the time-series graphs of x,y and s are in periodic oscillation;
from Figure 4(b), we see that the time trajectories of x and y are spiral; from Figure 4(c), we see that
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the phase diagrams of x,y and s in system (1.3) and its corresponding system without delays are in
a circle shape and will not converge to the positive equilibrium E, = (0.1000,0.1773,0.7227). Thus,
when 7, < 77, 7, = 0 and the system parameters satisfy the conditions of Theorem 3.4.(2), the positive
equilibrium E, = (0.1000, 0.1773,0.7227) is unstable.

On the contrary, if we choose 7 = 2 > 77 and 7, = 0, from Figure 4(d) and (e), we see that the time-
series graphs of x,y and s and the time trajectories of x and y tend to a straight line; from Figure 4(f),
contrary to the phase diagram of the system without delays, we see that the phase diagrams of x,y
and s in system (1.3) gradually converge to the positive equilibrium E,(0.1000,0.1773,0.7227). Thus,
when 7, > 77, 7, = 0 and the system parameters satisfy the conditions of Theorem 3.4.(2), the positive
equilibrium £,(0.1000, 0.1773,0.7227) is stable.

—x(0 y() —sH
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Figure 4. Show the time-series diagram, the time trajectory diagram and the phase diagram
of system (1.3) in Case (II) with m; = 4.5, a; = 0.45, m, = 2.5 and a, = 0.15, where
71 = 0.8, 7, = 0(top) and 7| = 2, 7, = O(bottom).

Case (II). When r; = Oand 7, > 0, we fix m; = 8, a; = 0.85, m, = 6 and a, = 0.95, then we obtain
that A; = 1.4449 > 0, B3 + By = 2.6571 > 0, A, = 1.8250 > 0 and E, = (0.1900, 0.3464,0.4636). It
satisfies the conditions of Theorem 3.3. Furthermore, as v = —10.8856 < 0 and A(n3) = —-7.1856 < 0,
we getwy ~ 1.6593 and 75 ~ 0.1173. If we choose 7; = 0O and 7, = 0.05 < 77, from Figure 5(a) and (b),
we see that the time-series graphs of x, y and s and the time trajectories of x and y all tend to a straight
line; from Figure 5(c), we see that the phase diagrams of x, y and s in system (1.3) and its corresponding
system without delays gradually converge to the positive equilibrium E, = (0.1900, 0.3464,0.4636).
Thus, when 7; = 0, 0 < 7, < 7} and the system parameters satisfy the conditions of Theorem 3.5.(2),
the positive equilibrium £, = (0.1900, 0.3464,0.4636) is stable.
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On the contrary, if we choose 71 = 0 and 7, = 0.15 > 73, from Figure 5(d), we see that the time-
series graphs of x,y and s are in periodic oscillation; from Figure 5(e), we see that the time trajectories
of x and y are spiral; from Figure 5(f), contrary to the phase diagram of the system without delays,
we see that the phase diagrams of x,y and s are in a circle shape and will not converge to the positive
equilibrium E, = (0.1900,0.3464,0.4636). Thus, when 7, = 0, 7, > 75 and the system parameters
satisfy the conditions of Theorem 3.5.(2), the positive equilibrium E, = (0.1900, 0.3464,0.4636) is
unstable.
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Figure 5. Show the time-series diagram, the time trajectory diagram and the phase diagram
of system (1.3) in Case (III) with m; = 8, a; = 0.85, m, = 6 and a, = 0.95, where 7| =
0, 70 =0.05 < 7" =0.1173(top) and 7y = 0, 7, = 0.15 > 7" = 0.1173(bottom).

Case (IV). When 7 > Oand 7, > 0, we fix m;y = 8, a; = 085, my = 35 and a, =
0.95, then we calculate that A; =~ 2.7995 > 0, B; + Bo =~ 2.0208 > 0, A, =~ 8.6742 > 0
and E,(0.3800,0.3509,0.2691). It is easy to verify that the parameters satisfy the conditions of
Theorem 3.6. Moreover, by the numerical results of Theorem 3.5.(ii), we let 75 =~ 0.7751. From
Figure 6, we see that whether we choose 7, = 0.6,7, = 0.7 < 7 or 7y = 1,7, = 0.7 < 73, the
time-series graphs of x,y and s and the time trajectories of x and y all tend to a straight line, and the
phase diagrams of x,y and s gradually converge to the positive equilibrium. Thus, when the system
parameters satisfy the conditions of Theorem 3.6, the positive equilibrium £E,(0.3800, 0.3509, 0.2691)
is always stable.
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Figure 6. Show the time-series diagram, the time trajectory diagram and the phase diagram
of system (1.3) in Case (IV) with m; = 8, a; = 0.85, my, = 3.5 and a, = 0.95, where
71 = 0.6, 7, = 0.7(top) and 7, = 1, 7, = 0.7(bottom).

5. Conclusions and discussion

When modeling and analyzing the wastewater biological treatment system, it is more significant to
consider time delay models than traditional models without delay. In this paper, we propose a food
chain chemostat model with Michaelis-Menten functional response and double delays. Firstly, we
analyze the existence conditions of three equilibria in the chemostat model (1.3) and prove the stability
conditions of three equilibria Ey(0,0, 1), E;(x],0,s]) and E>(x",y",s*), respectively. In addition,
we obtain the sufficient conditions for system (1.3) to undergo the Hopf bifurcation at the positive
equilibrium. In particular, in the numerical simulation, we compare the chemostat model with delays
and its corresponding chemostat model without delays.

The results show that time delays will affect the stability of system (1.3) and even lead to Hopf
bifurcation. When m; > a; + 1, m, > 1 and 0 < a; < 1, there are three equilibria E((0,0, 1),
E(x],0,s7) and E>(x*,y", s*) in system (1.3), and E;(x], 0, s7) is always locally asymptotically stable.
As the delays 7, and 7, change, the stability of the positive equilibrium will undergo stability switches.
Especially, when the delays 7, and 7, are close to the fixed delay 77(i = 1, 2), system (1.3) will undergo
the Hopf bifurcation; when the delays 7, and 7, are away from the fixed delay 77(i = 1, 2), system (1.3)
will become unstable from stable at the positive equilibrium.

It is known that the chemostat has the advantages of measurable experimental parameters,
convenient data collection and reasonable experiments. Based on the discussion of Theorem 3.3
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to Theorem 3.6, we have obtained sufficient conditions for the stability of the chemostat system at
the positive equilibrium, which shows that we can control the cultivation of microorganisms through
scientific strategies. If the two different microorganisms in the culture vessel can eventually tend to a
stable constant, the culture of the microorganism is successful. If the extinction equilibrium is stable,
which means that the cultured microorganisms finally tend to 0, the culture of the microorganism fails.
Therefore, in the actual microbial culture, we should try our best to control a;, a,, m; and m, so that
they do not satisfy the stability conditions of the extinction equilibrium, which is helpful to cultivate
the microorganisms effectively.

There is still much interesting work worthy of our attention on the study of chemostat models
in biological wastewater treatment systems, such as the global asymptotic stability of the system,
the extinction and persistence of organisms, and the stochastic effects of the environment on
microorganisms in wastewater treatment. Especially, fractional-order models with time delay are novel
and valuable. It can be applied to describe the memory and genetic properties inherent in various
processes that exist in most biological systems and can enable established ecological models with
greater spatial and temporal freedom. Thus, inspired by the reference [45], we will extend model (1.3)
to the following chemostat model with fractional-order delay,

D¥x(f) = M) ) . mapizraxlizn)

a(1+s(t))( ) ar+x(t—-t)

dy(f) = MA—T)Y-T)

D) = T -0, 5.1
o4 _ _ _ mys Hx(t—11

Ds(t) =1 — s(t) —anso

If @ = 1, model (5.1) can further derive the results of model (1.3) studied in this paper. The related
discussions are in progress.
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